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ABSTRACT 

 

 

An Investigation into the Fecal Microbiota of Domestic Rabbits (Oryctolagus cuniculus) 

and Factors Influencing its Composition 

 

 
Jennifer Kylie         Advisor: 

University of Guelph, 2016      Dr. Patricia V. Turner 

 

 

 The rabbit enteric microbiota plays a key role in maintaining rabbit health, including 

helping to digest the forage-based diet and aiding in immune system regulation and development. 

Changes in the enteric microbiota composition may result in enteritis. The primary goals of the 

current study were to characterize the fecal microbiota of healthy rabbits and identify factors that 

may contribute to microbiota changes. Fecal samples (n=191) were collected from adult and 

weanling rabbits raised for a variety of purposes (commercial meat, laboratories, shelters, and 

companions) during summer and winter months. Fecal bacterial DNA was extracted and 

analysed using 16s rRNA gene sequencing to identify composition and variations in the 

microbiota. Additionally, culture and susceptibility testing was conducted to identify whether 

antimicrobial-resistant Escherichia coli and Salmonella enterica isolates were present, and, if 

present, whether they were associated with routine antimicrobial use, and whether routine 

antimicrobial use was associated with changes in the fecal microbiota.  

 In all rabbit samples examined, Firmicutes was the predominant phylum detected. 

Relative proportions of Proteobacteria were increased significantly in commercial meat rabbits 

(p<0.01) and during the summer (p=0.02). Relative proportions of Verrucomicrobia were 

decreased significantly in commercial meat rabbits (p<0.01) and during the summer months 

(p=0.03). Additional changes included a significantly lower proportion of Lentisphaerae in 

commercial meat rabbit feces than in companion or shelter rabbits, increases in relative 

proportions of Actinobacteria (p=0.03), Bacteroidetes (p=0.03), and Denococcus-Thermus 

(p=0.04) during the summer, and increases in Firmicutes (p=0.04) during the winter. Minimal 

microbiota changes were noted between adult and weanling rabbits, regardless of whether 

antimicrobials were routinely administered. At least one antimicrobial resistant isolate of E. coli 

was identified from 56% of commercial meat farms (n=27), and from 25% of laboratory (n=8) 

and shelter (n=4) facilities. Salmonella Kentucky was the only antimicrobial resistant S. enterica 
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serovar identified and from only one farm. Antimicrobial resistance was most commonly 

identified against tetracycline. 

 This body of work provides significant insight into the composition of the enteric 

microbiota of clinically healthy domestic rabbits from a range of sources and potential 

underlying causes of variations. 
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CHAPTER ONE: UNDERSTANDING THE RABBIT GASTROINTESTINAL TRACT: 

PHYSIOLOGY, MICROBIOLOGY, AND THE ROLE OF ANTIMICROBIALS 

 

1.1 INTRODUCTION 

 Domestic rabbits (Oryctolagus cuniculus) are monogastric, hindgut-fermenting 

herbivores that rely on cecotrophy, a particular form of coprophagia, to maximize nutrient 

extraction from their diets. This unusual gastrointestinal physiology poses numerous 

management issues for the commercial meat rabbit producer, since the maintenance of normal 

gastrointestinal motility and microbiota are crucial to the health and well-being of rabbits, yet 

intensive, high density production practices put rabbits at increased risk of contracting various 

pathogenic microorganisms and developing disease. The meat rabbit industry in Canada is 

relatively small, with Ontario rabbit farmers providing the majority of the 582,244 rabbits  

slaughtered for food in 2013, and supplying consumers with a high protein, low fat animal food 

source (Agriculture and Agrifood Canada, 2014). Unfortunately, rabbit farmers continually 

struggle to fill consumer demand due to pre-market mortality rates remaining consistent at 

approximately 25-30% (McNitt et al. (Eds.), 2013; Richardson, 2003). Rabbits are typically 

raised under intensive farming conditions, with kits being weaned at 30-35 days of age, at which 

point the rabbits (termed weanlings or fryers) are most frequently exclusively fed a high protein, 

high carbohydrate pelleted diet, with the goal reaching slaughter weight of 2.3-2.4kg as rapidly 

as possible, usually around 12-16 weeks of age (Lebas et al., 1997). Reproductively active 

females (termed does), tend to be replaced every two to four years, and produce, on average, six 

litters per year (Kylie et al., 2016). Mortality most commonly affects neonatal and weanling 

animals, and is most frequently associated with infectious disease (McNitt et al. (Eds.), 2013; 

Richardson, 2003). 

 Because they are considered a minor species in terms of Canadian food animal 

production, commercial meat rabbit production has not received the same attention from public 

health agencies as other food animal commodity groups. This has meant that veterinary and 

agricultural support is often quite limited for rabbit farmers, making disease prevention and 

treatment difficult in the farmed rabbit sector. This lack of oversight is changing as the Canadian 

federal government begins to more thoroughly investigate antimicrobial use and residues, and 

animal traceability in a greater range of species.  
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A major disease condition in rabbit production is Rabbit Enteritis Complex (REC), a 

complex, multifactorial condition that is more commonly referred to as enteritis. In commercial 

meat production settings, it is sometimes a ‘race against time’ to grow young rabbits for market 

before debilitating enteritis occurs. Treatment for enteritis tends to include the addition of 

antimicrobials; however, these therapeutics are rarely curative and may make the condition 

worse, because of the complex gastrointestinal physiology. It is essential, therefore, to gain a 

thorough understanding of the gastrointestinal physiology of healthy rabbits and how changes in 

physiology may influence the development of REC to manage and prevent the condition. Of 

specific interest is the role that the commensal, symbiotic, and pathogenic microflora of the 

gastrointestinal tract, termed the microbiota, play in maintaining normal gastrointestinal health in 

rabbits, as well as how changes in the composition of the microbiota contribute to the 

development of REC. Of additional interest is how the use of antimicrobial therapeutics, as well 

as the potential subsequent development of antimicrobial resistant species in rabbits, influence 

the composition of the rabbit microbiota. 

 

1.2 ANATOMY AND PHYSIOLOGY OF THE RABBIT GASTROINTESTINAL TRACT 

 To understand the role of the rabbit gastrointestinal microbiota in maintaining rabbit 

health, it is first necessary to understand the rabbit gastrointestinal tract (GIT) anatomy and 

physiology. The adult rabbit stomach contains approximately 15% of the GIT volume and is 

rarely empty, even after 24 hours of fasting (Davies and Davies, 2003). The pH of the stomach 

can be as low as 1.0-2.0 or as high as 3.0 following ingestion of cecotrophs in adult rabbits, but 

is significantly higher (ranging from 5 to 6.5) in suckling rabbits (Davies and Davies, 2003). 

While this higher pH allows the establishment of ingested bacteria as flora, which is necessary 

for the subsequent normal function of the rabbit gastrointestinal tract as weanlings transition 

from a milk-based to a cellulose-based diet, the high pH is also less destructive of pathogenic 

bacteria, making suckling and weanling rabbits potentially more susceptible to enteric disease 

(Davies and Davies, 2003).  

 Absorption of nutrients in mammals usually occurs within the upper small intestine; 

however, with forage-based diets like those favoured by rabbits, ingesta breakdown is 

incomplete within the stomach due to a lack of enzymes able to break down cellulose, lignin, and 

other plant cell wall components (Combes et al., 2013). As a result, many nutrients are not 
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available in a readily absorbable format by the time they reach the small intestine (Combes et al., 

2013). In rabbits, the majority of the ingesta passes unaltered into the cecum, and to a lesser 

extent the colon, where nutrients are subsequently extracted (Combes et al., 2013). 

 The proximal colon separates the ingesta into either short, fine fibre, digestible fractions 

or long, coarse fibre, indigestible fractions through a series of oral and aboral peristaltic 

contractions of longitudinal bands of smooth muscle or teniae within the wall of the large 

intestine (Davies and Davies, 2003; Ruckebusch and Hornicke, 1977). These are regulated by the 

fusus coli, a muscular thickening at the end of the transverse colon that is unique to lagomorphs 

(Davies and Davies, 2003; Ruckebusch and Hornicke, 1977). Liquid and small digestible 

components are transported aborally to the cecum, while larger particles continue through the 

distal colon where they are formed into hard feces and expelled through the anus (Hornicke, 

1981; Ruckebusch and Hornicke, 1977). Within the cecum, microbial fermentation of ingesta 

occurs, producing high levels of volatile fatty acids including acetic acid, butyric acid, and 

proprionic acid, as well as ammonia, lactic acid, formic acid, succinic acid, CO2, methane, and 

hydrogen gas (Combes et al., 2013). These substances are then either absorbed directly through 

the cecal wall or, along with the partially digested ingesta and microbial organisms from within 

the cecum, are expelled through the distal colon in the form of cecotrophs (Davies and Davies, 

2003; Halls, 2008). Cecotrophs are soft fecal pellets that are covered in a layer of mucous and 

they are ingested directly from the anus (Davies and Davies, 2003, Halls, 2008). In addition to 

volatile fatty acids and bacterial components, cecotrophs contain highly digestible protein with 

increased quantities of essential amino acids and vitamins B and K, which are more readily 

absorbed through the small intestine (Halls, 2008; Hornicke, 1981). Rabbits rely on their 

intestinal microbiota to produce many of these essential nutrients, which comprise between 30% 

to 50% of their maintenance energy requirements (Combes et al., 2013). Thus, understanding the 

microbiota composition and balance is crucial for understanding rabbit nutrition and health. 

 

1.3 THE ENTERIC MICROBIOTA 

1.3.1 The Role of the Enteric Microbiota in Health and Disease 

 The term microbiota refers to the community of microorganisms present within a specific 

location, for example, the intestinal tract (Jandhyala et al., 2015). This includes bacteria, fungi, 

protozoa, archea, and yeasts, although the majority of microbiota research currently focuses 
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exclusively on bacteria and therefore the term microbiota most commonly refers to the bacteria 

present within a defined space (Jandhyala et al., 2015). In addition to the crucial role that the 

enteric microbiota plays in food breakdown, nutrient uptake, and synthesis of volatile fatty acids, 

amino acids, and vitamins, the enteric microbiota assists with maintenance of intestinal mucosal 

integrity and peristalsis within the gastrointestinal tract (Berg, 1996; Honda and Littman, 2012; 

Sekirov et al., 2010). The microbiota also aids in development of the enteric immune system, 

including stimulation of organisation of Peyer's patches and isolated lymphoid follicles, and 

secretion of antimicrobial peptides by epithelial cells (Berg, 1996; Honda and Littman, 2012; 

Sekirov et al., 2010). Additionally, the microbiota helps to protect the body from invasion of 

pathogenic organisms by competing for defined metabolites, which can significantly affect 

expression of pathogen virulence genes and growth rates (Kamada et al., 2013). The study of 

germ-free (i.e., axenic) mice has helped to define the role that the enteric microbiota plays in 

shaping the enteric immune system. In general, germ-free mice are significantly more susceptible 

to pathogenic infections and the development of illnesses from these infections (Round and 

Mazmanian, 2009). Studies have demonstrated that, when compared to their normal 

counterparts, germ-free mice tend to have fewer and less cellular Peyer's patches, smaller 

mesenteric lymph nodes that are both less cellular and contain fewer plasma cells, fewer CD8
+
 

intestinal epithelial T cells, reduced expression of MHC class II molecules within the intestinal 

epithelial cells, and reduced production of secretory IgA by B cells (Round and Mazmanian, 

2009). In humans, several autoimmune diseases, including Crohn's disease, rheumatoid arthritis, 

cystic fibrosis, and multiple sclerosis, are associated with a reduced complexity of the 

commensal bacteria and an increase in opportunistic bacterial clades that promote inflammation 

within various sites of the body (Belkaid and Hand, 2014). 

 

1.3.2 Methods of Characterizing the Enteric Microbiota 

 The study of the enteric microbiota has historically relied on culture-based techniques. 

While these methods provided researchers with many insights, they also have significant 

limitations. The sensitivity of bacterial culture can often be limited; species present within 

gastrointestinal samples cannot always be cultured under normal conditions, may be shed 

intermittently or in low numbers, or their identity may be unknown (Dolieslager et al., 2011; 

Sivakumar et al., 2005). For example, Clostridium piliforme, the causative agent of Tyzzer's 
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disease, does not grow in cell-free culture medium, and grows inefficiently in most mammalian 

cell cultures (Pritt et al., 2010). As a result of these limitations, the importance of bacterial 

species that are easily cultured may be over-estimated whereas species that are difficult to grow 

or grow poorly on culture medium may be under-estimated. For example, in 2005, Sivakumar et 

al. compared detection methods for identification of Mycobacterium avium subspecies 

paratuberculosis (MAP) in intestinal tissues of water buffalo with classic histologic lesions of 

MAP. Bacterial culture identified animals as positive in only 30% of the known MAP-positive 

cases. This concern led investigators to search for other more reliable methods of identifying 

enteric microbiota. 

 DNA sequencing techniques were introduced initially in the 1970s as an alternative to 

culture-based techniques (Karger and Guttman, 2009). These techniques involve extraction and 

isolation of specific genes of interest from the microorganism present within a sample without 

relying on specific conditions to facilitate their growth in vitro (Hiergeist et al., 2015). Capillary 

electrophoresis-based Sanger sequencing was the first DNA sequencing method to be developed. 

Using DNA fragmentation techniques combined with gel electrophoresis to separate fragments 

by size, this method is capable of sequencing up to 1000 nucleotides in a single reaction (Karger 

and Guttman, 2009). While the method overcomes many of the problems of culture-based 

techniques, it is lacking in speed, comes with a significant cost, and the difficulties encountered 

with  sequencing longer nucleotide strands has limited its use for study of the gastrointestinal 

microbiota in most species (Kargar and Guttman, 2009).  

 Cultivation-independent next generation sequencing, specifically 16S rRNA gene 

sequencing, was introduced in 2005 as a method for studying the gastrointestinal microbiota. 

Compared to Sanger sequencing, this newer method is less expensive and time consuming, and it 

results in a higher success rate in identifying unusual, slow-growing, or complex bacteria, as well 

as organisms that poorly differentiate in culture (Karger and Guttman, 2009; Patel, 2001). This 

method allows for the study of the gastrointestinal microbiota using 16S small ribosomal subunit 

RNA genes to identify bacterial species (Tringe and Rubin, 2005). The 16S rRNA gene sequence 

is present in almost all bacteria, and is composed of both highly conserved regions and species-

specific regions that permit a high degree of specificity in species identification (Janda and 

Abbott, 2007; Patel, 2001). The sequencing process usually involves using a commercially-

available fecal DNA pathogen detection kit to extract bacterial DNA from gut samples (usually 
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feces or ingesta) (Karger and Guttman, 2009; Tringe and Rubin, 2005). This is followed by PCR 

amplification, gel electrophoresis to confirm that DNA segments are of appropriate length, and 

then sequencing (Karger and Guttman, 2009; Tringe and Rubin, 2005). The gene segments are 

typically processed in a parallel fashion to increase speed and resolution (Karger and Guttman, 

2009; Tringe and Rubin, 2005). A computer-generated algorithm is used for sequence analysis, 

and the resulting taxonomy is compared to 16S rRNA gene reference databases for species 

identification (Karger and Guttman, 2009; Tringe and Rubin, 2005). Bacterial culture is still 

necessary to study antimicrobial susceptibility, which next-generation sequencing is unable to do 

efficiently, and so it may be used in conjunction with next-generation sequencing. 

 

1.4 THE RABBIT ENTERIC MICROBIOTA 

 Due to the importance of the enteric microbiota in rabbit health and disease, rabbit gut 

bacteria have been studied extensively using a variety of diagnostic methods. The predominant 

bacteria found within the adult gut were previously thought to be nonsporulating, strict 

anaerobic, Gram negative bacilli from the genus Bacteroides (Davies and Davies, 2003; Fann 

and O'Rourke, 2001; Gouet and Fonty, 1979; Straw, 1988). Two other sporulating anaerobic 

bacteria, Endosporus spp. (preweaning) and Acuformis spp. (post weaning) were also identified 

as dominant bacteria within the rabbit colon and cecum (Gouet and Fonty, 1979). Coliforms, 

such as Escherichia coli, and spore formers, such as Clostridium spp., were occasionally 

identified in low numbers in healthy rabbits (Bennegadi et al., 2001; Bornside and Cohn, 1965; 

Davies and Davies, 2003). Other bacterial species observed within the normal gastrointestinal 

microbiota of rabbits included Bifidobacterium spp., Streptococcus spp., Fusibacterium spp., 

Peptococcus spp., Peptostreptococcus spp., and several unidentified anaerobic species (Davies 

and Davies, 2003; Straw, 1988). There is still some debate as to whether Lactobacillus spp. are 

present within the normal gut of rabbits, but in the majority of studies, these bacteria were not 

found (Ducha et al, 1990; Straw, 1988; Yu and Tsen, 1993).  

 Until recently,  knowledge and understanding of the composition of the rabbit 

gastrointestinal microbiota were based on culture-specific diagnostic methods. Since the 

introduction of next-generation sequencing methods, it has become apparent that the previous 

understanding of the rabbit fecal microbiota was extremely limited and likely skewed by the 

methods utilized to study it. For example, 16s rRNA sequencing studies have since shown that 
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members of the Bacteroides genus (of the Bacteroidetes phylum) constitute only a small 

proportion of the rabbit gut microbiota, which is now thought to be dominated by members of 

the Firmicutes phylum (Combes et al., 2014; Eshar and Weese, 2014; Monteils et al., 2008; Zhu 

et al., 2015). In 2014, Combes et al. used 16S rRNA gene sequencing to examine how 

coprophagy in rabbit kits influenced the development of cecal microbiota and general health. 

Bacteroidaceae organisms were found to predominate at 14 days of age but decreased to a minor 

proportion of the total microbiota composition by 80 days of age (Combes et al., 2014). 

Lachnospiraceae and Ruminococcaceae families, both members of the Firmicutes phylum, were 

identified to be the predominant families at 80 days of age (Combes et al., 2014). Other families 

identified in minor proportions included Rikenellaceae, Porphyromonadaceae, 

Enterobacteriaceae, Coriobacterineae, Campylobacteraceae, Family XIII Incertae Sedis, S24-7, 

Prevotellaceae, Anaeroplasmataceae, Erysipelotrichaceae, and BSV13 (Combes et al., 2014). In 

a separate study, Eshar and Weese (2014) used high throughput sequencing of the V4 region of 

16S rRNA genes to examine the bacterial composition of hard feces from rabbits treated with 

meloxicam to determine the potential effects of long-term use of nonsteroidal anti-inflammatory 

drugs in healthy, adult laboratory rabbits. The predominant microbiota, consisting of 82% + 

6.2% of the total sequenced, was found to be composed of Firmicutes, of which 

Ruminococcaceae and Lachnospiraceae were again the main families identified, in addition to 

unclassified Clostridia and small numbers of bacilli, regardless of treatment status. Only two 

other phyla, Verrucomicrobia and Proteobacteria, were present in greater than 1% of sequences; 

Verrucomicrobiaceae was the predominant family of the Verrucomicrobia phylum. Other phyla 

identified in this study included Acidobacteria, Deinococcus-Termus, Actinobacteria, 

Bacteroidetes, Chlamydiae, Cyanobacteria, Fibrobacteres, Lentisphaerae, Fusobacteria, 

Plantomycetes, Synergistetes, Spirochaetes, Tenericutes, TM7, and SR1 ((Eshar and Weese, 

2014). Approximately 10% of the sequences remained unclassified at the phylum level (Eshar 

and Weese, 2014). In 2015, Zhu et al. examined the impact that the dietary fibre/starch ratio fed 

to New Zealand White rabbits had on cecal microbiota using 16s rRNA sequencing. While 

proportions of several phyla differed based on dietary fibre/starch ratio, the predominant phyla 

demonstrated to be present in all cases, was Firmicutes, composing of at least 60% of the total 

microbiota composition, with members of the Ruminococcus genera being most prevalent . Six 

other phyla were identified in greater than 1% of the total microbiota composition, including 
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Actinobacteria, Bacteroidetes, Proteobacteria, Verrucomicrobia, Synergistes, and Tenericutes, 

and up to 7% of the microbiota composition remained unclassified at the phylum level (Zhu et 

al., 2015). The general characteristics of the predominant phyla identified in the domestic rabbit 

enteric microbiota, including their role in digestion and gastrointestinal health, are summarized 

in Table 1.1. 

 Unfortunately, many studies conducted to date using next-generation sequencing have 

focused almost exclusively on the cecal or fecal microbiota of laboratory rabbits, often with 

manipulation of very specific variables, and sample sizes in these studies have been limited. 

Therefore, questions remain as to how well these results can be extrapolated to rabbits in general 

and to the various environments in which rabbits are raised. 

 

1.5 DYSBIOSIS AND ENTERITIS 

 Rabbit enteritis complex (REC) typically involves a significant disruption of the 

gastrointestinal microbiota, resulting in diarrhea, poor growth and development, dehydration, 

inadequate nutrition, and in severe cases, death. An imbalance in the normal gastrointestinal 

microbiota is commonly referred to as dysbiosis, and, while it does not always result in enteritits, 

it can predispose its development. In the Ontario commercial meat rabbit industry, the annual 

mortality rate of rabbit kits post-weaning remains steady at approximately 25%, and REC is one 

of two main disease entities present (the other being Pasteurella multocida-induced respiratory 

disease) (Richardson, 2003). In companion and laboratory rabbit populations, REC occurs 

infrequently, likely because of the decreased demand on growth and production, better hygiene 

and husbandry practices, and a somewhat different diet, but the condition is potentially life-

threatening when it does occur. Numerous factors can contribute to alterations in the 

gastrointestinal microbiota, including dietary changes, administration of antimicrobial agents, 

adverse stress, overgrowth of pathogenic bacterial species held in check by normal flora, and 

exposure with subsequent colonization of the gastrointestinal tract by pathogenic organisms from 

external sources.  

 

1.5.1 Diet 

 Dietary make-up or changes in diet composition can play a significant role in 

development of dysbiosis (Honda and Littmann, 2012). Pelleted diets that are high in digestible 
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carbohydrates, calories, and protein, and relatively low in digestible and nondigestible fibre are 

commonly fed to commercial rabbits without the addition of recommended high fibre feedstuffs 

such as hay and cellulose-rich vegetables, with the goal of rapid weight gain for meat production 

(Carrihlo et al., 2009). However, diets low in fibre result in cecal hypomotility and prolonged 

retention of digesta, abnormal cecal fermentation, alteration in the proportions of volatile fatty 

acids produced within the cecum, and alterations in cecal pH, all of which can result in 

significant shifts in the gastrointestinal environment and changes in the microbiota composition 

(Garcia et al., 2002; Irlbeck, 2001; Michelland et al., 2011). Diets high in carbohydrates and low 

in fibre have been specifically linked to the development of REC (Beltz et al., 2005). It is 

thought that excessive quantities of carbohydrates accumulating in the large intestine, along with 

changes in pH and motility, promotes bacterial overgrowth, and eventually may lead to the 

development of enterotoxemia (Percy et al., 1993). There have been reports of increased 

mortality associated with severe diarrhea in rabbit farms that have changed from a diet with high 

in fibre to one with low fibre content (Beltz et al., 2005). Diets low in fibre have also been 

correlated with decreased cecal bacterial content, as well as increased ammonia levels 

(Michelland et al., 2011).  

 

1.5.2 Antimicrobial Use and Enteric Microbiota 

 Administration of antimicrobial drugs is also known to alter the enteric microbiota, 

particularly when oral routes of administration are used. Antimicrobials are commonly given to 

food animals as growth promotants, as preventatives for coccidial protozoa, as prophylactic 

treatments, and as therapeutic treatments for clinically ill animals. In rabbits, many classes of 

antibiotics are known to suppress or kill various enteric bacteria, resulting in dysbiosis, and are 

not recommended for general use in this species (Kahn (Ed.), 2005). These include, but are not 

limited to, lincomycin, clindamycin, amoxicillin, amoxicillin-clavulanic acid, ampicillin, 

penicillin (administered orally), erythromycin, and cephalosporins (Kahn (Ed), 2005). Despite 

this, many other antimicrobial classes, such as tetracyclines, sulfonamides, tiamulin, and 

fluoroquinolones, as well as the anticoccidial and antimicrobial drug, salinomycin, are routinely 

administered to commercial meat rabbits, either in feed or parenterally, primarily in an attempt to 

prevent and control the spread of infectious disease (Hillyer and Quesenberry, 1997). While these 

classes of antimicrobials are less commonly associated with intestinal toxicity and dysbiosis, 
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they are not entirely inert. Albecia et al., in 2007, demonstrated that in-feed administration of 

tiamulin to lactating does has a significant effect on cecal microbiota composition, although this 

effect was not quantified in their report. In one human case, the fecal microbiota of an individual 

administered a 14-day course of cefazolin changed significantly following treatment, with a 

remarkable shift from a predominantly Firmicutes-based microbiota to a Bacteroidetes-based one 

by treatment day 11 (Perez-Cobas et al., 2012). While there is little published data about the 

effect of coccidiostats on the gastrointestinal microbiota of rabbits specifically, significant 

changes in cecal microbiota following the administration of salinomycin have been observed in 

broiler chickens (Johansen et al., 2007).  

 

1.5.3 Adverse Stress 

 Because they are a prey species, rabbits kept in captivity may be inherently stressed by an 

inability to hide and escape from a potential predator (i.e., humans). Commercial meat rabbits are 

often kept in intensive husbandry systems with large numbers of rabbits in a barn, with poor 

ventilation and minimal temperature control (Verga et al., 2007). Additionally, at the time of 

weaning, rabbits are routinely transferred away from their mother into separate pens or cages to 

allow for re-breeding of the doe (Lebas et al., 1997). All of these factors are potential stressors 

for rabbits, resulting in the release of endogenous glucocorticoids (Smith and Vale, 2006). In the 

case of companion and laboratory rabbits, environmental conditions tend to be much more 

stable; however, for laboratory rabbits, some experimental procedures to which these animals are 

exposed may be stressful. Corticosteroid levels are known to directly alter the gut microbiota 

composition in animals (Bailey et al., 2004; Wenzl et al., 2003). For example, neonatal offspring 

of female rats treated prenatally with hydrocortisone demonstrate lower numbers of Gram 

positive bacteria, as well as decreased total bacterial counts when compared with offspring from 

mothers treated with saline (Wenzl et al., 2003). Whether mild, acute stress affects the 

microbiota of rabbits and other species is unknown, but is likely insiginificant overall. 

 Chronic stress decreases cellular and humoral immune responses, which in turn, may 

predispose animals to the development of enteric disease (Segerstrom and Miller, 2004). In 1997, 

Dhabar and McEwan demonstrated that rats exposed to a significant chronic stressor (restraint, 

shaking, or restraint + shaking) for an extended period of time (6h/day for 3, 4, or 5 weeks) had 

significantly decreased levels of plasma lymphocytes and lymphocyte redeployment over time, 
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making them potentially more susceptible to disease. In addition, the autonomic nervous system 

and adrenal glands are known to be involved in the regulation of fusus coli activity such that 

imbalances in either of these systems may be responsible for the development of stress-related 

enteritis in rabbits (Davies and Davies, 2003). Chronic stress should therefore be considered a 

potential contributing factor to the development of enteritis. 

 

1.5.4 Introduction of Pathogens from External Sources 

 Changes in diet, the use of antimicrobials, and stress may result in a change in the 

gastrointestinal environment that allows for the proliferation of opportunistic or pathogenic 

bacteria that are usually kept under tight control by the commensal bacteria within the 

gastrointestinal tract. However, colonization of the gastrointestinal tract by pathogenic species 

can also occur through the introduction of organisms from external sources, such as 

contaminated feed, bedding, or water, or through exposure to contaminated feces from other 

infected animals. While this has not yet been specifically studied in rabbits, in 2010 Molla et al. 

demonstrated the presence of Salmonella enterica in pig feed, and the subsequent colonization of 

the gastrointestinal tract of pigs with those isolates. They compared the antimicrobial resistance 

patterns and serotypes of the S. enterica isolates in the feed to those identified in the cecal 

contents of the pigs fed the contaminated feed and found them to be near identical (Molla et al., 

2010). Young, preweaned rabbits appear to be much more susceptible to infection with 

pathogenic bacteria when compared to their adult counterparts. This is likely due to the 

undeveloped gastrointestinal microbiota and the high gastric pH in the young rabbit. 

 

1.6 INFECTIOUS CAUSES OF ENTERITIS IN RABBITS 

 Several pathogenic organisms have been associated with REC. These can be bacterial, 

viral, protozoal, or fungal in origin. Co-infection with several of these organisms is common. 

 

1.6.1 Bacterial Causes of REC 

1.6.1.1 Escherichia coli  

 Escherichia coli is considered to be one of the most common infectious causes of REC 

and its presence in higher numbers within the GIT can be indicative of dysbiosis. Studies have 

demonstrated that E. coli isolates are present in 47 to 95% of cases of diarrhea in rabbits, while 
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they are infrequently found in healthy rabbits when using culture-based techniques for 

identification (Greenham, 1962; Gouet and Fonty, 1979; Percy et al., 1993; Peeters et al., 

1984a). Moreover, the characteristics of E. coli strains isolated from healthy animals are 

significantly different from those from rabbits with diarrhea (Blanco et al., 1996). E. coli isolates 

in diarrheic rabbits are significantly more likely to carry the attaching and effacing (eae) gene, a 

gene that is associated with increased virulence, than isolates present in clinically healthy rabbits 

(Blanco et al., 1996). While the majority of E. coli strains identified in cases of enteritis are 

nonpathogenic and it has been suggested that E. coli may be an opportunistic agent inducing 

enteritis, occasionally pathogenic O15, O103, O128, and O132 serogroups are observed, as well 

as serotypes O109:H2 and O103:H2, (Kahn (Ed.), 2005; Percy et al., 1993). Serotypes O15:H
- 

and O103:H2 are known to be highly pathogenic, and low numbers of organisms (i.e., a low 

infective dose) may produce greater than 50% mortality in rabbit colonies (Peeters et al., 1988b). 

Enteropathogenic E coli (EPEC) has been isolated in adult laboratory rabbits with no clinical 

evidence of enteritis, suggesting that colonized adult rabbits may act as carriers of the agent 

(Swennes et al., 2013). A number of E. coli strains (i.e., EPEC, Enterotoxigenic E. coli, 

Enteroinvasive E. coli, and Enterohaemorrhagic E. coli), are able to produce a variety of 

virulence factors, such as toxins capable of altering cell permeability and triggering cell death, 

and can result in diarrhea when intestinal epithelial cells are targeted (Harness et al., 2010). 

 Different serotypes appear to affect rabbits at different ages: serotype O109:K-:H2 is the 

predominant serotype found in 1-2 week old preweaned rabbits suffering from severe yellowish 

diarrhea with high levels of mortality, while serotypes O15:H
-
, O20:H7, O103:H2, O128:H2, 

O132:H2, and serogroup O153 are more commonly seen in 4-6 week old weaned rabbits with 

explosive watery brown diarrhea and death occurring within 4-15 days of infection (Peeters et 

al., 1988b). Clinically affected animals often display segmental or complete distention of ceca 

and colon and fluid gut contents with or without serosal ecchymoses, edema of cecal and colonic 

walls, prominent GI-associated lymphoid tissue, and edematous mesenteric lymph nodes post 

mortem (Percy and Barthold, 2007). Microscopically, E. coli infection is tentatively identified by 

the presence of swollen and sloughing enterocytes in affected regions of the gut with bacilli 

(short Gram negative rods) lining the mucosal surface of affected sections, as well as a marked 

neutrophilic, lymphoplasmacytic submucosal/mucosal infiltrate (Harkness et al., 2010; Panda et 

al., 2010; Percy and Parthold, 2007). In the acute stages of the disease, villous atrophy and 
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fusion, and mucosal effacement are frequently observed, while in more chronic cases, 

hyperplasia of the submucosa with erosion of the cecal and/or colonic mucosa can be observed 

(Harkness et al., 2010; Panda et al., 2010). Diagnosis is made by bacterial culture in association 

with compatible clinical signs or lesions, followed by bio- or serotyping of the isolate (Kahn 

(Ed.), 2005). Feeding diets rich in carbohydrates and low in fibre is known to allow for 

proliferation of E. coli (Bennegadi et al, 2001). The use of high fibre diets is thought to be 

helpful for prevention of colibacillosis in rabbits (Bennegadi et al., 2001).  

 

1.6.1.2 Clostridium spp. 

 Enterotoxemia, caused by C. spiroforme, is the most commonly identified clostridial 

pathogen associated with REC in young rabbits (Percy and Barthold, 2007). While C. spiriforme 

infection is seldom seen in healthy rabbits, it has been implicated in anywhere from 25% to 52% 

of cases of rabbit enteritis (Borriello and Carman, 1983; Peeters et al., 1986; Percy et al.¸1993). 

Clinical signs associated with enterotoxemia include explosive watery brown diarrhea, anorexia, 

lethargy, and rough hair coat (Kahn (Ed.), 2005; Whitney, 1976). Death is often rapid, occurring 

within 24 hours of disease onset (Kahn (Ed.), 2005; Whitney, 1976). Weanling rabbits, aged 4-8 

weeks, are most commonly affected, although adults are also occasionally affected (Kahn (Ed.), 

2005; Whitney, 1976). Its virulence is attributed to its iota-like binary toxin produced, which 

causes actin depolarization and disruption of microfilaments of infected cells (Papatheodorou et 

al., 2012). On gross post mortem examination, the cecum may be dilated and filled with watery 

to mucoid, green to dark brown material (Percy and Barthold, 2007). Cecal serosal ecchymoses 

may be present (Percy and Barthold, 2007). Microscopic lesions include necrosis and 

desquamation of mucosal epithelial cells, villous atrophy, edema within the cecal lamina propria 

and submucosa, multifocal hemorrhages, and infiltration of mixed leukocytes into the lamina 

propria and submucosa, as well as significant quantities of exudate within the lumen (Peeters et 

al., 1986, Harkness et al., 2010). Clostridium perfringens, while thought to be a less important 

clostridial pathogen in rabbits, can also cause enterotoxaemia and enteritis, and has been 

associated with excessive carbohydrate ingestion and antimicrobial administration (Harkness et 

al., 2012; Percy and Barthold, 2007). By forming a pore in the cell membrane, the enterotoxins 

(Types A-E) excreted by C. perfringens allow for calcium influx, killing the infected cell (Garcia 

et al., 2014). Severe mucosal necrosis is the most commonly observed histologic finding in cases 
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of C. perfringens (Garcia et al., 2014). Clostridium piliforme, the agent responsible for Tyzzer's 

disease, has been observed in less than 10% of cases of rabbit diarrhea and is rarely isolated from 

healthy rabbits (Percy et al., 1993). In addition to GI lesions, Tyzzer's disease frequently 

involves the heart and liver (Pritt et al., 2010). It is most easily identified microscopically using 

Warthrin-Starry or similar silver stains by the "pick-up sticks" appearance of the bacilli within 

affected areas (Pritt et al., 2010). Tyzzer's disease usually occurs in weanling rabbits and is most 

often associated with poor sanitation and stress (Kahn (Ed.), 2005; Whitney, 1976). Although 

infection with C. piliforme is rare, mortality in weanling rabbits can be >90% in acute outbreaks 

(Kahn (Ed.), 2005; Whitney, 1976).  

 A provisional diagnosis of clostridiosis is supported by identification of the organisms 

using Gram staining of fecal smears, although definitive diagnosis typically requires anaerobic 

culture with specific toxin identification (Percy and Barthold, 2007). Serologic assays for C. 

piliforme can be used to detect antibody, although cross-reactivity can result in false-positive 

results (Percy and Barthold, 2007). As with colibacillosis, it is thought that high levels of 

carbohydrates contribute to the development of clostridial enteropathies, although it has also 

been associated with administration of antimicrobials (Borriello and Carman, 1983; Carman and 

Borriello, 1984). 

  

1.6.1.3 Lawsonia intracellularis 

 Lawsonia intracellularis is responsible for proliferative enteritis in rabbits. Unlike E. coli 

and C. spiriforme, infections with this agent may resolve within 1-2 weeks unless there is co-

infection with another enteropathogenic agent (Kahn (Ed.), 2005; Whitney, 1976). Infections 

may be subclinical, and, when present, clinical signs can include diarrhea, lethargy, and 

dehydration (Duhamel et al., 1998; Kahn (Ed.), 2005; Peixoto et al., 2008; Whitney, 1976). A 

thickened ileum and colon in addition to mesenteric lymphadenopathy are the most frequent 

gross observations in affected animals (Percy and Barthold, 2007; Schauer et al., 1998). 

Histologic appearance of L. intracellularis is somewhat unique in rabbits compared to other 

species; lesions of three types, erosive surface degeneration, epithelial cell proliferation, and 

macrophage accumulations, are most frequently found in the ileum and/or colon with short, 

slightly curved, intracellular bacteria frequently found in membrane-bound vacuoles within 

enterocytes (Lawson and Gebhart, 2000). The typical microscopic appearance with 
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demonstration of the intracellular bacteria using a Warthin-Starry silver stain is used to confirm 

the provisional diagnosis (Percy and Barthold, 2007). Other diagnostic methods include 

immunomagnetic beads or PCR identification of the organism in feces/tissue, 

immunohistochemistry of infected tissue sections or serologic identification of L. intracelluaris 

antibodies via ELISA (Percy and Barthold, 2007). Clinical infection has been linked to 

unsanitary housing conditions (Peixoto et al., 2008). 

 

1.6.1.4 Salmonellosis 

  Less commonly observed bacteria associated with enteritis in rabbits include the various 

Salmonella enterica serovars. (Kahn (Ed.), 2005; Whitney, 1976). Like C. piliforme, Salmonella 

is rarely present in healthy rabbits, and is isolated in less than 10% of cases of rabbit diarrhea 

(Percy et al., 1993). Salmonellosis occurs uncommonly in rabbits but it can be associated with 

acute hemorrhagic enteritis or sudden death in suckling rabbits (Agnoletti et al., 1999). As death 

is often peracute, rabbits exclusively infected with Salmonella may have minimal microscopic 

changes, such as a few petechial hemorrhages within the GIT (Schoeb, 1989). Lesions of more 

chronic infections include ulceration of Peyer's patches, splenomegaly, lymphadenomegaly, 

fibrinous enteritis, and focal hepatic necrosis (Percy and Barthold, 2007; Schoeb, 1989). 

Diagnosis typically involves fecal or tissue culture. The most common Salmonella serovar 

isolated from rabbits is Salmonella Typhimurium and transmission usually occurs through 

contaminated food, water, or bedding (Percy et al., 1993). 

 

1.6.2 Viral Causes of REC 

1.6.2.1 Rotavirus 

 Rotavirus is considered to be mildly pathogenic in enzootically-infected colonies and is 

of most importance when infections are complicated by secondary pathogens or when introduced 

to naive colonies (Thouless et al., 1988). Infections are most common in older suckling and 

weanling rabbits, and clinical signs are usually limited to mild, watery diarrhea (Peeters et al., 

1984a; Percy and Barthold, 2007; Thouless et al., 1988). Morbidity varies, possibly due to 

antibody status and concurrent disease; in one study conducted by Nieddu et al. (2000), virus 

particles were demonstrated in 41.9% of rabbit enteritis cases using electron microscopy, while 

another study conducted by Lavazza et al in 2008 identified them in only 16.0% of cases. A third 
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study conducted by Peeters et al. in 1984 found that 35.4% of rabbits with diarrhea were positive 

for rotavirus. Gross pathology lesions tend to be limited to dehydration and fluid contents within 

the cecum (Percy and Barthold, 2007). Microscopically, typical lesions include moderate to 

severe villous blunting and fusion, as well as vacuolation of apical enterocytes within the 

jejunum and ileum, and focal desquamation of cecal enterocytes (Percy and Barthold, 2007). 

Diagnosis in clinically affected animals is supported by detecting rotavirus particles on direct 

electron microscopy (EM), ELISA or virus isolation, an increasing serologic titre to the virus, or 

by PCR conducted on gut tissues or feces. Serology surveys have demonstrated that most adult 

rabbits are seropositive for the virus, suggesting that subclinical infection is common (Lavazza 

and Capucci, 2008; Peeters et al., 1984a). Factors such as co-infection with another pathogenic 

agent, hereditary resistance, diet, stress, time of exposure and levels of protective maternal 

antibodies, and poor hygiene may influence pathogenicity and severity of infection (Thouless et 

al., 1988). 

 

1.6.2.2 Coronavirus 

 Coronavirus has been identified in approximately 25% of rabbit enteritis cases using 

electron microscopy, although it has been seen in as few as 2.6% and as many as 94% of cases 

(Eaton, 1984; Lavazza et al., 2008; Nieddu et al., 2000; Peeters et al., 1984a). Clinical signs 

associated with infection include pyrexia, lethargy, diarrhea, occasional pulmonary edema, 

congestion of superficial lymph nodes, cardiomyopathy, and death in rabbits aged 3-10 weeks, 

although it has also seen in a less severe form in adult rabbits (LaPierre et al., 1980; Small et al., 

1979). On post mortem evaluation, clinically affected animals may have a distended cecum filled 

with watery, off-white to tan coloured feces (Percy and Barthold, 2007). Microscopically, 

characteristic lesions of vacuolation and necrosis of enterocytes, with marked mixed, leukocytic 

infiltrates, and villous blunting are noted (Percy and Barthold, 2007). A positive diagnosis is 

made by demonstration of coronavirus particles within GI contents via EM. A single serology 

study suggested high positive seroprevalence for this virus in both healthy and affected rabbits 

(Lavazza and Capucci, 2008); however, minimal recent work has been done investigating this 

agent in Canada or elsewhere. 
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1.6.2.3 Other viruses 

 Other viruses associated with enteric disease in rabbits include parvovirus, enterovirus-

like virus, and astrovirus. Parvovirus can be found in the intestinal contents of healthy rabbits, 

but its significance is unclear (Lavazza et al., 2008; Matsunaga and Chino, 1981; Nieddu et al., 

2000). However, one month-old female rabbits experimentally infected with parvovirus  

demonstrate clinical signs of inanition and lethargy and histologic signs of mild to moderate 

catarrhal enteritis (Matsunaga and Chino, 1981). Enterovirus-like infections have been identified 

in approximately 6-11% of cases of rabbit enteritis, although the significance is still uncertain 

(Lavazza et al., 2008; Nieddu et al., 2000). Astrovirus is a novel virus which has been identified 

via EM in the stool of one diarrheic rabbit during an acute enteritis outbreak in Tennessee, USA 

(Stenglein et al., 2012). Higher titres to astrovirus have also been noted in rabbits with enteritis 

than in clincally healthy rabbits, although again, the significance of this is still unknown 

(Martella et al., 2011).  

 

1.6.3 Parasitic Causes of REC 

1.6.3.1 Enteric Coccidiosis 

 Enteric coccidiosis is such a common condition of commercial meat rabbits that it is 

routine practice for producers to provide rabbits with prophylactic anticoccidial medications in 

feed. Sulfa-based drugs, such as sulphadimethoxine and sulphaquinoxaline, are the most 

commonly administered agents for this purpose, although decoquinate, diclazuril, salinomycin, 

and toltrazuril are also efficacious (Griffiths, 1971; Pakandl, 2009; Peeters and Geeroms, 1986). 

At least 10 species of Eimeria have been described in the intestinal tract of rabbits, the most 

common and pathogenic being E. media, E. magna, and E. perforans (Pakandl, 2009; Peeters et 

al., 1988a; Percy et al., 1993). The less common E. flavescens and E. intestinalis may cause high 

levels of mortality (Peeters et al., 1988a). Immunocompetent animals infected with less 

pathogenic species may eventually clear infections with the development of host immunity; 

however, weanling and immunosuppressed rabbits are more susceptible to disease (Pakandl and 

Hlaskova, 2007; Pakandl et al., 2008). Disease is most serious in the post-weaning period, and 

the coccidial life cycle begins when ingested sporocysts release sporozoites that invade 

enterocytes, causing destruction when they multiply, rupture cells, and disseminate (Percy and 

Barthold, 2007). When clinical signs are present, they may consist of acute depression, anorexia, 
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and polydipsia, as well as a watery to hemorrhagic diarrhea. On gross post-mortem examination 

the cecum and colon contain watery, foul-smelling, green to brown material, and the GI mucosa 

is congested, hemorrhagic, and edematous (Percy and Barthold, 2007). Oocytes and gametocytes 

are frequently visible within the affected mucosa, and there can be marked mucosal necrosis, 

villous atrophy, and a marked, mixed leukocytic infiltrate within affected areas (Percy and 

Barthold, 2007). Diagnosis is made using fecal flotation, mucosal scraping or direct examination 

of affected tissues for oocysts (Percy and Barthold, 2007).  

  

 Other than those enteric diseases that can be readily identified via fecal culture or fecal 

flotation, diagnostics for rabbit enteric diseases can be difficult to obtain, especially within the 

commercial meat setting where the focus tends to be on herd health rather than individual animal 

health. Unlike for many of the other commercially raised species, standard enteritis diagnostic 

panels are not available for rabbits at the large diagnostic veterinary pathology labs, making 

pinpointing an underlying cause, especially of a complex multi-factorial disease such as REC, 

especially difficult. As a result, testing relies almost exclusively on post-mortem evaluation, 

meaning farmers are required to sacrifice animals for a diagnosis, further increasing their 

mortality levels within their herds.  

 

1.7 ANTIMICROBIAL RESISTANT BACTERIA AND COMMERCIAL MEAT 

RABBITS  

 Antimicrobial resistance in bacteria is the ability of bacteria to grow and proliferate in the 

presence of an antimicrobial agent that should either limit their growth or kill them (NIH, 2009). 

Resistance to antimicrobials can arise through a variety of mechanisms; some bacteria are 

intrinsically resistant to specific classes of bacteria, while others acquire resistance, either 

through de novo mutations or through the transfer of new genetic material from other resistant 

organisms (horizontal gene transfer) (Tenover, 2006). In the latter case, genetic material 

encoding AMR may be transferred via conjugation (where plasmid-containing resistance genes 

are transferred from one bacterium to an adjacent bacterium most commonly by a pilus, an 

elongated proteinaceous structure that joins the two organisms), transduction (transfer of 

resistance genes between organisms by a bacteriophage), or transformation (where bacteria 

acquire resistance genes from the environment into which other organisms have released them 
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following cell lysis) (Tenover, 2006). Resistance genes are incorporated into the genome or into 

plasmids allowing for continued transmission to each daughter cell during cell division (Lodish 

et al., 2000; Tenover, 2006). The process of horizontal transmission is of most concern as it 

allows for transmission of resistance genes within and between different bacterial species. 

Various genes have been identified that confer resistance to specific classes of antimicrobials, 

and in some cases to several different classes of antimicrobial drugs, the majority of which are 

acquired through horizontal transmission (Frye and Jackson, 2013). For example, the blaTEM-1 

and blaPSE-2 genes encode resistance to ampicillin, while the blaCMY-2 gene encodes resistance to 

ampicillin, numerous cephalosporins, and β-lactamase inhibitors (Frye and Jackson, 2013). By 

identifying the specific gene responsible for AMR in specific bacterium, it is possible to trace the 

evolution of resistance, providing valuable knowledge regarding the spread of AMR.  

 In commercial meat rabbit production, antimicrobial agents are commonly used to treat, 

prevent, and control outbreaks of enteritis, and to keep respiratory disease at manageable levels. 

The use of antimicrobials may contribute to the evolution of bacterial resistance through 

promotion of resistance traits within organisms and the exchange of these traits within genetic 

material between bacterial species (WHO, 2014). Antimicrobial resistance has become such a 

concern in both human and veterinary medicine that the use of antimicrobials and the presence of 

AMR in selected bacterial organisms from animals, humans, and food sources is now monitored 

and reported worldwide. AMR is thought to have several health consequences, including 

decreased efficacy of antimicrobial treatment, increased infection severity and duration, and the 

necessity for use of newer, more expensive antimicrobials to be produced, tested, and marketed 

(Health Canada, 2002; WHO, 2014). All of these factors potentially increase the cost of health 

care, as well as jeopardize future  and current medical treatments (Health Canada, 2002; WHO, 

2014). The Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) 

was created to monitor the use of antimicrobials and the development of antimicrobial-resistant 

enteric organisms in both human and animal populations to aid in development of policies to 

"contain antimicrobial resistance and better manage antimicrobial use in human medicine, 

veterinary medicine, and agricultural sectors" (Government of Canada, 2015). Of particular 

concern within animals and food are E. coli, S. enterica, and Campylobacter spp.; in addition to 

being zoonotic, these organisms can be etiological agents of food-borne illness in humans and 
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are known to readily transmit antimicrobial-resistance genes (CIPARS, 2013; Salyers (Ed., 

1995).  

 

1.7.1 Antimicrobial Resistant Organisms in Rabbits 

  In Canada, monitoring of antimicrobial resistant organisms is primarily limited to the 

major food animal commodity groups (i.e., cattle, chickens, and swine); however, reports 

originating from Europe and Asia indicate that there are also significant numbers of 

antimicrobial-resistant bacteria within commercial meat rabbit populations. For example, in 

2004, Vancraeynest et al., examined feces from rabbits originating from farms in Belgium, 

France, the Netherlands, Spain, and the United Kingdom and found them to be positive for 

Staphylococcus aureus, a common bacterial cause of skin lesions in rabbits. Through bacterial 

isolation and antimicrobial disk susceptibility detection, as well as PCR assays for resistance 

genes, they identified that 46% of tested rabbit strains of S. aureus demonstrated resistance to at 

least one of the seven antimicrobials that were tested (erythromycin, lincomycin, tetracycline, 

gentamicin, neomycin, penicillin, and enrofloxacin) (Vancraeynest et al., 2004). Almost half of 

resistant strains were resistant to tetracycline, with approximately 25% demonstrating resistant to 

penicillin, lincomycin, and/or erythromycin (Vancraeynest et al., 2004). Silva et al. (2010) 

examined AMR of both E. coli and Enterococcus spp. in wild rabbits in Portugal. 11.3% of E. 

coli isolates were resistant to each ampicillin, tetracycline, and sulfamethoxazole/trimethoprim, 

while 6.8% of isolates were resistant to streptomycin, and 2.3% of isolates were resistant to each 

gentamicin, nalidixic acid, ciprofloxacin, and chloramphenicol (Silva et al., 2010). Resistance to 

tetracycline (29.7% of isolates), erythromycin (20.3%), ciprofloxacin (14.1%), and kanamycin 

(10.9%) was identified in several enterococcal isolates, as well as to gentamicin (6.3%), 

streptomycin (4.7%), ampicillin (3.1%), and quinupristin/dalfopristin (1.6%) (Silva et al., 2010). 

In a study conducted by Borrelli et al. in 2011 that examined the presence of Salmonella 

Typhimurium in rabbit farms in Southern Italy, it was found that while S. Typhimurium was rare 

(isolated on only one of 25 farms surveyed), resistance to ampicillin, chloramphenicol, 

streptomycin, sulfamethoxazole, and tetracycline was present in the 4 strains of S. Typhimurium 

isolated (Borrelli et al., 2011). Similar findings have been observed with respect to AMR among 

S. Typhimurium in commercial meat rabbits in Italy (Carmanda et al., 2013). Collectively, these 

studies indicate that rabbits, and particularly intensively-reared, commercial meat rabbits, may 
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carry antimicrobial resistant bacteria. A survey of Canadian rabbits is necessary for 

understanding the role that rabbits play in the maintenance of antimicrobial resistant bacteria, as 

per other food animal commodity groups. 

 

1.7.2 Transmission of Antimicrobial Resistant Organisms Between Animal Species 

 An additional concern surrounding the development of antimicrobial resistant bacteria in 

animals is the possibility of transfer of these organisms from one animal species to another. In 

2011, Allen et al. examined wild small mammals living in various environments, including 

swine farms, in Southern Ontario. Resistant E. coli isolates were identified in 17% of the wild 

small mammals trapped on swine farms compared to 1.6% of small mammals trapped in their 

natural habitat. These results demonstrated a statistically significant association between farm 

versus non-farm origin small mammals and the presence of resistant bacteria and resistance 

genes in wild small mammals in Ontario (Allen et al., 2011). Cole et al. (2005) obtained cloacal 

swabs from free-living Canada geese in the United States and examined them for the presence of 

antimicrobial resistant E. coli isolates. They found increased numbers of AMR-positive isolates 

among geese sampled in agricultural areas compared to other geographical regions, and 

significantly higher numbers of antimicrobial resistant isolates in geese exposed to swine waste 

lagoons. The resistance patterns observed were similar to those previously identified in food 

animals (Cole et al., 2005).  

 While these studies demonstrate an association between antimicrobial resistance in fecal 

bacteria from different animal species, it is unclear whether this represents transmission of 

resistant bacteria and / or resistance genes between animal species or it reflects parallel exposure 

to antimicrobial selection pressure, for example, through scavenging of medicated feeds, intake 

of contaminated recreational water, or exposure to drug metabolites in wastewater (Allen et al., 

2011). Additional controlled experiments need to be conducted to further understand how 

resistance organisms can be transferred between animal species. 

 

1.7.3 The Role of Food-Producing Animals as Reservoirs of Antimicrobial Resistant 

Bacteria for Humans 

 Antimicrobial use in food animals is coming under increased scrutiny as a possible 

contributor to the development and spread of AMR of human health significance. While the 
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magniture of public health impact is unknown, studies have demonstrated an association between 

the use of antimicrobial agents in food-producing animals and AMR within bacteria isolated 

from humans (Angulo et al., 2004). Concerns have been expressed about transmission of 

resistant bacteria and resistance genes through the food supply, through environmental 

contamination, and by direct contact in humans that worked closely with farm animal species. 

For example, in 1976, Levy et al., demonstrated that following the introduction of tetracycline in 

chicken feed, tetracycline-resistant E. coli was present in fecal samples from exposed chickens, 

and more often in members of the immediate farm family than in control neighbourhood 

families. In another study, shortly after the introduction of noursethricin as a growth promoter in 

pigs in the former East Germany in the mid-1980s, coliforms containing noursethricin-resistant 

plasmids were identified among family members of pig farm employees, as well as outpatients in 

nearby communities (Hummel et al., 1986). Noursethricin resistance was later identified in 

human Shigella and Salmonella isolates as well (Hummel et al., 1986). As noursethricin was an 

antimicrobial agent that had not previously been used in humans or animals, this demonstrated 

the emergence of nourseothricin resistance in swine intestinal tracts, resistance transfer to 

humans, and transmission of resistance between bacterial species (Witte et al., 2000).  

 Recently, studies demonstrating the transfer of AMR in food animals to humans have 

begun to emerge. For example, a temporal association between the prevalence of ceftiofur-

resistant strains of Salmonella enterica serovar Heidelberg in retail broiler chicken meat and 

human infections in Canada was identified by Dutil et al., in 2010.  From 2003-2004 in Quebec, 

chicken hatcheries were using ceftiofur in ovo as prophylactic treatment for various bacterial 

diseases (Dutil et al., 2010). During that same time period, it was observed that >60% of retail 

chicken meat contained ceftiofur-resistant Salmonella Heidelberg and that ceftiofur resistance 

was seen in 31% to 36% of S. Heidelberg cases in humans. Following this discovery, Quebec 

launched a voluntary withdrawal of ceftiofur use in broiler chickens in 2006 and 2007 (Dutil et 

al., 2010). Subsequently, ceftiofur resistance in S. Heidelberg isolates fell to 8% and 6%, 

respectively, in broiler chickens, and 7% and 19%, respectively, in humans (Dutil et al., 2010). 

In 1999, a temporal association between the use of fluoroquinolones in poultry, an increase of 

ciprofloxacin-resistant Campylobacter jejuni in retail chicken products, and resistant C. jejuni 

strains in humans was noted, suggesting that poultry were an important source for development 

of fluoroquinolone resistance in humans, once again indicating that transmission of 
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antimicrobial-resistant organisms from non-human to human species was possible (Smith et al., 

1999). 

 

1.8 STUDY RATIONALE 

 Currently, there are few standards or guidelines for animal husbandry and biosecurity 

within the Canadian meat rabbit industry. The National Farm Animal Care Council of Canada 

(NFACC) is developing a national Code of Practice for rabbit production with the goal of 

developing animal care and handling guidelines to ensure that high health and welfare standards 

are employed within the commercial meat rabbit industry. Through the current study, we hope to 

identify factors important in determining the microbiota composition of rabbits, to gain further 

insight into practices necessary to promote and maintain proper GI health in rabbits. This 

information can then be used to aid in the development of policies that will improve the health, 

welfare, and ultimately, the production value of meat rabbits. In addition, these findings may be 

extrapolated to include rabbits kept in all types of environments, including companion and 

laboratory rabbits, to aid in the prevention or treatment of REC. 

 

1.9 THESIS OBJECTIVES AND HYPOTHESES 

1.9.1 Study Objectives and Methods  

The objectives of the current study are threefold: 

1) To determine the composition of the fecal microbiota of clinically healthy Ontario commercial 

meat rabbits and compare it to the fecal microbiota of companion, laboratory, and shelter rabbits 

in Canada using 16S rRNA gene sequencing. 

 

2) To identify the effect of commercial rabbit industry antimicrobial use practices on the rabbit 

fecal microbiota.  

 

3) To identify AMR within fecal isolates of E. coli and S. enterica obtained from commercial 

meat, companion, laboratory, and shelter rabbits, including the specific resistance patterns, and 

to identify associations with the use of antimicrobials in rabbits.  
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1.8.2 Hypotheses 

1) The primary microorganisms present in the rabbit feces regardless of source, age, season, or 

antimicrobial use status of the rabbit will be Firmicutes, specifically from the Lachnospiraceae 

and Ruminococcaceae families. Weanlings will demonstrate a higher proportion of organisms 

from Bacteroidetes than adult rabbits; however, the predominant phylum in weanlings will still 

be Firmicutes.  

 

2)  Weanlings will have a greater proportion of enteric pathogens within their fecal microbiota 

than does.  

 

3) Commercially-reared rabbits will have an greater proportion of enteric pathogens identified as 

components of their fecal microbiota than laboratory, companion, and shelter rabbits.  

 

4) Commercially-reared rabbits routinely receiving antimicrobials will have a significantly 

different fecal microbiota composition than commercially-reared rabbit not routinely exposed to 

antimicrobials. 

 

4) Antimicrobial resistant bacterial isolates will be found more commonly in commercial meat 

rabbits, where antimicrobials tend to be used more frequently, than in laboratory, companion, 

and shelter rabbits, where antimicrobials tend to be used less frequently.  

 

5) AMR in E. coli and S. enterica will be more common on rabbit farms that routinely use 

antimicrobials compared with those that do not. 
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Table 1.1 Properties of predominant phyla previously identified in the rabbit enteric microbiota 

Phylum Characteristics Role in Digestion Role in Gastrointestinal Health Notable genera 

Actinobacteria - Gram positive bacteria 

- High DNA C+G content  

- Fermentation of oligosaccharides 

- Degradation of dietary polyphenols 

- Involved in maintaining intestinal 

homeostasis 

- Bifidobacterium 

- Corynebacterium  

- Mycobacterium 

- Nocardia 

- Streptomyces 

 

Bacteroidetes - Gram negative bacteria 

 

- Fermentation of fibre to short-chain 

fatty acids 

- Lipid metabolism 

- Synthesis of conjugated linoleic 

acid 

- Bile acid degradation 

- Degradation of dietary polyphenols 

 

- Production of antimicrobial proteins 

- Induction of local immunoglobulins 

- Mediate induction of Tregs 

- Induce expression of small proline-

rich protein A which is required for 

cell adhesion within epithelial villi 

- Bacteroides 

- Bergeyella 

- Capnocytophaga  

- Prevotella 

- Porphyromonas 

- Tannerella 

Firmicutes - Gram positive bacteria 

- Low DNA C+G content 

- Fermentation of fibre to short-chain 

fatty acids 

- Metabolism of insoluble 

carbohydrates 

- Degradation of dietary polyphenols 

- Production of antimicrobial proteins 

- Production of lactic acid 

- Mediate development and function 

of Tregs; anti-inflammatory action 

- Prevention of cytokine-induced 

apoptosis of intestinal epithelial cells
 

- Clostridium 

- Fecalibacterium  

- Lactobacillus  

- Ruminococcus  

- Roseburia 

- Streptococcus 

 

Proteobacteria - Gram negative bacteria 

- Outer lipopolysaccharide 

membrane 

- Fermentation of fibre to short-chain 

fatty acids 

- Nitrogen fixation 

- Bile acid degradation 

- Degradation of dietary polyphenols 

- Stimulation of pro-inflammatory 

mucosal immune responses 

- Bordetella 

- Escherichia 

- Campylobacter 

- Helicobacter 

- Klebsiella 

- Shigella 

- Salmonella 

- Yersinia 

 

Verrucomicrobia - Gram negative bacteria 

- Compartmentalized cell plan 

- Hydrolysis of polysaccharides 

- Methane metabolism 

- Mucin degradation 

 

- Control metabolic endotoxemia - Akkermansia 

- Verrucomicrobium 

*Adapted from Jandhyala et al., 2015; Shin et al., 2015; Thomas et al., 2011; Tojo et al., 2014; Ventura et al., 2007 
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CHAPTER 2: EVALUATION AND COMPARISON OF THE FECAL MICROBIOTA OF 

DOMESTIC CANADIAN COMMERCIAL MEAT, LABORATORY, COMPANION, 

AND SHELTER RABBITS (ORYCTOLAGUS CUNICULUS) 

 

 Rabbits are cecotrophic, hindgut-fermenters that rely heavily on their gastrointestinal 

microbiota for optimal digestion of plant-based diets. Dysbiosis, caused by disruption of the 

gastrointestinal microbiota, is known to predispose rabbits to rabbit enteritis complex (REC), a 

major cause of morbidity and mortality. The objectives of this study were to describe the fecal 

microbiota of domestic rabbits from a variety of settings (commercial meat, companion, 

laboratory, and shelter) and to identify how factors such as age, season, and routine antimicrobial 

use affect the microbiota composition. 

 A total of 86 pooled commercial meat, 54 companion, 14 pooled laboratory, and 14 

shelter rabbit fecal samples were evaluated using 16S rRNA gene sequencing of the V4 region. 

In all sample types, the predominant bacterial phylum was Firmicutes. Other commonly 

identified phyla (composing >1% of the total microbiota composition) were Verrucomicrobia, 

Proteobacteria, and Bacteroidetes. Significant differences in composition were noted between 

commercial, companion, laboratory, and shelter rabbit samples for proportions of 

Verrucomicrobia (p<0.01), Proteobacteria (p<0.01), and Lentisphaerae (p=0.01) within the total 

microbiota. Within the commercial meat rabbit samples, significant differences between the 

microbiota composition of fryers (n=42) and does (n=44) were limited to one unclassified 

Firmicute (p=0.03) and no differences were identified at the phylum level. Significant 

differences were present between fecal samples taken from rabbits during the summer (n=44) 

compared to the winter (n=42), with Firmicutes (p=0.04), Verrucomicrobia (p=0.03), 

Proteobacteria (p=0.02), Deinococcus-Thermus (p=0.04), Armatimonadates (p=0.003), and 

Actinobacteria (p=0.03) forming significantly different proportions of the microbiota. The only 

significant difference in composition between those farms that routinely used antimicrobials and 

those that did not was in one unclassified Bacteroidetes (p<0.05) and no differences were 

identified at the phylum level. 

 Rabbit husbandry and diet, in addition to season, significantly influence the fecal 

microbiota composition of domestic rabbits, while age, once weaning has occurred, and 

antimicrobial use status have a minimal effect. 
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2.1 INTRODUCTION 

 Rabbits are herbivorous, monogastric, hindgut-fermenting mammals that rely on 

cecotrophy to ensure maximum nutrient absorption from their diet. Management of this unique 

gastrointestinal (GI) physiology can be challenging, and, as a result, enteric disease is common 

in domestic rabbits. One of the most difficult aspects of managing rabbit digestion is maintaining 

the normal commensal gastrointestinal microbiota of the animal. In rabbits, disruption of the 

normal microbiota, termed dysbiosis, is commonly implicated as a cause of enteritis, with 

ensuing diarrhea, subsequent dehydration, inadequate nutrition, and, potentially, death.  

 The etiopathogenesis of enteritis in rabbits is complex and is usually multi-factorial. 

Enteric pathogens such as Escherichia coli, Clostridium spiriforme, Lawsonia intracellularis, 

rotavirus, and coronavirus, are commonly associated with diarrhea outbreaks in rabbits, as are 

less common species such as Clostridium piliformis, Salmonella spp., parvovirus, enterovirus, 

and astrovirus (Greenham, 1962; Kahn (Ed.), 2005; Percy et al., 1993; Peeters et al., 1984a; 

Peeters et al., 1986; Whitney, 1976). However, much is still unknown about initiating factors as 

the presence of these organisms alone does not guarantee development of disease and many of 

these organisms can be present in clinically healthy animals in low numbers with no adverse 

effects (Bennegadi et al., 2001). Therefore, it is thought that in most cases of enteritis in rabbits 

it is caused by a combination of factors, including feeding of a low fibre diet, overall health 

status, management-related stress, and age, along with the presence of these organisms, that 

precipitates enteric disease (Bennegadi et al., 2001; Davies and Davies, 2003; Harkness et al., 

2010). 

 Due to its obvious importance in animal health and disease prevention, several studies 

have focused on understanding the composition of the rabbit enteric microbiota. Historically, 

researchers used culture-based techniques; however, the development of culture-independent 

techniques has permitted much greater in-depth analysis (Karger and Guttman, 2009; Patel, 

2001). Culture-based studies had identified members of the Bacteroidetes phylum as the 

predominant bacteria within the rabbit gastrointestinal tract, regardless of age (Gouet and Fonty, 

1979). With culture-independent sequencing Bacteroidetes are still predominant in very young 

rabbits, but the predominant phylum in post-weaned and adult rabbits is Firmicutes, with 

Bacteroidetes accounting for only a small proportion (Combes et al., 2014; Eshar and Weese, 

2014; Monteils et al., 2008; Zhu et al., 2015). Other predominant phyla that have been routinely 
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identified using culture-independent sequencing include Verrucomicrobia and Proteobacteria 

(Eshar and Weese, 2014; Zhu et al, 2015). 

 Most of the previous studies conducted to examine the fecal microbiota of rabbits have 

used small numbers of laboratory rabbits kept in well-controlled environments that have been 

exposed to minimal environmental or husbandry variations making broad applicability to other 

domestic rabbit conditions less likely. Factors such as diet, husbandry, and seasonal effects have 

been demonstrated to have potential effects on the fecal microbiota in both humans and other 

animal species (Davenport et al., 2014; Rausch et al., 2016; Stevenson et al., 2014), but have not 

been explored in rabbits. The objectives of this study were to characterize the microbiota of 

domestic rabbits kept in a variety of environments and to identify factors contributing to enteric 

microbiota variations using a culture-independent, high-throughput sequencing method. We 

hypothesized that significant fecal microbiota differences would be seen between commercial 

meat rabbits and domestic rabbits kept in other settings, largely because of dietary differences 

and the frequent use of antimicrobials in this population. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Animals and Study Approval 

 Commercial meat rabbit producers were contacted through Ontario Rabbit, a rabbit 

producer group, and asked to voluntarily participate in the study. Feces from domestic rabbits 

from 27 commercial farms (representing approximately 25% of large rabbit farms in Ontario, 

Canada) were collected for this study. Rabbit feces were sampled based on age (does and fryers) 

and fecal samples were collected during summer and winter months. Feces from an additional 62 

clinically healthy adult companion rabbits of varying ages and breeds were included. Rabbit 

fecal samples from one commercial laboratory rabbit vendor and seven laboratory research 

facilities in Ontario were also included, as were rabbit feces from four shelters in southwestern 

Ontario. In all cases, participation in the study was voluntary, with companion, laboratory, and 

shelter organizations contacted directly by the researchers of the study. The study was approved 

by the University of Guelph Research Ethics Board and Animal Care Committee.  
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2.2.2 Fecal Sample Collection 

 Hard feces of commercial meat rabbits (n=100 samples) and laboratory rabbits (n=14 

samples) were collected from pans beneath rabbit home cages. Pooled fecal samples were 

collected from 3 separate cages per age group that were well-dispersed throughout the facility 

and mixed thoroughly in sterile plastic bags. For commercial rabbits, one sample bag was 

submitted for each of two age groups, fryers (aged 5-12 weeks) and does (reproductively active, 

adult, females) per farm. Samples from commercial rabbits were collected during summer (July-

Aug) and winter (Feb-Mar) months, when possible. Producers were also asked to verbally report 

any antimicrobial use practices, both routine and sporadic, at the time of collection; this 

information was confirmed at a later date by email/telephone follow-up. At laboratory facilities, 

when possible, multiple samples (up to 3) were collected from the same facility if there were a) a 

large enough number of rabbits kept in the same room to allow for multiple collections (1 

facility), b) rabbits kept in multiple rooms or multiple sites throughout the facility (1 facility), c) 

significantly different age groups within the facility (1 facility), d) an opportunity to collect 

samples in repeated years (1 facility), and e) an opportunity to collect samples immediately 

following rabbit shipping/arrival to the facility and then following a period of acclimation (1 

facility). Fecal samples from companion rabbits were collected from clinically normal rabbits 

whose owners attended a regional rabbit exposition (n=55) and from healthy patients visiting the 

Ontario Veterinary College's Exotic Service for dental procedures (n=7). Samples were chilled or 

placed on ice and transported for coding and processing to a central laboratory where 0.2g of 

feces from each sample were isolated for DNA extraction while the remaining rest was frozen at 

-80
o
C.  

 

2.2.3 DNA Extraction and Quality Control 

 DNA extraction was performed using the E.N.Z.A. Stool DNA Kit (Omega Bio-Tek Inc., 

Doraville, Georgia, USA) following the manufacturer's protocol for pathogen detection. Quantity 

and quality of extracted nucleic acids were assessed by spectrophotometry (NanoDrop, Roche, 

Mississauga, ON, Canada). 
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2.2.4 16S rRNA Gene Amplification, Purification, and Sequencing 

 Using the protocol described by Caporaso et al. (2010) and the primers recommended by 

Klindworth et al. (2013), the V4 region of the 16S rRNA gene was amplified by PCR using the 

forward primer S-D-Bact-0564-a-S-15 (5'-AYTGGGYDTAAGNG-3') and the reverse primer S-

D-Bact-0785-b-A-18 (5'-TACNVGGGTATCTAATCC-3'), with an expected product size of 240 

bp. These forward and reverse primers contained a region that overlapped the Illumina forward 

and reverse sequencing primers (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG, respectively), allowing them to 

anneal to the primers containing the Illumina adaptors plus the 8bp identifier indices (forward: 

AATGATACGGCGACCACCGAGATCTACAC-index-TCGTCGGCAGCGTC; 

reverse:CAGCAGAAGACGGCATACGAGAT-index-GTCTCGTGGGCTCGG). For each 

extracted sample, a 25uL reaction was performed using 12.5uL KAPA Ready Mix, 9.0uL sterile 

water, 0.5uL each forward and reverse primers (10pM/uL), and 2.5uL DNA template (5ng/uL). 

The PCR conditions were as follows: 1) 3 min at 94
o
C for denaturation, 2) 45 sec at 94

o
C for 

denaturation, 3) 60 sec at 53
o
C for denaturation, 4) 1.5 min at 72

o
C for elongation, and 5) 10 min 

at 72
o
C. Steps 2-4 were repeated for a total of 27 cycles. PCR products were stored at 4

o
C until 

purification was completed. Electrophoresis of PCR products was conducted in 2% agarose gel 

to evaluate the products for the presence of bands of the appropriate length (~254bp). 

Purification of PCR products was conducted using Agencourt AMPure XP (Beckman Coulter 

Inc., Mississauga, ON, Canada); 20uL of AMPure XP was mixed with the PCR product on a 96 

well plate. Following 2 min at room temperature, the mixture was transferred to a magnetic plate, 

left for 2 min, and then the supernatant was discarded. Beads were then washed with 200uL 

freshly made 80% ethanol twice, air dried for 10 min, and separated from the magnet. The beads 

were then rinsed with 52.5uL of 10mM Tris pH 8.5 buffer, placed back onto the magnetic plate, 

and 50uL of the supernatant of each sample was transferred to a new tube.  

 A second reaction was performed using 2.5uL purified product, 12.5uL KAPA Ready 

mix, 9.0uL sterile water, and 1.0uL each Illumina Forward Index Primer (I501-I508 or S513, 

S15-S18, S20-S22) (10pM/uL) and Illumina Reverse Index Primer (I701-712 or N716, N718-

N729) for each sample. An additional PCR was conducted with the following conditions: 1) 3 

min at 94
o
C, 2) 45 sec at 94

o
C, 3) 60 sec at 50

o
C, 4) 1.5 min at 72

o
C, and 5) 10 min at 72

o
C. 

Steps 2-4 were repeated for a total of 8 cycles completed. Again, the second PCR product was 
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purified using AMPure XP using a similar procedure to that described above, with 40uL of 

AMPure XP and 37uL 10mM Tris pH 8.5 Buffer. An evaluation of final products was completed 

using electrophoresis in 2% agarose gel, again observing for bands of the appropriate length. 

When bands were not visible or of an inappropriate length, spectrophotometry was performed to 

identify nucleic acid quantity; adjustments to the volumes of KAPA Ready mix, DNA product, 

and sterile water were made based on the quantity of nucleic acids identified as needed to 

produce bands of the appropriate size. 

 Purified samples were normalized to a final concentration of 12.5nM and submitted for 

sequencing to the University of Guelph's Advanced Analysis Centre. An Illumina MiSeq (San 

Diego, California, USA) and 2x250 chemistry were utilized for sequencing of the library pool. 

 

2.2.5 Microbiota Assessment 

 Analysis of the sequencing results was conducted using Mothur software (v1.35) (Kozich 

et al., 2013). Paired-end reads were aligned and sequences greater than 244bp or less than 237bp 

in length were removed from the data set. Any sequences containing long runs (>8bp) of 

holopolymers, as well as ambiguous base calls, sequences that did not align with the 16S rRNA 

gene V4 region, or that were identified as chimeras were also removed. Sequences from 

mitochondria, chloroplasts, Archaea, and Eukaryotes were also removed. Sequences were binned 

into operational taxonomic units (OTUs) at the 3% dissimilarity level. The 16SRDP classifier 

was used to assign taxonomy, with subsequent OTU picking using a closed (database-dependent) 

approach. Comparison of relative abundances of different taxa was conducted using one-way 

ANOVAs within the JMP 12 Response Screening Platform (SAS Institute Inc., Cary, NC, USA). 

Adjustment of p values to account for false discovery rate (FDR) was performed using the 

Benjamini-Hochberg technique. Analysis was performed both with facility (i.e., where the 

animal came from) named as a random effect and without. Follow-up post-hoc testing of taxa 

identified as significantly different between groups was conducted using the Steel-Dwass 

nonparametric test. Results were considered significant when adjusted p values were <0.05. 

Differences in microbiota composition based on age (fryers versus does), season (summer versus 

winter), and antimicrobial use (routine use versus no use) were calculated exclusively for 

commercial meat rabbits. 
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  For subsequent analysis, subsampling was performed to normalize sequence numbers. 

Good's Coverage was used to assess coverage. Population richness was assessed using Chao1 

and the inverse Simpson's index was used to describe population diversity. The Jaccard index 

(which measures community membership by comparing the number of shared OTUs, but not 

their abundance) and Yue and Clayton measure of dissimilarity (which measures community 

structure by examining shared OTUs and their relative abundances) were used to assess 

population dissimilarity and to create dendrograms. These were compared between groups for 

source, age, season, and antimicrobial resistance status using unweighted UniFrac (which 

measures the phylogenetic distance between communities based on membership), as well as 

parsimony tests (which examines community membership similarily). Figures were created using 

FigTree (v1.4.2) (http://tree.bio.ed.ac.uk) and JMP 12. Principal coordinate analysis (PCoA) was 

also performed to visualize data similarities and dissimilarities and figures were created in JMP 

12. LEfse was also performed to identify OTUs that were differentially abundant between 

groups. 

 

2.3 RESULTS 

 A total of 168 rabbit fecal samples were included in the final analysis; 86 pooled 

commercial meat, 54 companion, 14 pooled laboratory, and 14 shelter. Twenty-three samples (14 

commercial meat, 8 companion, and 1 shelter) were not included in the final analysis either due 

to an inability to produce bands following DNA extraction, amplification, and purification, an 

insufficient quantity of DNA within the sample (<12.5nM) at the time of normalization prior to 

sequencing, or an insufficient number of sequences (<5,000) present following the completion of 

all quality control filters. A total of 10,897,154 V4 16S rRNA gene sequences passed all quality 

control filters. Sequence numbers per sample ranged from 6,359 to 325,029, with a mean of 

64,864, median of 53,721, and a standard deviation of 46,279.  

 

2.3.1 The Domestic Rabbit Fecal Microbiota  

 A total of 168 samples were included in the analyses, with a subsample of 4577 

sequences per sample for normalization. A total of 31 bacterial phyla were identified; however, 

only five, plus the unclassifiable sequences, comprised >1% of the total microbiota. Table 2.1 
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lists the relative abundances of all predominant taxonomic classifications at each taxonomic 

level.  

 

2.3.2 Comparison of the Rabbit Fecal Microbiota Based on Animal Source 

 There were several differences in relative abundance of bacteria within all biological 

taxonomic levels based on animal source. These values remained consistent regardless of 

whether the specific facility from which the sample came was included as a random effect in the 

analysis. This was also true for data reported below, so all relative abundance analyses that are 

reported exclude specific facility as a random effect. Significant differences were identified 

between rabbit sources for Proteobacteria (p<0.01), Verrucomicrobia (p<0.01), and Lentisphaera 

(p<0.01) when the p-value was corrected for false discovery rates (Figure 2.1). Bacterial classes, 

orders, families, and genera that were significantly different between groups are presented in 

Table 2.2. 

 Commercial meat and companion rabbits had distinctly different fecal microbiota 

community structures, while those of laboratory and shelter rabbits tended to overlap with those 

from companion rabbits (Figure 2.2a). Dendrograms of community membership (Jaccard Index) 

and community structure (Yue and Clayton index of dissimilarity) are presented in Figures 2.3 

and 2.4. In both cases, clustering can be seen within large numbers of commercial and pet 

samples, with the laboratory and shelter rabbit fecal samples scattered intermittently between, 

and primarily amongst the companion samples. Using the Jaccard tree, significant differences 

were noted between all possible group pairings using parsimony test (p<0.02 for all 

comparisons), something that was also noted with unweighted UniFrac tests (p<0.04 for all 

comparisons), indicating that the fecal microbiota community membership differed signficantly 

between all sources. Using the parsimony test with the Yue and Clayton tree, significant 

differences were identified between commercial meat and laboratory samples (p=0.03), 

commercial meat and companion animal samples (p<0.01), and commercial meat and shelter 

samples (p<0.01). These differences were also detected using unweighted UniFrac (all p<0.01), 

indicating that fecal microbiota community structure was significantly different between 

commercial meat rabbits and rabbits from all other sources, but the other sources did not differ 

amongst one another. Fifty OTUs were identified to be differentially abundant via LEfSe 

(p<0.05) with LDA scores >2.0; those with an LDA score >3.0 are listed in Table 2.3. 
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2.3.3 Comparison of the Rabbit Fecal Microbiota Based on Animal Age 

 Pooled samples from 44 does and 42 fryers from commercial meat farms were compared, 

with a subsample of 4577 sequences per sample. No significant differences were observed in 

relative abundance between the two age groups at the bacterial phylum, order, family, and genus 

levels when the p-values were corrected for a false discovery rate. At the class level, there was a 

significant difference between does and fryers for an unclassified Firmicutes, where the relative 

abundance in does was 5.8% and in fryers was 7.7% (p=0.03).  

 Community structure differences are visualised in the PCoA (Figure 2.2b). There is 

significant overlap between the community structures of the two different age groups with no 

obvious grouping based on age. A significant difference between the fecal microbiota 

community structure of does and fryers was only noted using the Yue and Clayton tree with the 

parsimony test (p=0.04). Six OTUs were identified to be significantly different between ages 

(p<0.05) with LDA scores >2.0; those with an LDA score >3.0 that were elevated in fryers 

included one Ruminococcus, as well as one of each unclassified Porphyromonadaceae, 

Desulfovibrionaceae, Alphaproteobacteria, and Firmicutes. The only OTU with an LDA score 

>3.0 significantly higher in does was an unclassified Verrucomicrobiaceae. 

 

2.3.4 Comparison of the Rabbit Fecal Microbiota Based on Season 

 A comparison was conducted of 44 pooled fecal samples collected from meat rabbits 

during winter months and 42 pooled fecal samples collected during summer months, with a 

subsample of 4577 sequences per sample. Numerous differences at all taxonomic levels of 

classification were identified. The relative abundances of Actinobacteria (p=0.03), Bacteroidetes 

(p=0.03), Deinococcus-Thermus (p=0.04), Proteobacteria (p=0.02), Verrucomicrobia (p=0.03) 

and Firmicutes (p=0.04) differed significantly between the seasons (Table 2.4).  

 The community structure differences are presented in the PCoA in Figure 2.2c. While 

there is significant visible overlap between the groups, there is a distinct subpopulation of 

samples from the summer group that is separate from the overlying samples. Significant 

differences were identified between summer and winter fecal microbiota community 

membership and structure using the parsimony test (p<0.01), and unweighted UniFrac tests 

(p<0.01) with both the Jaccard tree and the Yue and Clayton tree (p<0.01 for both tests). Fifty-

one OTUs were identified to be significantly different between season (p<0.05) with LDA scores 
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>2.0; those with an LDA score >3.0 that were higher during the summer included one OTU from 

each of the following genera: Corynebacterium, Sphingobacterium, Ignatzscineria, 

Acinetobacter, Escherichia_Shigella, Oligella, Wohlfahrtiimonas, Halomonas, 

Stenotrophomonas, Paenochrobactrum, and Comamonas, as well as one unclassified 

Aerococcaceae. One OTU with an LDA score >3.0 was higher during the winter from each of 

the following genera: Flavonifractor, Johnsonella, Marvinbryantia, Oceanisphaera, 

Marinospirillum, Psychrobacter, and Persicirhabdus, as well as one unclassified 

Pseudomonadaceae, two unclassified Clostridiales, and one unclassified Firmicutes. 

 

2.3.5 Comparison of the Rabbit Fecal Microbiota Based on Routine Antimicrobial Use 

 Whether or not antimicrobials were routinely used in feed or water was reported in 18 of 

23 (85.2%) farms, while 3 farms did not respond and one farm had closed at the time of follow-

up questioning. Those farms where antimicrobial use could not be confirmed were excluded 

from the analysis. Seventeen of 23 (73.9%) farms confirmed routine use of antimicrobials in 

their rabbits. Antimicrobials were not reported to be routinely used in any of the laboratory 

rabbits sampled, and antimicrobial use could not be confirmed for the companion or shelter 

rabbit samples; therefore, results from these groups were also excluded from this analysis.  

 A total of 75 pooled commercial meat rabbit fecal samples were compared on the basis of 

routine antimicrobial use following sequence filtering and the removal of non-responders, with 

58/75 (77.3%) positive for routine antimicrobial use, with a subsample of 4577 sequences per 

sample. The only significant difference observed at all levels of taxonomic classification, aside 

from the phylum level where no significant differences were observed, was in one Bacteroidetes 

unclassified at the class level (p<0.01 at all taxonomic levels), which was significantly higher in 

samples from farms where no routine antimicrobial use occurred (0.85%, 0.75%, 0.75%, 0.57% 

at class, order, family, and genus levels, respectively) compared to when routine use did occur 

(0.29%, 0.31%, 0.30%, 0.32%, respectively). 

 No significant differences in community membership or structure were identified using 

Jaccard or Yue and Clayton trees with both the parsimony and unweighted UniFrac tests (p>0.29 

for all tests); samples from farms that did not routinely use antimicrobials can be seen as well-

distributed amongst samples from farms that did in the PCoA in Figure 2.2d. Thirteen OTUs 

were identified to be significantly different between season (p<0.05) with LDA scores >2.0; 
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single OTUs with an LDA score >3.0 that were more frequently identified with routine 

antimicrobial use were from each of the following genera: Ignatzschineria, Erysipelothrix, and 

Wohlfahrtiimonas. One OTU with an LDA score >3 was significantly more prevalent when 

antimicrobials were not being routinely used was present from each of the following genera: 

Acetitomaculum, Clostridium_III, and Parasporobacterium, in addition to one unclassified 

Ruminococcaceae, one unclassified Desulfovibrionaceae, and one unclassified Bacteroidetes. 

 

2.4 DISCUSSION 

 The current study provides significant insight into the composition of fecal microbiota of 

domestic rabbits, as well as factors that may promote changes in its composition. The large 

number of animals sampled, combined with the variety of factors incorporated into the study, 

means that the information obtained through the current study can be applied to rabbits in a 

variety of domestic settings, and is not limited to understanding a very specific set of variables as 

many of the previous rabbit microbiota studies have been. Consistent with previous culture-

independent sequencing studies, such as those conducted by Eshar and Weese (2014) and Zhu et 

al. (2015), the predominant phylum identified in the rabbit fecal microbiota, regardless of source, 

age, season or antimicrobial use, is Firmicutes. Within this phylum, the Clostridia were the most 

abundant class identified, of which the Ruminococcacae and the Lachnospiraceae were the most 

abundant orders present. While the prevalence of Firmicutes in the current study is lower than 

that reported by Eshar and Weese (66% vs. 82%, respectively), other studies report levels of 

Firmucutes varying between 61-82% with significant individual variation, suggesting that the 

relative abundance of the Firmicutes in the rabbit enteric microbiota falls somewhere within this 

range (Combes et al., 2011; Zhu et al., 2015). In addition to being identified as the predominant 

phylum present in the rabbit gut, Firmicutes have been described as the most abundant phylum in 

the gastrointestinal microbiota of most healthy adult mammals, including humans, emphasizing 

its likey importance as a commensal in GI health. 

 Other predominant phyla identified include Verrucomicrobia, Proteobacteria, and 

Bacteroidetes, as well as a small proportion of unidentified phyla. The relative levels identified 

for these phyla in this study are consistent with previous reports, although proportions of 

Verrucomicrobia appear to vary considerably with the method of analysis used (Combes et al., 

2011; Eshar and Weese, 2014; Zeng et al, 2015; Zhu et al., 2015). While Verrucomicrobia is still 



37 
 

a relatively newly-defined group of organisms, the Akkermansia genus contained within this 

phylum has been identified as having a critical role in the hydrolysis of diverse ingested 

polysaccharides, contributing to the breakdown and utilization of dietary plants as well as 

methane metabolism (Dunfield et al., 2007; Martinez-Garcia et al., 2012; Wertz et al., 2012). 

The most well-known species is Akkermansia muciniphila, a mucin-degrading bacterium that has 

been demonstrated to be beneficial in both human and animal health (Dao et al., 2015; Everard et 

al., 2013). For example, increases in the proportion of fecal Akkermansia mucinophila have been 

associated with a healthier metabolic status in both humans and mice (Dao et al., 2015; Everard 

et al., 2013). While the impact of Akkermansia muciniphila on rabbit health is still unknown, it is 

known that the ability to breakdown mucin is especially important during cecotrophy for optimal 

nutrient extraction (Davies and Davies, 2003). In vitro studies have also identified a positive 

correlation between the proportion of Verrucomicrobiaceae and concentrations of proprionate 

and acetate, volatile fatty acids that are found in high concentrations within rabbit ceca following 

the breakdown of fibre-rich carbohydrates, and significant energy sources (Combes et al., 2011; 

Yang et al., 2013). A decreased proportion of Verrucomicrobia within the fecal microbiota of 

commercial meat rabbits overall, and particularly during the summer months, suggests less 

optimal gut health and nutrient extraction in this group of rabbits.  

 While small proportions of Proteobacteria are routinely observed within the enteric 

microbiota of all mammals, it has been suggested that an increased prevalence of Proteobacteria 

should be considered as a diagnostic indicator of underlying dysbiosis, predisposing individuals 

to enteric disease (Shin et al., 2015). Relative increases in Proteobacteria with or without a 

relative reduction in Firmicutes have been observed in several species in cases of metabolic 

gastrointestinal disorders, such as genetically-related and diet-induced obesity (Geurts et al., 

2011; Zhang et al., 2012), as well as in chronic intestinal inflammation, such as inflammatory 

bowel disease and ulcerative colitis (Lavelle et al., 2015; Morgan et al., 2012). It is hypothesized 

that the resultant bacterial population shift caused by increasing relative proportions of 

Proteobacteria stimulates the host gastrointestinal immune system, resulting in a pro-

inflammatory response (Carvhalo et al., 2012). Therefore, the increased relative proportion of 

Proteobacteria observed within commercial meat rabbits overall, and specifically during the 

summer, suggests a shift away from the normal gut microbiota in these animals, increasing their 

risk for disease development. This idea is supported by the higher proportion of potentially 
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pathogenic bacteria associated with REC identified in commercial meat rabbit fecal samples 

overall as well as in the summer at the OTU level. In both cases, elevations in the 

Escherichia_Shigella OTU accounted for significant differences in fecal microbiota composition 

when compared to feces from rabbits from other sources. 

 No significant differences were observed between does and fryers in this study. This is 

consistent with previous reports suggesting that the rabbit fecal microbial community rapidly 

reaches a steady state at, or just after, weaning (Combes et al., 2011). Additionally, no 

significant differences were observed between samples from farms in which antimicrobials were 

routinely used compared to farms where they were not. In 2007, Abecia et al. examined the 

effects of two different antimicrobials, bacitracin and tiamulin, on the cecal microbiota of 

lactating rabbit does. The study demonstrated that significant microbiota compositional changes 

were highly dependent on the specific antimicrobial used, with bacitracin having minimal effects 

on the cecal microbiota composition and tiamulin causing signifcant changes in its composition 

(Abecia et al., 2007). In the current study, a variety of antimicrobials with different mechanisms 

of action were being used alone or in combination, including those with anticoccidial activity 

and those being used to treat respiratory disease. Effects of agents on the gut microbiota may 

have been masked by the use of other antimicrobial agents and some antimicrobial agents, such 

as bacitracin, may have been absorbed systemically with minimal effect on the gut. 

 Several factors that may contribute to gut microbiota composition are thought to differ 

significantly between domestic rabbit sources – in particular, the diet. Commercial meat rabbits 

are most frequently exclusively fed extruded pellet diets relatively low in fibre (15-20%) and 

high in carbohydrates to encourage rapid growth prior to slaughter (Carrihlo et al., 2009). This 

contrasts to recommended feeding practices for companion rabbits, which suggest a 

predominantly timothy hay-based diet that is only supplemented by a lower fibre pelleted diet to 

ensure that all nutritional requirements are met while optimizing gastrointestinal function 

(Krempels, 2009, Harkness et al., 2010). Companion rabbit owners also frequently supplement 

this recommended dietary regimen with other fibre-rich fruits and vegetables. While the diet of 

laboratory rabbits is also primarily that of high carbohydrate pellets, the fibre content of many of 

the commercially available laboratory diets tends to be closer to 25%. Laboratory rabbits are also 

frequently given hay and vegetables as enrichment, although generally at more restricted levels 

than companion rabbits, while the dietary history of domestic rabbits in shelters are largely 
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unknown. There is also significant variation in how long these animals may have been in a 

shelter receiving a balanced diet. Dietary fibre source, content, and digestibility are critical 

components of the rabbit diet, in which changes are directly and significantly correlated with 

enteritis and mortality in growing meat rabbits (De Blas et al., 1981, Gidenne, 2003). It was 

beyond the scope of this study to evaluate specific changes in dietary fibre source, content, and 

type in relation to the rabbit fecal microbiota; however, this likely contributes to the majority of 

differences noted in microbiota between commercial meat and other sources of rabbits and is an 

area of further investigation.  

 Studies in other species examining the influence of season on the gut microbiota have 

identified decreases in the relative abundance of Verrucomicrobia during the summer as 

observed in the current study, but not relative increases in Bacteroidetes and Proteobacteria as 

were seen in this study (Stevenson et al., 2014).  The seasonal changes in the microbiota of 

Arctic ground squirrels observed in the Stevenson et al. 2014 study were attributed to diet 

availability and variation between season. In the current study, seasonality was only examined in 

commercial meat rabbits in which the diet remains relatively consistent with fixed content 

proportions year-round (although changes in plant source and feed quality may vary slightly 

from batch to batch). Thus, it is unlikely that the seasonal changes in relative abundance of 

different phyla were related to diet. Rabbits are much more tolerant of colder temperatures and 

low humidity and they are especially prone to heat stress (Marai et al., 2002, Harkness et al., 

2010). In general, Canadian rabbit barns do not have environmental controls for temperature or 

relative humidity and rabbits are exposed to hot and humid ambient conditions in July and 

August. The relative reduction in levels of the two beneficial phyla (Firmicutes and 

Verrucomicrobia), and the relative increase in less benefical phyla (Proteobacteria), suggests that 

these seasonal changes in gut microbiota directly impact rabbit health, susceptibility to enteritis, 

and possibly feed conversion efficiency. Additional studies are needed to explore these 

possibilities. Studies of potential seasonal differences in gut microbiota of rabbits from other 

sources are also needed.   

 Limitations of this study include whether the study of fecal microbiota of a given species 

is reflective of the gastrointestinal microbiota in general. Michelland et al. (2010) demonstrated 

no significant differences in bacterial community diversity between soft and hard feces or cecal 

content in rabbits. In addition, Schoster et al. (2013) demonstrated that while significant 
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differences exited between the microbiota of the stomach, duodenum, ileum, large colon, and 

feces in healthy horses, another hindgut-fermenting species, the microbiota profile remained 

stable from the cecum to the feces. These studies suggest that, at least in the case of hindgut-

fermenting species, the fecal microbiota is representative of the distal gastrointestinal tract. For 

rabbits, in which the cecal microbiota is of primary consideration for overall animal health, the 

fecal microbiota provides an accurate and non-invasive method for studying their gastrointestinal 

health. 

 This study was limited exclusively to characterizing the bacteria present within the fecal 

samples. It is well known that other prokaryotic organisms, such as viruses, bacteriophages, 

protozoa, and fungi, are essential components of the gastrointestinal microbiota, and can play 

significant roles in human and animal health (Cadwell, 2015; Lim et al., 2015). As pathogenic 

viruses, in addition to pathogenic bacteria, are significant contributors to rabbit dysbiosis and 

REC, a greater understanding of the rabbit gut virome would provide further insight into 

understanding rabbit health.  

 Lastly, it is unknown whether the organisms identified using next generation sequencing 

methods are functionally or metabolically active. Future studies are needed to specifically 

examine the metabolomics of the bacteria identified. 

 In conclusion, this study characterized the composition of the domestic rabbit fecal 

microbiota, as well as potential factors influencing its composition, such as rabbit source, age, 

season, and the routine use of antimicrobials. By gaining an increased understanding of the rabbit 

enteric microbiota and factors that influence its composition, rabbit health and welfare can be 

better managed. 
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Table 2.1 Relative abundance of predominant (>1%) taxonomic classifications of bacteria 

isolated from the feces of domestic rabbits (n=168). 

 
a) Phylum 

Phylum Relative Abundance 

Firmicutes 66.42% 

Verrucomicrobia 14.05% 

Proteobacteria 9.54% 

Unclassified at phylum level 6.87% 

Bacteroidetes 1.54% 

 

b) Class 

Class Relative Abundance 

Clostridia 55.25% 

Verrucomicrobia 14.85% 

Unclassified Firmicute 7.90% 

Unclassified at phylum 7.77% 

Gammaproteobacteria 4.22% 

Bacilli 2.68% 

Betaproteobacteria 1.13% 

Bacteroidia 1.03% 

 

c) Order 

Order Relative Abundance 

Clostridiales 54.79% 

Verrucomicrobiales 14.85% 

Unclassified Firmicute  7.90% 

Unclassified at phylum 7.77% 

Pseudomonadales 1.89% 

Bacillales 1.49% 

Lactobacillales 1.19% 

Xanthomonadales 1.17% 

Bacteroidales 1.03% 

 

d) Family 

Family Relative Abundance 

Unclassified Halanaerobiales 

(Firmicutes) 

20.77% 

Ruminococcaceae 20.03% 

Verrucomicrobiaceae 13.92% 

Lachnospiraceae 12.83% 

Unclassified Firmicutes 7.29% 

Unclassified Phylum 6.87% 

Xanthomonadaceae 1.84% 

Pseudomonadaceae 1.52% 

Alcaligenaceae 1.08% 

 

e) Genus 

Genus Relative Abundance 

Unclassified Clostridiales 

(Firmicutes) 

20.77% 

Unclassified Ruminococcaceae 

(Firmicutes) 
10.86% 

Persicirhabdus 9.32% 
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Unclassified Lachnospiracea 

(Firmicutes) 

8.26% 

Unclassified Firmicutes 7.29% 

Unclassified Phylum 6.87% 

Ruminococcus 4.93% 

Unclassified 

Verrucomicrobiaceae 

(Verrucomicrobia) 

2.66% 

Akkermansia 1.94% 

Ignatzschineria 1.46% 

Clostridium_XlVa 1.23% 
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Table 2.2 Relative abundance and FDR p-values for significantly different bacterial phyla, 

classes, orders, families, and genera in the rabbit fecal microbiota when compared between 

commercial (n=86), companion (n=54), laboratory (n=14), and shelter (n=14) rabbit samples.  
 

a) Phylum 

  Relative 

Abundance - 

Commercial  

Relative 

Abundance - 

Companion  

Relative 

Abundance -  

Laboratory  

Relative 

Abundance - 

Shelter  

FDR p-

value 

Lentisphaerae  <0.01%
a,c 

0.04%
d,b 

<0.01%
a 

0.01%
d 

0.01
 

Proteobacteria  14.04%
a,b 

4.0%
d 

4.19%
d 

7.52% <0.01 

Verrucomicrobia  8.89%
a,b,c 

22.51%
b,c,d 

14.57%
a,d 

13.49%
a,d 

<0.01 

 

b) Class 

  Relative 

Abundance - 

Commercial  

Relative 

Abundance - 

Companion  

Relative 

Abundance -  

Laboratory  

Relative 

Abundance - 

Shelter  

FDR p-

value 

Unclassified Acidobacteria* <0.01%
a,b,c 

<0.01%
d 

<0.01%
d 

0.01%
d 

0.05 

Lentisphaeria  <0.01%
a,c 

0.04%
b,d 

<0.01%
a 

0.01%
d 

0.01 

Betaproteobacteria  2.43%
a,b,c 

0.47%
d 

0.63%
d 

0.39%
d 

<0.01 

Deltaproteobacteria  0.24%
a,c 

0.44%
b,d 

0.18%
a,c 

0.49%
b,d 

<0.01 

Epsilonproteobacteria  0.16%
a,b 

0.38%
b,d 

0.07%
a,d 

0.21% 0.02 

Gammaproteobacteria  9.44%
a,b,c 

1.50%
d 

1.27%
d 

3.74%
d 

<0.01 

Verrucomicrobiae  8.74%
a,b,c 

22.39%
c,d 

14.51%
c,d 

13.38%
a,b,d 

<0.01 

Bacilli  3.79%
a,b 

1.27%
d 

1.11%
d 

4.96% 0.03 

Erysipelotrichia  0.62%
a 

0.16%
d 

0.23% 0.38% <0.01 

 

c) Order 

  Relative 

Abundance - 

Commercial  

Relative 

Abundance - 

Companion  

Relative 

Abundance -  

Laboratory  

Relative 

Abundance - 

Shelter  

FDR p-value 

Unclassified Acidobacteria* 0.00%
a,b,c 

<0.01%
d 

<0.01%
d 

0.01%
d 

0.05 

Thermales  <0.01%
a 

0.01%
d 

0.01%
 

0.01%
 

0.01 

Victivallales  <0.01
a,c 

0.04%
b,d 

<0.01%
a 

0.01%
d 

0.01 

Sneathiellales  0.00%
c 

<0.01% <0.01% <0.01%
d 

<0.01 

Unclassified Alphaproteobacteria* 

(Proteobacteria) 

0.53%
a,b 

0.26%
b,c,d 

1.06%
a,d 

1.12%
a 

<0.01 

Burkholderiales  2.17%
a,b,c 

0.12%
d 

0.05%
d 

0.05%
d 

<0.01 

Unclassified Betaproteobacteria* 

(Proteobacteria) 

0.24%
b 

0.33%
b 

0.57%
a,d 

0.34% <0.01 

Desulfovibrionales  0.15%
a,b 

0.29%
b,d 

0.08%
a,d 

0.21% <0.01 

Unclassified Deltaproteobacteria* 

(Proteobacteria) 

0.03% 0.05% 0.03% 0.12% 0.01 

Campylobacterales  0.16%
a,b 

0.38%
b,d 

0.07%
a,d 

0.21% 0.02 

Aeromonadales  0.18%
a,b,c 

0.01%
d 

<0.01%
d 

0.01%
d 

0.03 

Pseudomondales  3.80%
a,b 

0.78%
d 

0.60%
d 

2.69% <0.01 

Xanthomonadales  3.51%
a,b,c 

0.03%
d 

0.02%
d 

0.02%
d 

<0.01 

Unclassified Opitutae* 

(Verrucomicrobia) 

<0.01%
a 

0.01%
d 

<0.01% 0.01% 0.02 

Verrucomicrobiales  8.74%
a,b,c 

22.39%
b,c,d 

14.52%
a,d 

13.38%
a,d 

<0.01 

Lactobacillales  2.56%
a,b,c 

0.22%
d 

0.23%
d 

1.14%
d 

<0.01 

Erysipelotrichales  0.62%
a 

0.16%
d 

0.23% 0.38% <0.01 

 

d) 20 most prevalent families: 

  Relative 

Abundance - 

Relative 

Abundance - 

Relative 

Abundance -  

Relative 

Abundance - 

FDR p-value 
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Commercial  Companion  Laboratory  Shelter  

Lachnospiraceae  12.20%
c 

14.85%
c 

13.30%
c 

8.51%
a,b,d 

0.01 

Verrucomicrobiaceae  8.74%
a,b,c 

22.39%
b,c,d 

14.52%
a,d 

13.38%
a,d 

<0.01 

Xanthomonadaceae  3.51%
a,b,c 

0.02%
d 

0.01%
d 

0.02%
d 

<0.01 

Pseudomonadaceae  2.89%
a,b,c 

0.22%
d 

0.46%
d 

2.15%
d 

0.03 

Alcaligenaceae  2.04%
a,b,c 

0.07%
d 

0.01%
d 

0.01%
d 

<0.01 

Carnobacteriaceae  1.41%
a,b,c, 

0.05%
d 

0.03%
d 

0.15%
d 

0.01 

Aerococcaceae  0.81%
a,b,c 

0.09%
d 

0.10%
d 

0.88%
d 

0.01 

Erysipelotrichaceae  0.62%
a 

0.16%
d 

0.23% 0.38% <0.01 

Unclassified Alphaproteobacteria* 

(Proteobacteria) 

0.53%
a,b 

0.26%
b,c,d 

1.06%
a,d 

1.12%
a 

<0.01 

Unclassified Nitrosomonadales* 

(Proteobacteria) 

0.24%
b 

0.33%
b 

0.57%
a,d 

0.34% <0.01 

Rikenellaceae  0.20%
b 

0.16%
b 

0.34%
a,d 

0.67% 0.03 

Aeromonadaceae  0.18%
a,b,c 

<0.01%
d 

<0.01%
d 

<0.01%
d 

0.03 

Campylobacteraceae  0.15%
a,b 

0.38%
b,d 

0.07%
a,d 

0.19% 0.03 

Unclassified Lactobacillales* 

(Firmicutes) 

0.13%
a,b,c 

<0.01%
d 

<0.01%
d 

<0.01%
d 

<0.01 

Oceanospirillaceae  0.12%
a,b,c 

<0.01%
d 

<0.01%
d 

0.01%
d 

0.03 

Desulfovibrionaceae  0.10%
a,b 

0.21%
b,d 

0.05%
a,c,d 

0.14%
b 

<0.01 

Unclassified Desulfovibrionales* 

(Proteobacteria) 

0.04%
a,b 

0.08%
b,d 

0.02%
a,c,d 

0.07%
b 

0.04 

Clostridiales_Incertae 

_Sedis_XIII 

0.04% 0.03% 0.08%
c 

0.06%
b 

0.02 

Microbacteriaceae  0.04%
a,b 

<0.01%
d 

0.00%
c,d 

<0.01%
b 

<0.01 

Unclassified Deltaproteobacteria* 

(Proteobacteria) 

0.03% 0.05% 0.03% 0.12% <0.01 

 

e) 20 most prevalent genera: 

  Relative 

Abundance - 

Commercial  

Relative 

Abundance - 

Companion  

Relative 

Abundance -  

Laboratory  

Relative 

Abundance - 

Shelter  

FDR p-value 

Unclassified Lachnospiaceae* 

(Firmicutes) 

7.74%
c 

9.65%
c 

9.09%
c 

5.36%
a,b,d 

0.01 

Persicirhabdus  5.94%
a,b 

14.55%
d 

10.40%
d 

9.41% <0.01 

Ignatzschineria  2.80%
a,b,c 

<0.01%
d 

0.01%
d 

0.01%
d 

0.03 

Unclassified Verrucomicrobiaceae* 

(Verrucomicrobia) 

1.79%
a,b 

4.57%
b,d 

0.94%
a,c,d 

2.43%
b 

<0.01 

Atopostipes  1.32%
a,b,c 

0.04%
d 

<0.01%
d 

0.13%
d 

0.01 

Paenalcaligenes  1.23%
a,b,c 

0.05%
d 

<0.01%
d 

<0.01
d 

<0.01 

Blautia  1.17%
a,b,c 

0.88%
d 

0.73%
d 

0.47%
d 

0.03 

Akkermansia  1.00%
a,b 

3.27%
d 

3.17%
d 

1.54% 0.02 

Clostridium_XlVa  0.94% 1.91% 1.15% 0.52% 0.02 

Unclassified Alphaproteobacteria* 

(Proteobacteria) 

0.53%
a,b 

0.26%
b,c,d 

1.06%
a,d 

1.12%
a 

<0..01 

Unclassified Aerococcaceae* 

(Firmicutes) 

0.47%
a,b,c 

<0.01%
d 

<0.01%
d 

0.01%
d 

<0.01 

Anaerostipes  0.32%
a,c 

0.10%
b,d 

0.47%
a,c 

0.15%
b,d 

0.01 

Erysipelothrix  0.26%
a,b,d 

<0.01%
d 

<0.01%
d 

<0.01%
d 

0.01 

Unclassified Erysipelotrichaceae* 

(Firmicutes) 

0.25%
a 

0.09%
b,d 

0.17%
a 

0.31% 0.02 

Facklamia  0.25%
a,b,c 

0.02%
d 

0.03%
d 

0.02%
d 

0.03 

Unclassified Betaproteobacteria* 

(Proteobacteria) 

0.24%
b 

0.33%
b 

0.57%
a,d 

0.34% <0.01 

Alistipes  0.19%
b 

0.15%
b 

0.33%
a,d 

0.35% 0.03 

Oceanisphaera  0.18%
a,b,c 

<0.01%
d 

<0.01%
d 

<0.01%
d 

0.04 
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Butyricicoccus  0.15%
a,b,c 

0.03%
b,d 

0.04%
a,d 

0.05%
d 

0.02 

Unclassified Lactobacillales* 

(Firmicutes) 

0.13%
a,b,c 

<0.01%
d 

<0.01%
d 

<0.01%
d 

<0.01 

*For samples that could not be classified at the specified phylogenetic level, the highest level has been specified      

with the associated phylum in brackets if classification was possible beyond the phylum level
 

a
Significantly different (p<0.05) from companion rabbits as identified by the Steel-Dwass test 

b
Significantly different (p<0.05) from laboratory rabbits as identified by the Steel-Dwass test 

c
Significantly different (p<0.05) from shelter rabbits as identified by the Steel-Dwass test 

d
Significantly different (p<0.05) from commercial meat rabbits as identified by the Steel-Dwass test 
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Table 2.3 Operational taxonomic units (OTUs) identified as significantly different (p<0.05) between rabbit sources with LDA scores 

>3.0 grouped by rabbit source at the lowest taxonomic rank identified. 

 
Commercial meat         Companion          Laboratory          Shelter 

Unclassified Ruminococcaceae 

Tissierella 

Unclassified Aerococcaceae 

Erysipelothrix 

Facklamia 

Unclassified Pseudomonadaceae 

Paenalcaligenes 

Ignatzschineria 

Oligella 

Escherichia_Shigella 

Oceanisphaera 

Stenotrophomonas 

Unclassified Bacteroidetes 

Unclassified Lachnospiraceae 

Unclassified Bacillaceae_2 

Campylobacter 

Unclassified    

Desulfovibrionaceae 

TM7_genus_incertae_sedis 

Persicirhabdus 

Unclassified 

Verrucomicrobiaceae 

Unclassified Firmicutes 

Unclassified Clostridia 

Flavonifractor 

Pseudoflavonifractor 

Anaerostipes 

Lutispora 

Lachnospira 

Acetivibrio 

Unclassified 

Alphaproteobacteria 

Unclassified Betaproteobacteria 

Corynebacterium 

Unclassified Bacteroides 

Barnesiella 

Acetitomaculum 

Unclassified Erysipelotrichaceae 

Bacillus 

Pseudomonas 
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Table 2.4 Relative abundance and FDR p-values for significantly different (p<0.05) phyla, 

orders, families, and genera in rabbit fecal microbiota of does and fryers combined when 

compared between summer (n=44) and winter (n=42).  
 

a) Phylum: 

 Relative Abundance -  

Summer 

Relative Abundance - 

Winter 

FDR p-value 

Actinobacteria 1.14% 0.57% 0.03 

Armatimonadetes <0.01% <0.01% 0.03 

Deinococcus-Thermus 0.06% 0.01% 0.04 

Proteobacteria 18.57% 9.09% 0.02 

Verrucomicrobia 7.29% 10.64% 0.03 

Firmicutes 62.94% 69.51% 0.04 

 

b) Order: 

 Relative Abundance -  

Summer 

Relative Abundance - 

Winter 

FDR p-value 

Actinomycetales 0.82% 0.17% 0.04 

Flavobacteriales 0.33% 0.09% 0.04 

Rhodobacterales 0.20% 0.04% 0.04 

Xanthomonadales 5.86% 0.95% 0.04 

 

c) Family: 

 Relative Abundance -  

Summer 

Relative Abundance - 

Winter 

FDR p-value 

Microbacteriaceae 0.06% 0.01% 0.03 

Flavobacteriaceae 0.30% 0.06% 0.03 

Rhodobacteraceae 0.20% 0.04% 0.05 

Burkholeriaceae 0.01% <0.01% 0.01 

Moraxellaceae 2.20% 0.55% 0.03 

Xanthomonadaceae 5.86% 0.95% 0.03 

Aerococcaceae 1.19% 0.38% 0.03 

Unclassified Clostridiales* 

(Firmicutes) 

17.7% 22.2% 0.05 

 

d) Genus: 

 Relative Abundance -  

Summer 

Relative Abundance - 

Winter 

FDR p-value 

Leucobacter 0.04% 0.01% 0.05 

Flavobacterium 0.07% <0.01% 0.03 

Myroides 0.11% 0.01% 0.05 

Burkholderia 0.01% <0.01% 0.02 

Delftia <0.01% <0.01% 0.03 

Unclassified 

Enterobacteriaceae* 

(Proteobacteria) 

0.11% 0.01% 0.05 

Acinetobacter 2.16% 0.38% 0.02 

Serpens 0.04% <0.01% 0.04 

Wohlfahrtiimonas 0.41% 0.02% 0.05 

Marvinbryantia 0.19% 0.34% 0.02 

* For samples that could not be classified at the specified phylogenetic level, the highest level 

has been specified with the associated phylum in parentheses if further classification was not 

possible. 
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Figure 2.1 Relative abundance of predominant (>1% total composition) bacterial phyla of the 

rabbit fecal microbiota separated by animal source. Significant differences (p<0.05) are present 

between sources for Proteobacteria, Verrucomicrobia, and Lentisphaera (included in Other as 

composed <1% of the total composition).  

 

 

 

 

 

  



49 
 

a           b 

  
 

c           d 

  
 

Figure 2.2 Principle Co-ordinates Analysis (PCoA) of the rabbit fecal microbiota based on the 

Jaccard Index (a) blue circles = commercial meat rabbits, red circles = companion rabbits, 

yellow circles = laboratory rabbits, green circles = shelter rabbits; b) blue circles = does, red 

circles = fryers; c) blue circles = winter, red circles = summer; d) blue circles = routine 

antimicrobial use, red circles = no routine use of antimicrobials. Clustering of markers within a 

plot indicates similarity in microbiota community membership. Significant differences are 

present between rabbit sources and between seasons, but not between ages and antimicrobial use 

statuses. 
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Figure 2.3 Dendrogram of the community membership of the fecal microbiota of healthy, 

domestic rabbits, based on the Jaccard Index (blue = commercial meat rabbits, red = companion 

rabbits, yellow = laboratory rabbits, green = shelter rabbits). Clustering of lines indicates 

similarity in microbiota community membership. Significant differences are present between all 

sources. 
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Figure 2.4 Dendrogram of the community structure of the fecal microbiota of healthy rabbits, 

based on the Yue and Clayton Index of Dissimilarity (blue = commercial rabbits, red = 

companion rabbits, yellow = laboratory rabbits, green = shelter rabbits). Clustering of lines 

indicates similarity in microbiota community structure. Significant differences are present 

between commercial meat rabbits and all other sources. 
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CHAPTER 3: PREVALENCE OF ANTIMICROBIAL RESISTANCE AND ITS 

ASSOCIATION WITH ROUTINE ANTIMICROBIAL USE IN FECAL ESCHERICHIA 

COLI AND SALMONELLA ENTERICA IN CANADIAN COMMERCIAL MEAT, 

COMPANION, LABORATORY, AND SHELTER RABBITS (ORYCTOLAGUS 

CUNICULUS) 

 Antimicrobial resistance (AMR) is of significant concern in both human and veterinary 

medicine as its presence can adversely affect the ability to treat bacterial infections. AMR in 

zoonotic (e.g. Salmonella) and commensal/opportunistic pathogenic bacteria (e.g. E. coli) in 

animals represents a potential reservoir for spread of antimicrobial resistant bacteria and 

resistance genes to bacteria isolated from humans. This study was conducted to determine the 

prevalence of E. coli and Salmonella enterica and associated AMR in commercial meat, 

companion, laboratory, and shelter rabbits. Statistical associations between antimicrobial usage 

and the prevalence of AMR in bacterial isolates were also determined. Culture and susceptibility 

testing was conducted on bacteria isolated from pooled fecal samples from weanling and adult 

commercial meat rabbits taken during both summer and winter months (n=100) and from 

laboratory (n=14), companion (n=53), and shelter (n=15) rabbit fecal samples. Escherichia. coli 

was identified in all of the 27 commercial rabbit farms, all of the 8 laboratory facilities, 75% of 

the 4 shelter facilities, and in 11% of the 53 companion rabbit fecal samples. Seventy-nine of 314 

E. coli isolates demonstrated resistance to >1 antimicrobial. One or more E. coli isolate resistant 

to at least one antimicrobial agent was present in samples from 56% of commercial farms, and 

from 25% of laboratory and shelter facilities, with resistance to tetracycline being most common. 

Salmonella enterica was identified exclusively in pooled fecal samples from commercial rabbit 

farms; Salmonella London from one farm and Salmonella Kentucky from another. The S. 

Kentucky isolate was resistant to amoxicillin/clavulanic acid, ampicillin, cefoxitin, ceftiofur, 

ceftriaxone, streptomycin, and tetracycline whereas the S. London isolate was pansusceptible. 

The routine use of antimicrobials on commercial meat rabbit farms without regard to 

antimicrobial class was not significantly associated with the presence of antimicrobial resistant 

E. coli or S. enterica on farms; trends towards resistance were present when resistance to specific 

antimicrobial classes was examined. E. coli was widely prevalent in many Canadian domestic 

rabbit populations, while S. enterica was rare. The prevalence of resistance to antimicrobials in 

isolated bacteria was variable and most common in isolates from commercial meat rabbits (96% 

of the identified isolates were from commercial meat rabbit fecal samples). These results indicate 
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that domestic rabbits may be potential carriers of antimicrobial resistant bacteria and AMR 

genes, and may contribute to transmission of these bacteria and genes to humans through food or 

direct contact, as well as to other species with which they may be co-housed. 

 

3.1 INTRODUCTION 

 Antimicrobials are commonly used in human and veterinary medicine as therapeutic 

treatments for bacterial infections, and, in the case of many animals (and especially in food-

producing species), for disease prophylaxis and growth promotion. While use of these drugs has 

benefits for animal health and welfare, the emergence and spread of bacterial resistance to 

antimicrobials has become a significant concern for human and veterinary medical practitioners. 

Of particular concern is the development of antimicrobial resistance (AMR) in bacteria of 

importance to public health, including E. coli, S. enterica, and Campylobacter spp. (Government 

of Canada, 2015). Surveillance of AMR in these bacteria from humans, animals, and animal 

meat products occurs in many countries, and the resultant information is used to identify 

emergence and trends in AMR, evaluate the impact of antimicrobial use on the development of 

AMR, and estimate the effect of antimicrobial-resistant organisms on human and animal health. 

In Canada, this surveillance focuses predominantly on bacteria from cattle, poultry, and pigs, 

while other food-producing species, such as rabbits, veal calves, sheep, and goats are not 

included (Government of Canada, 2013). In addition, non-food-producing animals that are often 

in close contact with humans that have potential to spread zoonotic disease and AMR to humans, 

such as companion and laboratory animal species, are not monitored routinely (Government of 

Canada, 2013).  

 Domestic rabbits (Oryctolagus cuniculus) are raised commercially for food in many 

countries. In Canada, the commercial meat rabbit industry is relatively small, with 582,244 

rabbits reported as slaughtered for meat in 2013, but it is nonetheless important, providing 

consumers with a low fat, high protein food source (Agriculture and Agri-Food Canada, 2014). 

In addition, rabbits are popular household companion animals. While numbers are not available 

for Canada, in 2012, the American Veterinary Medical Association U.S. Pet Ownership and 

Demographics Sourcebook reported that 1.4 million American households had at least one pet 

rabbit (AVMA, 2012). Rabbits are also an important laboratory animal species and are 
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commonly used for antibody production, as well as toxicology, pharmacology, and teratology 

research, comprising 0.2% of total animals used in research (CCAC, 2013).  

 Enteritis is a major health concern in rabbits, regardless of whether they are being kept 

for meat, research or companionship. Two causative agents of particular concern with respect to 

enteritis in rabbits and their potential impact on public health are E. coli and S. enterica. 

Escherichia coli has been identified in 38% to 94% of cases of diarrhea in rabbits (Greenham, 

1962; Kylie et al., 2016; Percy et al., 1993; Peeters et al., 1984a). While many E. coli serotypes 

are thought to be commensal, pathogenic strains of the O15 serogroups have been associated 

with enteritis, as have members of serogroups O103, O128, and O132, and serotypes O109:H2 

and O103:H2 (Kahn (Ed.), 2005; Percy et al., 1993). In addition, enteropathogenic E. coli has 

been isolated from mature laboratory rabbits with no clinical evidence of enteritis, suggesting 

that clinically healthy adult rabbits may act as carriers of the agent, shedding bacteria and 

infecting those more susceptible to infection (Swennes et al., 2013). While S. enterica is much 

less frequently identified as a cause of enteritis in rabbits, it is still considered to be of significant 

concern due to its highly pathogenic nature, association with acute hemorrhagic enteritis or 

sudden death in suckling rabbits, and known zoonotic status (Agnoletti et al., 1999). A common 

serotype associated with disease in rabbits is Salmonella Typhimurium and infection is thought 

to be acquired from contaminated food, water, or bedding (Percy et al., 1993). Additionally, in a 

recent Ontario commercial meat rabbit enteritis outbreak, Salmonella Agona was isolated from 

one clinically healthy adult doe, reinforcing that clinically healthy animals may be a reservoir for 

infection (Kylie et al., 2016). 

 Bacterial infections in rabbits are generally managed with a variety of antimicrobial 

agents. However, the risk of significant adverse effects with antimicrobial use in rabbits means 

that few antimicrobials can be used safely in this species, and of those that are routinely used, 

such as tetracycline, most are not licensed for use in rabbits entering the Canadian human food 

chain (Health Canada, 2002; Varga, 2014; Wright, 2003). In Canada, antimicrobials are usually 

administered to commercial meat rabbits via the feed (Kylie et al., 2016). With this approach, all 

animals in the group are exposed to the antimicrobial (not only those clinically affected) and 

there is concern that some animals treated via feed may receive only subtherapeutic levels of 

medication, factors which may increase the likelihhod of selection of AMR. While AMR has 

been studied and reported in several bacterial species from rabbits, including E. coli and S. 
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enterica, in Europe and Asia  (Badagliacca et al., 2012; Blanc et al., 2006; Bonardi et al., 1999; 

Borrelli et al., 2011; Camarda et al., 2013; anses, 2010; Roug et al., 2013; Silva et al., 2010; 

Vieira-Pinto et al., 2011; Zahraei Salehi et al., 2010), this has not been investigated in Canada. 

The aims of this study were to identify the prevalence and antimicrobial resistance patterns of E. 

coli and S. enterica in domestic rabbits kept in a variety of settings (commercial farm, laboratory, 

companion, and shelter) and to evaluate the association of AMR with antimicrobial use.  

 

3.2 MATERIALS AND METHODS 

3.2.1 Animals and Study Approval 

 This study was approved by the University of Guelph's Animal Care Committee and the 

Research Ethics Board. Commercial meat rabbit farms in Ontario were enrolled in the study 

through a producer support organization, Ontario Rabbit, via a general call for participation. A 

total of 27 of approximately 100-120 commercial meat rabbit farms in Ontario enrolled in the 

study. Samples were also collected from companion rabbits through voluntary submission at a 

regional companion rabbit exposition (n=46), as well as from patients admitted to the Ontario 

Veterinary College's Exotic Animal Service for minor dental procedures and from staff and 

student pets (n=7). Fecal samples (n=15) from rabbits of varying ages and breeds from four local 

shelters were included in the study, as were 14 samples from young adult New Zealand white or 

Watanabe rabbits from eight laboratory facilities. All shelter and laboratory facilities in the area 

known to have rabbits were contacted via email or by telephone with a request to voluntarily 

submit fresh rabbit fecal samples.  

 

3.2.2 Fecal Sample Collection 

 Fecal samples from commercial meat (n=100) and laboratory rabbits (n=14 samples) 

were obtained from pans beneath the rabbit cages. Samples were collected from 3 separate cages 

scattered throughout the rabbit facility per age group and pooled together in sterile plastic bags. 

Samples from commercial meat rabbits were taken from two different age groups, fryers (aged 5 

to 12 weeks) and does (reproductively active, adult, females). Samples were collected from each 

commercial facility during the summer and winter to evaluate potential seasonal changes in 

AMR. When possible, laboratory facility samples were collected from different age groups (1 

facility submitted from both fryers and does), from multiple groups of rabbits kept within the 
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same room (1 facility), from multiple groups kept at separate sites within the same facility (1 

facility), and from rabbits following initial arrival at the facility, followed by an acclimation 

period of approximately 8 weeks (1 facility), for a total of 14 samples. All sample bags were 

labeled, placed in an insulated refrigerated container, and transported to a central laboratory for 

processing. Samples from companion and shelter rabbits were not pooled. To protect 

confidentiality and reduce bias, all samples were coded following collection and prior to 

submission for bacterial culture and susceptibility testing.  

 

3.2.3 Escherichia coli and Salmonella enterica Isolation and Susceptibility Testing 

 Fecal samples (0.5g) were homogenized in a 1:2 ratio of feces and 0.85% saline; 0.5mL 

of the homogenate was used to inoculate 4.5mL of buffered peptone water (BPW) (Becton 

Dickinson, Ontario, Canada), which was streaked onto a full MacConkey's (MAC) agar plate 

(Becton Dickinson) and incubated at 37
o
C overnight. For isolation of E. coli, 3 isolated 

presumptive E. coli colonies were randomly selected, re-streaked onto MAC agar, and grown 

overnight at 37
o
C. Three isolated presumptive E coli colonies were then randomly selected, 

streaked onto a Tripticase soy agar (TSA) plate, and incubated overnight at 37
o
C. Presumptive E. 

coli colonies were confirmed at this stage by indole spot reagent testing and citrate utilization 

testing. Three randomly-selected positively-identified E. coli isolates (indole positive, citrate 

negative) were preserved in 1.0mL Brucella broth (BB) and 50% glycerol microtubes and frozen 

at -80
o
C. For isolation of S. enterica, 0.1mL of BPW broth was mixed into modified semisolid 

Rappapport-Vassiliasid medium (MSRV) and incubated for 24-72h at 42
o
C. Following 

incubation, a loopful of presumptive S. enterica MSRV inoculum was streaked onto full MAC 

and Xylitol Lysine Tergitol-4 (XLT4) plates. These were incubated overnight at 37
o
C. One 

isolated presumptive S. enterica colony from the full MAC plate was streaked onto a half MAC 

plate and incubated overnight at 37
o
C. The XLT4 plate was checked for typical S. enterica 

morphology (the presence of individual yellow to red colonies, some with black centres). One 

isolated presumptive S. enterica colony was then streaked onto one half of a TSA plate and 

incubated overnight at 37
o
C. Confirmatory testing for S. enterica was conducted by streaking 

colonies onto a Triple-Sugar Iron (TSI) slant and a Urea slant and incubating overnight at 37
o
C, 

and by performing an agglutination test. One isolate of positively-identified S. enterica (growth 

with red slant, yellow butt, gas positive, and production of H2S on TSI slant; urea negative;  
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agglutination positive) was preserved in 1.0mL BB and 50% glycerol microtubes, and frozen at -

86
o
C. Three presumptive E. coli colonies and one presumptive S. enterica colony per sample 

were sent to the Laboratory for Foodborne Zoonoses in Guelph, Canada for confirmation of 

identity and susceptibility testing following the protocols of the Canadian Integrated Program for 

Antimicrobial Resistance Surveillance using the broth microdilution method (Sensititre System; 

Trek Diagnostics, OH). Escherichia coli and S. enterica isolates from each sample were tested 

for susceptibility to the following antimicrobial agents (the respective susceptibility and 

resistance breakpoints are included in parentheses, respectively): amoxicillin/clavulanic acid 

(<16ug/mL, >32ug/mL), ampicillin (<16ug/mL, >32ug/mL), azithromycin (no break-point 

available), cefoxitin (<16ug/mL, >32ug/mL), ceftiofur (< 4ug/mL, >8ug/mL), ceftriaxone 

(<2ug/mL, >4ug/mL), chloramphenicol (<16ug/mL, >32ug/mL), ciprofloxacin (<2ug/mL, 

>4ug/mL), gentamicin (< 8ug/mL, >16 ug/mL), kanamycin (<32ug/mL, >64ug/mL), nalidixic 

acid (<16ug/mL, >32ug/mL), streptomycin (<64ug/mL, >64ug/mL), sulfisoxazole (<512ug/mL, 

>512ug/mL), tetracycline (<8ug/mL, >16ug/mL), and trimethoprim/sulphamethoxazole 

(<4ug/mL, >4ug/mL) (Government of Canada, 2015).  

 

3.2.4 Antimicrobial Resistance Gene Detection  

 A Salmonella Kentucky lysate was prepared as described in Miserez et al, 1998. Briefly, 

bacteria were grown overnight in 500uL BHI broth. Twenty microlitres of this culture was then 

transferred to 200uL buffer solution, which was composed of 0.1M Tris-HCl [pH 8.5], 0.05% 

Tween 20, and 0.24mg/mL proteinase K. This was incubated for one hour at 60
o
C and 

subsequently heated for 15 minutes at 97
 o
C. Using a set of novel multiplex PCR protocols that 

were performed using a Qiagen multiplex PCR kit (Qiagen, Mississauga, ON, Canada) according 

to the manufacturer's instructions, with 1x Qiagen multiplex PCR mixture, 1x Q-solution, and 1x 

primer mixture and 25uL mixtures, testing for the β-lactamase gene blaCMY-2 was conducted with 

the lysate using the CMYF and CMYR with the sequences GACAGCCTCTTTCTCCACA and 

TGGACACGAAGGCTACGTA, respectively. 

 

3.2.5 On-farm Antimicrobial Use 

 Routine antimicrobial use (i.e. administration of antimicrobial(s) as standard operating 

procedure) information was collected from commercially-reared and laboratory rabbit producers 
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and veterinarians at the time of fecal sample collection. To confirm the accuracy of this 

information and identify any changes in practices over the duration of the study, an additional 

follow-up inquiry was conducted by email or telephone. Additional information regarding non-

routine use of antimicrobials (i.e. treatment of clinically affected animals during specific disease 

outbreaks) was also noted for commercial and laboratory rabbit samples. Non-responding 

producers were excluded from the antimicrobial use portion of the study. No antimicrobial use 

information was available for the companion and shelter animals. 

 

3.2.6 Statistical Procedures 

 The prevalence of E. coli and S. enterica and associated AMR in samples from the 

different facility types (commercial meat, companion, laboratory, shelter), as well as in fryers 

and does and during the winter and summer months for commercial meat rabbit samples only, 

were calculated at the facility level using prevalence estimates with both upper (UL) and lower 

(LL) Sterne limits. Analysis was conducted at the facility level rather than the individual sample 

level for commercial meat, laboratory, and shelter samples as there was minimal variation 

between individual sample results within each facility and analysis at the individual level was 

confounded by facility. Two outcome variables were used to examine the association between 

antimicrobial use and antimicrobial resistance: resistance to a given antimicrobial in at least one 

E. coli isolate per farm and in all E. coli isolates per farm. Isolates classified as intermediate or 

resistant were deemed resistant for statistical analysis. The following associations between 

antimicrobial use and AMR were examined: outcomes x routine use of any antimicrobial, 

outcomes x routine use of >2 antimicrobials, tetracycline resistance x routine tetracycline use, 

tetracycline resistance x routine virginiamycin use, tetracycline resistance x routine tylosin use, 

aminoglycoside resistance x routine tylosin use, sulfa-drug resistance x routine sulfa-drug use, 

and sulfa-drug resistance x routine or intermittent sulfa-drug use; these were also conducted 

using prevalence estimates and odds ratios. When the prevalence estimate was zero or one, the 

mean unbiased estimate (MUE) was calculated. Statistical significance of differences between 

prevalence estimates and associations with antimicrobial use were determined using Chi-squared 

tests and, when significant, a Fisher’s exact post-hoc test was also conducted. A p-value <0.05 

was considered significant.  
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3.3 RESULTS 

3.3.1 Reported Antimicrobial Usage 

 Antimicrobial use information was obtained for both laboratory and commercial rabbits. 

Individual animal antimicrobial administration within the three months prior to sample collection 

was reported in only one of the sampled laboratory rabbits as a single administration of injectible 

penicillin following a surgical procedure; antimicrobials were not used routinely in any of the 

laboratory rabbits. Antimicrobial use practices could not be confirmed for four of the 27 

commercial farms from which fecal samples had been collected as one farm had stopped raising 

rabbits and three failed to respond to follow-up antimicrobial use questions; these four farms 

were excluded from antimicrobial use analysis. Seventeen of 23 (73.91%) farms reported using 

at least one antimicrobial routinely in feed (16/23, 69.56% of farms) or water (1/23, 4.35% of 

farms). Antimicrobial use was reported in pre-weaned kits, nursing does, fryers, and breeding 

animals on all 17 farms that routinely used antimicrobials. Eleven of 17 farms (64.7%) also 

routinely administered antimicrobials to new animals and replacement stock. Table 3.1 

summarizes the antimicrobials reported to be routinely used on study farms, as well as those 

antimicrobials used non-routinely for specific illness in individual animals. Salinomycin sodium 

6% was the most commonly administered agent and used primarily as a coccidiostat. 

 

3.3.2 Prevalence of Escherichia coli and Salmonella enterica 

 In total, 314 E. coli isolates were identified from 182 fecal samples. At least one isolate 

was identified in samples collected from every commercial farm (n=27) and every laboratory 

facility (n=8), as well as in six companion rabbit samples, and from samples collected from three 

of four shelters (see Figure 3.1 for prevalence estimates). A Chi-squared test indicated a 

significant difference in prevalence of E. coli between facility types (χ
2
=67.67; p<0.01); E. coli 

was significantly more prevalent in samples from commercial farms and shelters than from 

companion animals (odds ratio (OR)=infinite, MUE=246.59, LL=47.97, UL=infinity, p<0.01; 

and OR=0.05, LL=0.02, UL=0.49, p=0.01; respectively) and significantly less prevalent in 

samples from companion animals versus laboratory animals (OR=0, MUE=0.01, LL=0, 

UL=0.08, p<0.01). No significant differences in prevalence were detected between samples from 

does and fryers or between winter and summer samples at either the farm level (statistics were 

uninformative due to the presence of E. coli on all farms regardless of age or season) or 
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individual sample level (p>0.09). However, prevalence of E. coli did differ significantly when 

comparing age group by season (χ
2
=17.72; p=0.01) in that prevalence of E. coli was significantly 

greater in does in summer samples compared to winter doe samples (OR=infinite, MUE=18.20, 

LL=3.41, UL=infinity, p<0.01), and significantly less in winter doe samples compared to 

summer fryer samples (OR=0.22, LL=0.05, UL=0.97, p=0.05). 

 Isolates of S. enterica (n=3) were identified exclusively in samples obtained from farmed 

rabbits. Salmonella London isolates were identified in pooled summer samples taken from each 

of fryers and does from one farm. One isolate of Salmonella Kentucky was also identified in one 

pooled summer sample taken from does on a different farm. A Chi-squared test demonstrated no 

significant differences (p=0.3) in prevalence of S. enterica isolation between facility types, 

largely because of the small number of isolates identified. 

 

3.3.3 Prevalence of Antimicrobial Resistant Escherichia coli and Salmonella enterica 

 Resistance to at least one antimicrobial was demonstrated in 79 of 314 (25.16%) E. coli 

isolates (see Figure 3.2 for prevalence estimates by rabbit source). No resistance was observed in 

any isolate from companion rabbit fecal samples. Prevalence of resistance to at least one 

antimicrobial in at least one E. coli isolate/facility differed significantly between facility types 

(χ
2
=35.34, p<0.01) as did prevalence of all E. coli isolates/facility resistant to at least one 

antimicrobial (χ
2
=11.50, p=0.03). The prevalence was significantly higher in both farmed and 

laboratory rabbit samples than in companion animal samples (OR=infinite, MUE=83.85, 

LL=16.58, UL=infinity, p<0.01; OR=infinite, MUE=17.89, LL=2.06, UL=infinity, p=0.02, 

respectively). Considering the potential outcome where all isolates from a facility demonstrated 

AMR, prevalence was significantly higher in farmed samples than in companion animal samples 

(OR=infinite, MUE=11.51, LL=1.89, UL=infinity, p=0.01) and prevalence was significantly 

lower in companion samples than in laboratory samples (OR=0, MUE=0.06, LL=0, UL=0.49, 

p=0.02). Resistance to tetracycline was most frequently observed, with 71 of 79 (89.87%) E. coli 

isolates demonstrating intermediate susceptibility or complete resistance to tetracycline. Specific 

resistance patterns are demonstrated in Table 3.2. 

 No resistance was detected in the S. London isolates but the S. Kentucky isolate was 

resistant to amoxicillin/clavulanic acid, ampicillin, cefoxitin, ceftiofur, ceftriaxone, streptomycin, 

and tetracycline.  
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3.3.4 Associations Between Antimicrobial Use and Antimicrobial Resistance 

 Evaluation of associations between antimicrobial use and prevalence of resistance in E. 

coli was limited to the 23 commercial farms that reported antimicrobial use practices (of 27 in 

the study). No significant associations were found for any of the comparisons made. In two 

cases, trends towards significance (p<0.1 but >0.05) were observed: routine sulfa-drug use was 

associated with sulfa-drug resistance in at least one E coli isolate per farm (OR=infinite, 

MUE=7.94, LL=0.89, UL=infinity, and p=0.06) and routine tetracycline use was associated with 

tetracycline resistance in all E coli isolates per farm (OR=14.31, LL=0.83, UL=547.45, and 

p=0.07). The routine use of any antimicrobial was also compared to the presence of AMR in any 

or all isolates in does versus fryers, and in winter versus summer months, and no significant 

effects were identified (all p>0.10).  

 

3.3.5 Antimicrobial Resistance Gene Detection 

  The Salmonella Kentucky isolate was confirmed as harbouring blaCMY-2. 

 

3.4 DISCUSSION 

 Escherichia coli was isolated from the majority of samples obtained from farmed, 

laboratory, and shelter rabbit fecal samples, but only from a minority of companion rabbit fecal 

samples. While some authors have suggested that this bacterium is not present in the intestines of 

healthy rabbits (Manning, 1994), others have reported E. coli prevalence similar to this study 

(Swennes et al., 2013; Garcia and Fox, 2003). Differences in apparent prevalence may reflect 

true differences, as well as differences in the laboratory methods used. The significantly higher 

prevalence of E. coli observed in farmed meat rabbits compared to companion rabbits was not 

surprising when considering the environmental conditions in which these different populations of 

rabbits are kept. Companion rabbits in Canada are routinely kept indoors in low densities 

(usually 1-2 rabbits/household), and often fed predominantly high fibre hay and vegetables, 

supplemented by small amounts of pelleted feed, while commercially farmed rabbits are kept in 

high density housing and exclusively fed pelleted diets that are high in protein and carbohydrate 

and relatively low in fibre, which can predispose to E. coli proliferation and subsequent 

transmission (Bennegadi et al, 2001; Carrilho et al., 2009). The high prevalence of E. coli in 

laboratory rabbits was somewhat surprising but may be attributable to higher density vendor 
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rearing and laboratory housing conditions, as well as limited dietary fibre. Many laboratory 

facilities in this study did provide hay and vegetables as sporadic food enrichment; however, 

nonvarying pelleted diets comprised the majority of their diet. The unknown history of the 

shelter animals in this study makes it difficult to infer anything regarding the high proportion of 

E. coli in their feces; however, the increased stress and higher density of a shelter environment, 

combined with mixing of animals of unknown health status and a predominantly pelleted diet, 

may be contributing factors. 

  No significant differences were noted in E. coli prevalence in does versus fryers and in 

fecal samples collected in winter versus summer months. This is consistent with a previous study 

in which no difference in prevalence of fecal bacterial pathogens was noted in the summer versus 

winter nor between fryers and does (Kylie et al, 2016). However, E. coli was noted to be 

significantly more prevalent in does during the summer months than in both does and fryers 

during the winter months. This may reflect the significant adverse physiologic effect that 

summer heat and humidity have on meat rabbits housed in non-climate controlled barns, 

particularly for female breeding rabbits (Marai et al., 2002). 

 Escherichia coli antimicrobial resistance in commercial rabbit facilities was most 

frequently observed against tetracycline with 93% of isolates having intermediate susceptiblility 

or complete resistance, either alone or in combination with other antimicrobials. This is 

consistent with findings in France of antimicrobial resistance in commercial meat rabbits, where 

only 5% of the E. coli isolates tested were susceptible to tetracycline (anses, 2010). In a 2009 

study examining AMR gene profiles in EPEC isolated from Egyptian meat rabbits with enteritis, 

genes encoding for tetracycline resistance were the most frequently identified, followed distantly 

by genes encoding for sulfa-based antimicrobials and aminoglycosides (Badagliacca et al., 

2012). In a study of European wild rabbits in Portugal, AMR was identified in six of 44 E. coli 

fecal isolates, and resistance to tetracycline, ampicillin, and sulfamethoxazole/ trimethoprim was 

present in five of those six positive samples (Silva et al., 2010). The identification of 

chloramphenicol resistance in E. coli isolates from commercial meat rabbit samples was 

somewhat surprising as the use of chloramphenicol is prohibited in food-producing animals in 

Canada, and no use was reported by commercial meat rabbit farmers in the current study (Health 

Canada, 2002). Chloramphenicol resistance has, however, been reported in many food-producing 

species, likely due to cross-selection of resistance genes by other antimicrobials approved for use 
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in some food-producing species, such as florfenicol (Keyes et al., 2000). Resistance isolates 

inducible by chloramphenicol have also been demonstrated to be inducible by tetracycline 

(Brunelle et al., 2015), suggesting that co-selection of chloramphenicol and tetracycline 

resistance genes is possible, and therefore it may be the use of tetracycline that is actually driving 

both the tetracycline and chloramphenicol resistance in this population. 

 While statistically significantly associations between antimicrobial use and AMR in 

farmed rabbits were not observed, the relatively small sample size (n=23) in this study limited 

statistical power, a limitation of this study. Additionally, several of the antimicrobials reported to 

be routinely used, such as salinomycin sodium 6% and virginiamycin, have minimal effects on 

the treatment of E. coli, and therefore selection for resistance against these antimicrobials would 

be unlikely. In the past, the use of tetracycline for growth promotion and disease prophylaxis on 

commercial meat rabbit farms was common because of its low cost, ready availability, and its 

broad-spectrum activity against the ubiquitous respiratory pathogen of rabbits, Pasteurella 

multocida (Varga, 2014); this may explain the relatively higher prevalence of resistance to this 

drug in the feces of farmed rabbits. The relatively low level prevalence of AMR noted in 

laboratory, companion, and shelter rabbit populations likely reflects the lack of routine, in-feed 

administration of antimicrobials, and more targeted use of antimicrobials in these populations, 

although detailed medical histories were lacking for companion and shelter rabbits.  

 Resistance gene testing was not conducted on any E. coli isolates identified with AMR as 

the patterns of resistance identified are known to be encoded by a limited number of genes, such 

as tetA, tetB, tetC, tetD, tetM, cat1, cmlA, and floR (Bryan et al, 2004; Glenn et al., 2012). 

Testing for these genes would have failed to provide any valuable data for comparison to other 

animal species with respect to where these genes may have arisen, and thus was deemed of 

minimal value. 

 Salmonella enterica was isolated uncommonly from the domestic rabbits in our study; 

only two of the commercial meat farms and none of the other facility types yielded positive fecal 

isolates. Neither S. London nor S. Kentucky have been reported previously in rabbits. S. London 

is frequently identified in both pork and poultry products, while S. Kentucky is most commonly 

isolated from poultry; however, infections and outbreaks due to this serotype in dairy cattle and 

humans have also been reported (Fricke et al., 2009; Hyeon et al., 2011; Le Hello et al., 2011; 

Lu et al., 2013; Phan et al., 2005). Unfortunately, no information was available specifically from 
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the farms with positively identified S. enterica isolates as to whether or not other animal species 

were kept in close contact with the rabbits or if farm employees had access to other animal 

species; however, the Kylie et al. (2016) paper examining biosecurity practices and causes of 

enteritis in Ontario commercial meat rabbits, which included several of the rabbit farms that 

participated in the current study, demonstrated that 63% of Ontario rabbit farms kept other 

livestock on the same site as the rabbits, and that 29% of their employees visited other farms on a 

daily basis, so transmission of these bacteria from other species is incredibly plausible (see 

Appendix A). Salmonellosis is frequently associated with contaminated feed and water 

(Richardson, 2000), so this could alternatively explain the introduction of the S. enterica into 

these rabbits. The S. London isolates were susceptible to all tested antimicrobials, whereas the S. 

Kentucky isolate was resistant to multiple antimicrobials, including amoxicillin/clavulanic acid, 

ampicillin, cefoxitin, ceftiofur, ceftriaxone, streptomycin, and tetracycline. AMR has been 

identified in other strains of S. enterica within commercial rabbits. For example, all isolates of S. 

Typhimurium identified in a study by Borrelli et al. (2011) demonstrated resistance to ampicillin, 

chloramphenicol, streptomycin, and tetracycline. Additional studies have reported resistance to 

ampicillin, chloramphenicol, streptomycin, sulfamethoxazole, and tetracycline in S. 

Typhimurium in farmed meat rabbits (Camarda et al., 2011). The blaCMY2 gene identified in the 

S. Kentucky isolate in the current study has also been identified in a single E. coli-positive stool 

sample collected from a meat rabbit farm in Spain (Blanc et al., 2006). The blaCMY2 gene in S. 

Kentucky is most frequently identified in bacteria of broiler chickens in Canada and the United 

States, with up to 59% of resistant isolates carrying the gene (Diarra et al., 2014; Heider et al., 

2009; Mohamed et al., 2014), suggesting that the strain of resistant S. Kentucky that was 

identified in this study may have spread from poultry. 

 The observed prevalence of resistance among E. coli to any antimicrobial (25%) was 

much lower than the 90% level observed in fecal samples from western Canadian swine, similar 

to the 31% observed in fecal samples taken from Ontario feedlot cattle, and higher than the 13% 

and 12% observed, respectively, in Ontario sheep and cow-calf fecal samples (Varga et al., 2008; 

Carson et al., 2008; Scott et al., 2012). It is possible that since the commercial meat rabbit fecal 

samples were pooled samples, a dilution effect may have occurred, potentially underestimating 

the true prevalence of antimicrobial-resistant E. coli in this group. Consistent with virtually all 

reports of AMR in E. coli in food-production animals, tetracycline resistance was the most 
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frequently identified resistance pattern. Further studies are needed to determine why 

antimicrobial-resistant E. coli appear to be more prevalent in rabbits than in other minor species 

in Canada. Potential reasons include increased antimicrobial use for disease prophylaxis in meat 

rabbits than in some other food animal commodity groups or increased transmission of 

organisms carrying resistance genes between species due to the common multi-species housing 

practice that occurs in the commercial rabbit industry (Kylie et al, 2016). Fortunately, no 

resistance in E. coli was found to Health Canada’s Category I antimicrobials (Government of 

Canada, 2015), those deemed of most importance to human health. The Category I antimicrobial 

agent enrofloxacin was reportedly used on two study farms. Veterinarians and rabbit producers 

should be discouraged from using Category I antimicrobials unless no effective lower Category 

drugs are available, and when supported by culture and sensitivity test results.  

 Too few S. enterica were isolated in this study to support any conclusion about their 

relative significance, but further work is warranted, especially considering the potential public 

health significance (Mainali et al., 2014; Varga et al., 2008; Rosengren et al., 2008). For 

example, one of the two isolates was resistant to third generation cephalosporins, which are listed 

among Health Canada’s Category I antimicrobials (Government of Canada, 2015).  

  Participants in this study were volunteers, thus it is possible that the rabbit producers, pet 

owners, laboratory facilities, and shelter facilities willing to participate differed from those that 

chose not to participate. By targeting members of the Ontario Rabbit producer group, our goal 

was to gain samples from larger commercial meat farms, specifically those that were likely to 

provide stock to the smaller producers, to gain a representative sample of the rabbit population as 

a whole. Similarly, rabbit fecal samples were solicited from all animal shelters and research 

facilities within a 100 km radius of the University of Guelph to ensure broad sampling. All the 

laboratory rabbits sampled in this study came from the same commercial laboratory rabbit 

vendor, although additional in-house breeding occurred at one of the sites. Farms not using 

antimicrobials may have differed significantly from those that did in other aspects of farm 

management, such as improved biosecurity measures, decreased animal housing densities, 

differences in feeding practices or use of alternative strategies for disease prevention. Lastly, 

while quite a large number of fecal samples were collected for this study, it was surprising to 

discover the significant within-farm homogeneity of AMR in E. coli despite differences in age 

and season, and that the majority of observed differences were between-farm. To account for this 
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in the study design, results were analysed at the facility level rather than individual sample level. 

This adjustment resulted in a decreased sample size for statistical analysis resulting in reduced 

power. Future AMR studies in rabbits should consider sampling a larger number of facilities 

rather than collecting a large number of samples at any one facility. 

 The current study demonstrates that antimicrobial-resistant E. coli and, to a lesser extent, 

S. enterica, are present within a variety of domestic rabbit populations, and in particular, within 

the farmed meat rabbit sector in Canada. While the prevalence of AMR in E. coli is significantly 

lower in meat rabbits than for the majority of mainstream food animal commodity groups and is 

therefore less immediately concerning with regards to public health, continued monitoring of this 

group is recommended. 
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Table 3.1 Antimicrobial agent use reported on commercial meat rabbit farms (n=17) 

 
Antimicrobial agent Number of farms reported to routinely

+
 use 

the antimicrobial*
 

Number of farms reported to 

sporadically
‡
 use the 

antimicrobial* 

Anticoccidial (not further specified) 1 0 

Bacitracin methylene disalicylate 2 0 

Chlortetracycline/tetracycline 3 1 

Enrofloxacin 0 2 

Penicillin (intra-muscular injection) 0 1 

Salinomycin sodium 6% 14 0 

Sulfadimethoxine 1 0 

Sulfamethazine 2 0 

Trimethoprim/sulfadoxine 0 2 

Tylosin 3 0 

Virginiamycin 7 0 

*Many farms reported use of >1 antimicrobial at the same time 
+
Antimicrobial administered to all age groups in food or water as part of standard operating procedures 

‡
Antimicrobial administered only during outbreak of specific illness and only to clinically affected animals 
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Table 3.2 Number and associated patterns of AMR demonstrated by E. coli isolated from 

different sources.  

 
Number of E. coli isolates of 

intermediate susceptibility to the 

antimicrobial(s)  

Number of E. coli isolates 

resistant to the 

antimicrobial(s) 

Antimicrobial  

Commercial Samples (n=76):   

11 17 Tetracycline  

3 1 Chloramphenicol  

0 1 Streptomycin 

1 0 Choramphenicol, Tetracycline 

0 4 Sulfisoxazole, Tetracycline 

0 5 Streptomycin, Tetracycline 

0 7 Kanamycin, Tetracycline 

0 3 Ampicillin, Streptomycin, Tetracycline 

0 1 Gentamicin, Streptomycin, Tetracycline 

0 3 Gentamicin, Sulfisoxazole, Tetracycline 

0 9 Streptomycin, Sulfisoxazole, Tetracycline 

0 3 Gentamicin, Streptomycin, Sulfisoxazole, 

Tetracyline 

0 1 Streptomycin, Sulfisoxazole, Tetracycline,      

Trimethoprim/sulphamethoxazole 

   

Laboratory Samples (n=2):   

2 

 

Shelter Samples (n=1) 

1 

0 

 

 

0 

Chloramphenicol  

 

 

Chloramphenicol  
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Figure 3.1 Prevalence estimates of E. coli in rabbit feces divided by rabbit source with upper and 

lower Sterne limits. *significant at p<0.05 
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Figure 3.2 a) Prevalence estimates of >1 E. coli isolate identified in rabbit feces at the facility 

level demonstrating resistance to >1 antimicrobial divided by rabbit source with upper and lower 

Sterne limits. b) Prevalence estimates of all E. coli isolates identified in rabbit feces at the facility 

level demonstrating resistance to >1 antimicrobial divided by rabbit source with upper and lower 

Sterne limits. *significant at p<0.05 
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CHAPTER FOUR: GENERAL DISCUSSION 

 Several significant and novel discoveries about domestic rabbit enteric health were 

determined in this body of work. This is the first study to identify and report antimicrobial 

resistant bacteria in the feces of Canadian rabbits from multiple sources. In addition, the 

composition of the gastrointestinal microbiota of domestic rabbits of different backgrounds and 

uses was characterized. This reasearch demonstrated that factors such as rabbit environment and 

season, significantly impact enteric bacterial population structure and membership, while the 

overall microbiota composition remains relatively constant regardless of age once rabbits are 

weaned. 

 

4.1 The Importance of Identifying Escherichia coli and Salmonella enterica and 

Antimicrobial Resistance in Canadian Rabbits 

 Previous studies have suggested that E. coli is rarely present within the feces of healthy 

rabbits when culture-based techniques are used for identification (Greenham, 1962; Gouet and 

Fonty, 1979; Percy et al., 1993; Peeters et al., 1984a); however, we demonstrated that E. coli is 

widespread among clinically healthy Canadian rabbits from a range of sources, including 

specific pathogen-free laboratory rabbits. Additionally, our research demonstrates that 

antimicrobial resistant E. coli is present within Canadian rabbits, and in the commercial rabbit 

population in relative proportions approximately equivalent to that of feedlot cattle. These results 

suggest that rabbit farms should be integrated into the Canadian AMR surveillance system to 

obtain the most accurate picture of AMR within the Canadian agri-food system. In addition, by 

identifying that antimicrobial-resistant organisms are present, treatment decisions and disease 

prevention regimes can be designed around known resistances, providing better overall rabbit 

health and welfare. 

 In addition to the identification of antimicrobial resistant E. coli as a measure of AMR 

within a population, it has recently been suggested that the presence and proportion of 

antimicrobial resistant E. coli can be used as one of several measurements to characterize the 

general health of livestock. Depoorter et al. (2015) have proposed that the relative proportion of 

E. coli isolates that are susceptible to specified antimicrobials is an indirect indicator of historical 

and current use of antimicrobials in a population. An increase in susceptibility represents 

decreased antimicrobial use, and decreased antimicrobial use represents an increase in animal 
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health due to a reduced need for prophylactic use or disease treatment (Depoorter et al., 2015). In 

light of this criteria, our findings suggest that commercial rabbits, in particular, but also 

laboratory rabbits, generally have poorer health than companion rabbits, while the health of 

shelter rabbits is so variable as to be considered equivalent to all other sources (likely because of 

insufficient numbers of samples from this specific population). This may reflect less optimal 

diets in these two groups (which arise for different reasons) as well as other potential factors, 

such as environmental stress and intercurrent disease for meat rabbits, and suboptimal 

housing/environment or other management or experimental stressors for research rabbits. These 

are areas that require more in-depth investigations.  

 Consistent with previous reports, S. enterica was rarely identified in fecal samples from 

clinically healthy rabbits (Percy et al., 1993), and, in the current study, was identified exclusively 

in commercial meat rabbits. Interestingly, both serovars of S. enterica isolated were ones not 

previously reported in domestic rabbits. Both S. London and S. Kentucky are serovars commonly 

identified in other food-producing species, as is the presence of the blaCMY-2 gene within the 

resistant S. Kentucky isolates. As blaCMY-2 encodes resistance to several third generation 

cephalosporins, deemed Category I antimicrobials in terms of human health importance by 

Health Canada and the WHO, the appearance in bacteria isolated from the Canadian commercial 

meat rabbit population is concerning and a further epidemiologic investigation and traceback 

would be of interest. These results further support the need to include the commercial meat rabbit 

industry in the Canadian AMR surveillance scheme. 

 The appearance of the bacteria in species in which it has not been reported and the 

moderate level of antimicrobial resistant E. coli within commercial meat rabbits beg the question 

as to how commercial meat rabbit husbandry practices contribute to bacterial and resistance gene 

transmission between animal species. Our work ascertained that most rabbit producers routinely 

administer antimicrobials in food or water. Additionally, commercial meat rabbits are frequently 

housed on the same property and within the same barn as other food animals (Kylie et al.., 2016; 

Appendix A). Producers and their employees working with rabbits also routinely work with other 

livestock and biosecurity measures to prevent disease transfer, such hand-washing and limiting 

travel between farms, are not routinely instituted. We suspect that the failure to implement such 

measures is due in part to the relative inattention that this sector has received from the CFIA and 

veterinarians in terms of minimal herd health visits, residue tracebacks, overall traceability, and 
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antimicrobial resistance monitoring, combined with  lack of awareness about the potential risks 

to their animals and farms that implementing such measures may have (Moore et al., 2008). In 

addition, the lack of information specific to this industry means that producers do not know 

which measures will be most benefical and they may be less likely to implement any due to the 

added expense and unknown payout (Moore et al., 2008). By demonstrating that bacterial 

transmission is occurring and that AMR is present with potential to spread between species, 

producers may be more willing to implement these measures. Additionally, by demonstrating 

that AMR is present within their stocks and potentially limiting the efficacy of the antimicrobials 

available to them, producers may be encouraged to adopt hygiene practices to reduce disease 

transmission on-farm. 

 In commercial rabbit samples antimicrobial resistant isolates were frequently fully 

resistant and resistance was identified to multiple antimicrobials, while laboratory and shelter 

rabbits demonstrated only intermediate levels of susceptiblity exclusively to chloramphenicol. 

These results therefore re-inforce the importance of selecting appropriate antimicrobials for use 

in disease prevention and treatment. Unlike commercial meat rabbits, companion, laboratory and 

shelter rabbits are much more likely to be administered antimicrobials under the direct 

supervision of veterinarian. Often, the choice of antimicrobial is frequently based on the results 

of culture and susceptibility testing or knowledge of the most likely causative organisms for the 

specified clinical signs, rather than using broad spectrum antimicrobials prophylactically as is 

frequently the case in commercial meat rabbits. Additionally, prescribed antimicrobials are given 

as specific measured doses at timed intervals (per os or injection) in companion, laboratory, and 

shelter rabbits, compared to in-feed or in-water administration for meat rabbits. Individual 

animal treatment regimens are likely largely responsible for the lack of AMR in companion 

rabbits and the single resistance pattern present in laboratory and shelter rabbits.  

 

4.2 The Importance of Understanding the Rabbit Fecal Microbiota and Factors that Alter 

its Composition 

 Our microbiota study was designed to gain a deeper understanding of rabbit 

gastrointestinal health to be able to develop more effective treatments and preventative measures 

to decrease enteritis-induced morbidity and mortality of rabbits. The multi-factorial nature of 

REC complicates the understanding of the pathogenesis of the disease and makes treatment 
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difficult; the prognosis for a rabbit with REC, even with appropriate therapeutic treatment, is 

generally guarded (Harkness et al., 2010). In choosing to focus specifically on the fecal 

microbiota of clinically healthy rabbits as well as factors that may influence its composition, a 

baseline for comparison has been established. Using this information, comparisons of the 

microbiota of healthy and diarrheic rabbits in future studies may allow for a) identification of 

those organisms most likely to contribute to REC, b) evaluation of shifts in microbiota occurring 

with disease or in relation to other factors, such as heat stress, which may predispose to the 

development of REC, and c) development of other pharmacologic or nonpharmacologic 

strategies to correct microbiota variations to restore health. 

 The use of next-generation sequencing to study the enteric microbiota of rabbits has 

completely altered previous perceptions that Bacteroidetes were the predominant gastrointestinal 

microorganisms as described by Gouet and Fonty in 1979. Our work has confirmed that 

Bacteroidetes, in fact, comprise a very small proportion of the microbiota, and that they are far 

outnumbered by Firmicutes, Verrucomicrobia, Proteobacteria, and other organisms that remain 

unclassified at the phylum level (Combes et al., 2014; Eshar and Weese, 2014; Monteils et al., 

2008; Zhu et al., 2015). While previous rabbit GI microbiota studies have focused exclusively on 

healthy, specific pathogen-free laboratory rabbits, our work indicates that information obtained 

from their gut microbiota can be extrapolated, generally, to domestic rabbits, regardless of 

source. In addition, we have demonstrated that the relative proportions of predominant phyla 

vary significantly between sources, as well as by seasons.  

 The significant differences in microbiota composition, specifically the increase of the 

proportion of Proteobacteria and the decrease of the proportion of Verrucomicrobia within the 

fecal microbiota of commercial meat rabbits is especially important in understanding the 

propensity of these rabbits to develop enteritis. Members of Proteobacteria are commonly 

associated with gastrointestinal inflammatory conditions in other species, with specific changes 

in relative microbiota composition correlated to development of enteric disease (Sekirov et al., 

2010). This suggests that to decrease REC, efforts should focus on decreasing the proportion of 

Proteobacteria present within the GI microbiota, either directly or by utilizing methods that 

encourage proliferation of other phyla and indirectly dampen numbers of Proteobacteria. The 

impact of increased dietary fibre, specifically the additional of hay, on the rabbit gut microbiota 
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needs closer examination to be able to make the best recommendations for the meat rabbit 

industry to improve rabbit health and well-being.  

 While the specific facility (i.e., farm or institution) had no effect statistically when 

comparing source, age, season, or antimicrobial use status, likely due to the large total number of 

individual facilities sampled, significant differences in microbiota composition between facilities 

were evident when each source was examined individually, primarily within commercial meat 

rabbit samples (Appendix B). These results were not surprising, considering the wide variation in 

genetics and lack of consistency in husbandry practices, antimicrobial use, and biosecurity 

practices between meat rabbit farms. For all other rabbit sources, but especially shelter rabbits, 

interfacility variation had minimal effect on rabbit fecal microbiota composition (Appendix B).  

 The variation in rabbit gut microbiota between summer and winter is important for 

several reasons. When keeping rabbits in a commercial setting, diet may need to be modified 

between winter and summer months to ensure a consistent health status year-round. For example, 

with a decrease in the relative proportion of Verrucomicrobia and an increased relative 

proportion of Proteobacteria present during the summer months, it may be necessary to feed 

additional dietary fibre to maintain these phyla at preferred levels. Improved ventilation and 

climate control in rabbit barns would also be useful to counteract the detrimental effects of heat 

stress on the rabbits. Further studies into the exact influence of increased dietary fibre on the gut 

microbiota composition, as well as the effects of temperature and relative humidity variations are 

needed to determine if this is an appropriate intervention. 

 

4.3 Manipulation of the Enteric Microbiota to Prevent and Treat Rabbit Enteritis 

Complex: What Can Be Done? 

 As the enteric microbiota is known to play such an essential role in rabbit gastrointestinal 

health and disease, the idea of instituting various practices to encourage proliferation of 

beneficial bacteria and discourage overgrowth of less beneficial ones is very appealing. In 

addition to those measures mentioned above, an additional practice that is showing promise in 

other food animal species is administration of probiotics. Probiotics are thought to positively 

influence the gastrointestinal microbiota by restoring homeostasis within the bacterial 

population, introducing additional beneficial bacteria into the microbiota, and enhancing immune 

defences against infectious agents (Cisek and Binek, 2014; Hemarajata and Versalociv, 2013). 
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As the microbiota is reported to be most unstable within the first few weeks of life, several 

studies have examined the effects of early life administration of probiotics on gut health. Mallo 

et al.. demonstrated that the addition of an Enterococcus faecium probiotic, CECT 4515, to a 

standard piglet diet resulted in an improved enteric microbiota balance with increased ileal, 

cecal, and fecal counts of lactobacilli (important in pigs) and decreased ileal coliform counts 

(2010). Similarly, Le Bon et al.. were able to demonstrate dramatically reduced E. coli levels in 

weanling piglets receiving probiotic supplementation with Saccharomyces cerevisiae ssp. 

boulardii (CNCM I-1079) and Pediococcus acidilactici (CNCM MA 18/5 M) (2010). 

Additionally, the administration of probiotics during acute enteritis outbreaks have also been 

demonstrated to be beneficial. For example, Morishita et al. (1997) demonstrated that 

administration of the probiotic Avian Pac Soluble, containing Lactobacillus acidophilus and 

Streptococcus faecium, to day-old chicks followed by experimental challenge with 

Campylobacter jejuni decreased fecal shedding and jejunal colonization of Campylobacter. 

While research needs to be conducted specifically in rabbits, these studies suggest that 

administration of probiotics may be beneficial if administered to clinically healthy preweaned 

and weaned rabbits to aid in the maintenance of a healthier gut microbiota, and in cases of REC, 

to decrease shedding and colonization of pathogenic bacteria. 

  

4.4 Implications for Human Health   

 While the general health status of rabbits is important in terms of propensity for and 

susceptibility to disease, it may also play a significant role in human health. Singer et al. (2007) 

suggested that the health status of food-producing animals could potentially influence the 

development and spread of foodborne pathogens in three possible ways: 1) subclinically or 

clinically diseased animals may shed higher levels of foodborne pathogens than healthy animals; 

2) increased handling to remove affected parts of diseased animals may increase the potential for 

microbial contamination and cross-contamination, and 3) certain illnesses, such as 

gastrointestinal illnesses, in the carcasses may lead to higher rates of mistakes in processing (for 

example, diarrhea and associated perianal soiling may be more likely to cause contamination of 

the carcass). The identification of a variety of zoonotic Proteobacteria, such as 

Escherichia_shigella spp., Vibrio spp., Yersinia spp., and Salmonella spp., during our microbiota 

sequencing, suggests that many rabbits that appear to be clinically healthy are subclinical carriers 
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of potential foodborne pathogens. This indicates that people working closely with meat rabbits 

should be taking additional precautions to prevent and minimize potential cross-species bacterial 

contamination. 

 

4.5 Future Directions 

 One major question raised in studying the microbiota is whether the presence of an 

organism indicates that it actually plays a significant role in the animal's health or if it is just a 

benign commensal with no significant effects. Unfortunately, sequencing studies alone are 

unable to answer this question. The field of metabolomics has emerged alongside genetic 

sequencing as a way to answer this question. Metabolomics specifically involves the study of 

small molecules and biochemical intermediates (metabolites) that are produced within a 

biological sample (Wanichthanarak et al., 2015). By integrating the information obtained 

through genomics with that obtained from metabolomics, much greater insight can be obtained 

into the significance these organisms play in animal health (Wanichthanarak et al., 2015). It is 

well established that the gastrointestinal microbiota is important for obtaining nutrients from 

food and maintaining peristalsis, as well as aiding in the development of the enteric mucosal 

immune system, and protecting the body from invasion of pathogenic organisms (Berg, 1996; 

Honda and Littman, 2012; Sekirov et al., 2010). By identifying the metabolites being produced 

by each organism, further insight may be obtained into its specific role in the animal's health. 

While such detail is far beyond the scope of my thesis, the application of metabolomics to the 

information obtained from our work may help to further understand the importance of various 

bacterial organisms identified, and further exploration is recommended. 

 While this body of work has provided significant detail to aid in understanding the rabbit 

gastrointestinal microbiota, many of the nonbacterial components of the microbiota, including, 

viruses, archaea, yeasts, and fungi, were not included in the analysis. Several viruses are 

routinely identified as possible causative agents in rabbit enteritis; however, in many cases, 

whether they are commensals or opportunists that increase in in cases of enteritis or are truly 

pathogenic organisms is still unknown. Additionally, unlike for bacteria, there is little to no 

information as to which viruses may be beneficial or even essential for rabbit health. This lack of 

understanding of the role that viruses play in rabbit health has prompted a concurrent study using 

the same fecal samples to evaluate the presence of several known pathogenic enteric viruses. 
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Comparisons between the bacteria and viruses present may aid in identifying important 

relationships between the two that are necessary for rabbit health or in the development of 

enteric disease. 

 

4.6 Summary and Conclusions 

1) Fecal E. coli is prevalent in clinically healthy, domestic rabbits from all sources in Canada, 

and is especially prevalent in commercial meat rabbits. 

 

2) Fecal S. enterica is present in clinically healthy commercial meat rabbits in very low 

proportions, but is not found in clinically healthy laboratory, companion, or shelter rabbits. 

 

3) Antimicrobial resistant E. coli is present in moderate proportions in commercial meat rabbits, 

with resistance to tetracycline most frequently identified. Resistance is also present in laboratory 

and shelter rabbits, but is present exclusively as intermediate susceptibility to chloramphenicol. 

 

4) The only isolate of S. enterica in rabbit feces demonstrating antimicrobial resistance is S. 

Kentucky, with resistance to amoxicillin/clavulanic acid, ampicillin, cefoxitin, ceftiofur, 

ceftriaxone, streptomycin, and tetracycline conferred by blaCMY-2. 

 

5) Regardless of domestic rabbit source, age, season or antimicrobial use the predominant 

bacterial phylum within the fecal microbiota is Firmicutes. Other predominant phyla include 

Verrucomicrobia, Proteobacteria, and Bacteroidetes. 

 

6) Of these predominant phyla, the relative abundance of Proteobacteria is significantly 

increased and Verrucomicrobia is significantly decreased in the fecal microbiota of commercial 

meat rabbits compared to companion, laboratory or shelter rabbits, as well as during the summer 

compared to the winter. Significant differences in microbiota composition are also reflected 

between these groups at the OTU level. 
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7) There are minimal differences in microbiota composition between commercial meat fryers and 

does, and between samples from farms that routinely use antimicrobials compared to those that 

do not. 
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APPENDIX A: BIOSECURITY PRACTICES AND CAUSES OF ENTERITIS ON 

ONTARIO MEAT RABBIT FARMS 
 

This Appendix chapter has been submitted for publication as:  

 

Jennifer Kylie, Marina L. Brash, Ashley Whiteman, Brian Tapscott, Durda Slavic, J. Scott 

Weese, and Patricia V. Turner. (2016). Biosecurity Practices and Causes of Enteritis on Ontario 

Meat Rabbit Farms. Can Vet J (Submitted) 

 

 Infectious enterocolitis is a significant cause of mortality in meat rabbits. Disease risk is 

enhanced by intensive rearing practices and poor on-farm biosecurity. This investigation was 

undertaken in farmed meat rabbits during an Ontario-wide outbreak of enteritis with high 

mortality to determine the prevalence of causative agents. A survey evaluating on-farm 

biosecurity practices was also conducted to identify potential means of pathogen contamination 

and zoonoses risks. Gross and microscopic pathology evaluations combined with microbiologic 

testing were conducted on 95 rabbits over spring and winter months. Escherichia coli and 

Clostridium spiroforme were most commonly associated with enteritis in rabbits regardless of 

age or season and lesions were significantly more severe in reproductively active, adult does 

(p<0.01). The survey results demonstrated a lack of consistent on-farm biosecurity practices. The 

highly infectious nature underlying enteric disease of rabbits combined with poor biosecurity 

practices contributes to disease transmission within and between farms. 

 

A.1 INTRODUCTION 

 The meat rabbit industry is a small but important food animal commodity group in 

Canada, providing a relatively inexpensive and nutritious protein source, as well as being an 

alternate protein source for companion animal feed. In 2015, 664,711 rabbits were slaughtered 

for food, of which Ontario processed over 65% (1). Ontario rabbit producers have struggled to 

meet consumer demands and importation is required to fulfill consumer demands (1). Many 

Ontario rabbit farms are small, family-run operations in which annual pre-market mortality rates 

have remained steady at approximately 25-30%, markedly exceeding accepted levels for other 

food animal commodity groups (2). This is consistent with levels of mortality seen in meat 

rabbitries worldwide and is largely due to infectious enteric and respiratory diseases. There has 

been minimal veterinary support for this sector in Canada and almost no guidelines to assist with 

improving on-farm management and husbandry practices. 
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 Enteritis, more appropriately termed rabbit enteritis complex (REC) since the 

pathogenesis is multifactorial, remains a significant issue plaguing the meat rabbit sector. The 

most common causes of REC in young growing rabbits include E. coli, Clostridium spp., 

Lawsonia intracellularis, and coccidia, and co-infection with two or more pathogens is common 

(3-6). The specific prevalence of these agents is unknown in Canada. There are a number of 

viruses (e.g., rotavirus, coronavirus, astrovirus) that may also be co-factors in disease (4,5). All 

of these organisms are most commonly transmitted by the oro-fecal route, but factors such as 

diet, temperature extremes, maternal antibody levels, and genetic background can influence 

susceptibility (3,7,8). Many REC-inducing disease agents, such as Clostridium difficile and 

certain strains of E. coli, are also known to cause gastrointestinal and other illnesses in humans, 

indicating that meat rabbits may be a potential reservoir for zoonotic pathogens. For example, a 

recent U.S. fecal culture study suggested that 25% of rabbits within one meat rabbitry were 

culture- and PCR-positive for enterohemorrhagic E. coli, an agent associated with hemorrhagic 

colitis and hemolytic uremic syndrome in humans (9). Meat rabbit stock are also sold as pets and 

for research use, broadening potential human exposures. 

 The high incidence of infectious enteric disease within meat rabbitries raises questions 

with respect to on-farm disease prevention and management practices. Several factors may 

contribute to the persistence of infectious diseases, including a lack of efficacious vaccines for 

common diseases, a lack of efficacious antimicrobial agents licensed for meat rabbits, and the 

intensive nature of rabbit farming. Currently, there are only 4 therapeutics licensed for use in 

meat rabbits in Canada, 3 for coccidiosis and 1 for respiratory disease. This results in significant 

off-label antimicrobial use by producers and veterinarians in an effort to control disease. Because 

rabbits are hindgut fermenters, the use of antimicrobials can result in alterations in 

gastrointestinal microflora, inducing dysbiosis and predisposing animals to diarrhea. It is also 

well-known that inappropriate use of antimicrobial agents can lead to antimicrobial resistance 

(AMR) (10,11). Whether antimicrobial resistant bacteria are present in meat rabbits has not been 

evaluated in Canada, but AMR has been demonstrated for E. coli, Salmonella spp., and 

Staphylococcus aureus in meat rabbits in other countries, including Italy, Portugal, Belgium, 

France, U.K., the Netherlands, and Spain (12-14). Diets low in fibre and high in digestible 

carbohydrates are routinely fed to meat rabbits to increase body weight and growth (15); 

however, such practices can result in cecal hypomotility, prolonged retention of cecal digesta, 
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and alterations in cecal pH, all of which can result in an altered gut environment, allowing 

pathogenic bacteria to proliferate (7,8,16). In addition, disease agents such as Pasteurella 

multocida, E. coli, and Clostridium spp. are readily transmitted between animals, predisposing 

animals to infection in high density settings (17). 

 Implementation of specific biosecurity measures can significantly decrease 

environmentally-maintained infectious diseases, as well as aid in disease control. For example, 

the incidence of Salmonella spp. contamination in humans and animals is significantly reduced 

when appropriate hand-washing facilities are available and used routinely (18-21). Biosecurity 

can be loosely defined as a "series of management practices designed to prevent, minimize, and 

control the introduction, spread, and release of... pests" (22). After introduction of new animals 

to a facility, human-assisted movement of pathogens is thought to be a major cause of 

biosecurity problems on farms (23). The steps involved in implementing biosecurity on farm can 

be categorized into 3 major areas: 1) access management, which includes managing farm visitors 

and their movement between areas, as well as access to other animal species; 2) animal health 

management, which refers to monitoring for and treatment of disease, establishing protocols for 

the introduction of new animal and animal movement, and plans for managing potential disease 

situations; and 3) operations management, which includes disposal practices for manure and 

deadstock, measures taken to keep facilities clean and in good repair, pest control measures, and 

food and water processing and storage (22). Introduction of these biosecurity measures is 

expected to decrease introduction and spread of diseases on-farm. Because of this, many 

Canadian food animal production groups, such as Dairy Farmers of Canada, Canadian poultry 

associations, and the Canadian Swine Health Board, have introduced farm-level biosecurity 

standards for their respective industries. Unfortunately, no such standards currently exist for the 

Canadian meat rabbit industry.  

 An opportunity to characterize causes of infectious enteritis in meat rabbits and 

associated producer biosecurity measures occurred in Ontario during a province-wide outbreak 

of enteritis, in which mortality rates of growing animals exceeded 40% on some farms. Ante 

mortem, affected rabbits demonstrated persistent, severe, watery diarrhea with dehydration and 

wasting. The acute and widespread onset of the enteritis suggested that one or more infectious 

agents were likely, but further diagnostic tests and epidemiologic measures were needed to 

identify the underlying causes. Thus, the goals of this prospective study were two-fold: 1) to 
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identify the prevalence of specific infectious causes of enteritis in the Ontario meat rabbits, and 

2) to characterize on-farm biosecurity practices being used for disease prevention and control.  

 

A.2 Materials and Methods 

A.2.1  Part A: Disease surveillance - Causes of infectious enteritis in Ontario commercial 

meat rabbits 

 

A.2.1.1 Animals 

 Meat rabbits were submitted for routine post mortem examination to the Animal Health 

Laboratory, University of Guelph (AHL) between May 2007 and February 2008, during a major 

industry-wide enteritis outbreak in Ontario. Rabbit producers were contacted by University of 

Guelph researchers through the Ontario Commercial Rabbit Growers Association (OCRGA) to 

voluntarily submit live rabbits in groups of 3 from 2 different age groups (growing market 

rabbits or fryers and mature breeding does) that were exhibiting signs of acute diarrhea. 

Evaluations were grouped based on the time of year in which submissions were received. 

 

A.2.1.2 Post mortem procedures 

 Following euthanasia, cadavers were weighed and gross external and internal 

examinations were conducted. Tissue samples were collected from the liver, jejunum, ileum, 

cecum, and colon into 10% neutral buffered formalin and were routinely trimmed, processed, 

sectioned, and stained with hematoxylin and eosin for microscopic evaluation. Additional 

sections of ileum and cecum were collected and frozen at -80
o
C. Fresh cecal contents were 

submitted for both aerobic and anaerobic culture and susceptibility testing, including E. coli, 

Salmonella spp., and Clostridium spp. All of the microbiology, excluding culture for C. difficile, 

was conducted by the AHL according to their standard procedures (24) and included the use of 

enrichment broth for the growth of Salmonella spp. The presence of C. spiroforme was identified 

via Gram stain of cecal material. PCR was used to confirm the presence of clostridial species 

(excluding C. difficile) and Lawsonia intracellularis. Any positive Salmonella spp. isolates were 

forwarded to the Laboratory for Foodborne Zoonosis, Public Health Agency of Canada, Guelph, 

ON for serotyping. E. coli isolates were further evaluated for the presence of the intimin gene 

(eae) and shiga toxin genes (stx1 and stx2). Isolates positive for the eae gene only were classified 
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as enteropathogenic E. coli (EPEC) whereas isolates positive for any shiga toxin gene with or 

without eae gene were characterized as verotoxigenic E. coli (VTEC). To identify the presence 

of C. difficile, samples of cecal contents were processed according to the Fedorko and Williams 

method (25).   

 

A.2.1.3 Microscopic evaluations 

 Sections of jejunum, ileum, cecum, and colon were evaluated and scored by two 

pathologists (MLB, PVT) for level of inflammation, degree of mucosal necrosis, gland/crypt 

morphology, and presence of mucosal erosion (see Table A.1). A total histopathology score for 

each intestinal section was calculated by tallying the scores for each criterion with a maximum 

score of 13. Histologic changes in liver sections were qualitatively recorded. 

 

A.2.2 Part B: Industry biosecurity survey 

 A 60-question survey concerning on-farm animal husbandry and biosecurity practices 

was developed and mailed to 50 commercial rabbit producers through OCRGA. The survey was 

approved by the University of Guelph Research Ethics Board (07AU033) and participation was 

voluntary. In addition to basic farm information and background, questions within the survey 

focused on the three main areas of biosecurity: 1) access management, 2) animal health 

management, and 3) operations management.  

 

A. 2.3 Statistical analyses 

 Statistical analyses were conducted using SAS 9.2 (Cary, N.C.). Intestinal histologic 

scores were compared using a general linear mixed model, specifically Proc-Mixed, with three 

fixed effects (season, age, and sample site). ANOVA assumptions were examined using residual 

analyses, including testing residuals for normality. For the disease surveillance data, odds ratios 

and 95% confidence intervals were calculated for each bacterium, comparing the prevalence of 

the bacterium in the spring versus winter cohorts, and in fryers versus does. In cases where the 

odds ratio was equal to zero or infinity, a means unbiased estimate was conducted (34). Results 

were considered to be significantly different when the p value was <0.05.  

 For assessment purposes, descriptive questions from the survey were re-formatted into 

yes-no questions and responses were coded accordingly. Farm size was divided into "small" 
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(number of breeding does <200) and "large" (>200 breeding does). All answers were formatted 

into 2x2 tables and odds ratios with confidence intervals were calculated. 

 

A.3 Results 

A.3.1 Part A: Disease surveillance - Causes of infectious enteritis in Ontario commercial 

meat rabbits 

 

A.3.1.1 Pathology evaluations 

 Forty animals were submitted between May and June of 2007, consisting of 15 does and 

21 fryers that were moribund with diarrhea. Affected rabbits were from 6 commercial farms with 

4 healthy rabbits (2 does and 2 fryers) submitted from a seventh farm. Grossly, affected rabbits 

were moderately dehydrated with marked perianal fecal staining (Figure A.1). The small 

intestines often contained varying quantities of clear to green liquid content. Animals frequently 

had green liquid to pasty contents within the cecum and proximal colon. Occasionally, formed 

fecal pellets were present within the descending colon and rectum. Additional non-enteric 

findings in these animals included abscesses within the liver or scattered within the abdomen, 

purulent otitis media, and lung edema. In most rabbits, microscopic changes within the 

gastrointestinal tract consisted of patchy to segmental to generalized mucosal inflammation and 

edema with erosive to ulcerative colitis (Figure A.1). A range of infectious agents were detected 

microscopically including attaching and effacing E. coli, L. intracellularis, C. spiroforme, and 

sexual and asexual coccidial forms. 

 Between late November 2007 and February 2008, 37 fryers and 18 does were submitted 

for evaluation. Of these 55 animals, six fryers and six does (12 total) were excluded from the 

final analysis as there was no evidence of diarrhea on gross or microscopic examination. All 

animals that were included in the final analysis were moribund on presentation. The gross and 

microscopic appearance of tissues from these animals was consistent with the spring cohort with 

the addition of erosion or ulceration of the plantar aspect of the hock.  

 Significant differences were identified in histologic scores between the different age 

groups (p<0.01) and between intestinal sites (p<0.01). Overall, does had higher mean 

microscopic scores and thus more severe lesions than fryers (mean lesion score for does: 2.75, 

LL=2.25, UL=3.25; mean lesion score for fryers 2.25, LL=1.75, UL=2.75). When comparing 
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mean microscopic scores for each gut section examined, severity of scores progressed from the 

ileum being the least affected (average score =1.75, LL=1.04, UL=2.46), to the jejunum (average 

score=2.50, LL=1.79, UL=3.21), then the colon (average score=2.75, LL=2.04, UL=3.46), and 

finally the cecum being the most severely affected region (average score=3.00, LL=2.29, 

UL=3.71) regardless of age or season. No significant differences in lesion severity were 

identified between winter and spring samples (p=0.36). Significant two-way interactions were 

identified when age x sample sites were examined (p<0.01), and when season x sample sites 

were compared (p=0.02). No significant three-way interaction was identified when season x age 

x sample site were compared (p=0.06); however, the common comparator of sample sites for 

both of the two-way interactions prevented disentanglement for additional analysis and therefore 

a three-way simple effects analysis was still required.; significant results from this analysis are 

depicted in Table A.2.  

 

A.3.1.2 Microbiology findings 

 Results from bacteriology testing are summarized in Table A.3. C. spiroforme and L. 

intracellularis infections were identified exclusively in fryers in both spring and winter cohorts. 

While the odds of isolating E. coli did not differ significantly between winter and spring nor 

between fryers and does, the odds of isolating EPEC (eaeA positive E. coli) were significantly 

higher during the winter than in the spring (OR=10.36, CI=1.544-233.098, p=0.0096), and in 

fryers than in does (OR=8.703, CI=1.299-195.866, p=0.02). In addition, the odds of isolating C. 

spiroforme in fryers was significantly higher than in does (OR=7.63; CI=1.101-173.213; 

p=0.039). 

 Salmonella Agona was isolated in one doe with no clinical evidence of diarrhea. Two 

cases of L. intracellularis were identified during routine microscopic examination; these cases, 

plus an additional 2 cases, were confirmed using PCR. C. difficile was not isolated from any 

sample.  

 

A.3.2.1 Part B: Industry biosecurity survey 

 The survey response rate was deemed acceptable (50%, 25 of 50 surveys mailed out). 

One respondent returned the survey unanswered as they were a manufacturer of rabbit equipment 

and did not keep any rabbits of their own. The remaining 24 surveys were completed; however, 
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in some cases respondents opted not to answer one or more individual questions. Frequently, 

multiple answers were provided for one question by a single respondent; these were all included 

in the results. Operation size ranged from 6 does to greater than 900 (mean=168, median=100, 

SD=194). Farms had been in business for anywhere from 1 to 40 years; the mean time in 

operation was 10 years and the median time was 8 years. Regardless of size, all facilities had 

between 1-5 employees, with many facilities having only 1-2 part-time employees. In all cases, 

rabbits were being raised for meat; however, occasionally they were also being sold for pet or 

research use or as breeding stock. Farms were divided into those with <200 breeding does (small 

farms) and those with >200 does (large farms); a total of 16 small farms and 8 large farms were 

identified. The average number of breeding does kept on small farms was 68 and on large farms 

was 368.  

 Responses for questions applicable to the 3 major areas of biosecurity (access 

management, animal health management, and operations management) are listed below. 

Significant differences based on farm size were only observed for 2 biosecurity/husbandry 

questions: "Do employees wash their hands before leaving the barn?" and "Are feeders and feed 

bowls cleaned and/or disinfected monthly?" The odds of employees washing their hands after 

leaving the barn were significantly lower for small farms than for large farms (OR = 0.104, CI = 

0.012-0.842, p= 0.026). The odds of feeders being cleaned monthly were significantly lower for 

small farms than for large farms (OR = 0.0604, CI = 0.0019-0.632, p=0.017); however, there was 

no significant difference between any of the other cleaning frequencies mentioned (weekly, 

yearly, etc.) so the clinical significance of this result is unknown. In an additional question, "Do 

you feed your animals hay?", there was a trend (p=0.054) for small farms to be more likely to 

feed hay than large farms. No significant differences existed between small and large farms for 

any of the other questions included in the survey and all other results were combined.  

 In general, very few biosecurity measures were routinely implemented and few producers 

had a good level of awareness of biosecurity practices. In terms of access management, all 

respondents visited other farms, with 29% (6/21) indicating that this occurred daily. All facilities 

reported very few visitors; however, of the 71% (17/24) of facilities that had visitors, the visitors 

frequently came from other farms, including rabbitries. In most cases, there were no specific 

procedures in place for visitor entry or rabbit handling. Livestock species other than rabbits were 
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kept by 63% (15/24) of respondents, with all other livestock being kept on the same farm, and 

53% kept in the same barn as the rabbits. 

 Despite having relatively small numbers of employees, not all employees were trained to 

recognize signs of disease in rabbits. Only 63% (15/24) of the facilities kept a mortality log for 

dead rabbits. No facility implemented all of barn procedure protocols (e.g. ante room, hand-

washing, dedicated barn clothing and equipment), and the most frequently practiced protocol, 

restricted barn access, was practiced in only 63% (12/19) of facilities. Quarantine for new 

animals, which were brought into 46% (11/24) of farms, was performed in 55% (6/11). 

 In terms of operations management, the primary method of carcass disposal was 

composting (50%; 12/24). Most producers (75%; 18/24) indicated that they disposed of manure 

and litter via a manure pile, and 46% (11/24) spread this manure on fields. Seventy-one percent 

(17/24) of farms relied on negative pressure for facility ventilation. For does and bucks, cages 

were cleaned in 75% (18/24) and 67% (16/24) percent of facilities, respectively, and for both 

groups, were cleaned on an irregular basis (50%). Fryer cages were also cleaned in 75% (18/24) 

of respondent farms, most frequently (44%) on a monthly basis. 

 

A.4 Discussion 

 In 2015, the National Farm Animal Care Council (NFACC), announced its intention to 

develop a Code of Practice for rabbits to address welfare issues within the Canadian meat rabbit 

industry (26). This new code will provide rabbit producers with husbandry, management, and 

handling guidelines to enhance rabbit care in production settings. The results from the current 

study will allow NFACC to benchmark current industry practices and focus on highlighting 

methods to improve animal health and welfare by reducing infectious enteric disease and 

enhance on-farm biosecurity practices. 

 In this study, causes of REC in Ontario meat rabbits could be attributed to infectious 

organisms in at least 65% of cases. Of these, 80% were caused by bacterial species that are also 

common pathogens of humans and other animals, suggesting that rabbit to human and rabbit to 

other animal bacterial transmission is possible if biosecurity practices are poor. For example, 

Lawsonia intracellularis has been identified as a causative agent of several enteropathies in 

various species, including rabbits, pigs, hamsters, horses, ferrets, and canids (27). Transmission 
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of L. intracellularis between rabbits and foals has been demonstrated experimentally (28), 

therefore these species should be housed separately to avoid potential interspecies disease 

transmission. Similarly, Salmonella Agona, a Salmonella enterica serovar that was first isolated 

in cattle in 1950, was identified in one clinically healthy doe in this study. Transmission of this 

bacterium to rabbits has been demonstrated to occur either directly from infected animals or via 

contaminated feed (29). There are no reported cases of transmission of Salmonella spp. between 

rabbits and humans but reports exist for spread of this agent between humans and other species, 

such as cattle, pigs, and poultry, either directly or via contaminated meat or other food products, 

thus the potential for zoonotic spread of this agent cannot be ignored (30-32). 

 Differing patterns of bacterial enterocolitis were observed between the winter and spring 

cohorts and between the fryers and does, with significantly more cases of EPEC present during 

the winter months in fryers. While eae-positive E. coli can be found in low numbers in clinically 

normal rabbits, they have also been associated with enteritis and are considered a significant 

cause of morbidity and mortality (5,33-35). The presence of EPEC within rabbits in this study is 

especially concerning as EPEC may infect humans causing enteritis. Close clonal relationships 

have been identified in EPEC isolated from numerous animals and humans and it is thought to be 

readily transmitted from humans to animals, and vice versa (37). While there are no known 

reports of direct transmission of EPEC from rabbits to humans, there has been at least one 

experimental study demonstrating human and rabbit EPEC strains transmission to pigs (38,39). 

To more fully understand the biosafety risk to humans and other species imposed by the specific 

EPEC strains identified in rabbits in this study, further diagnostics are needed to identify the 

specific characteristics of these strains using, for example, multiplex PCR, enzyme -linked 

immunosorbent assays (ELISA), reverse passive latex agglutination (RPLA), or DNA-

fingerprinting methods such as pulse-field gel electrophoresis (PFGE) (40). No EHEC was 

detected in any of the rabbits in this study.  

 The increased likelihood of fryers to be infected with EPEC and C. spiroforme are 

consistent with findings of E.U. studies, in which suckling and weanling rabbits have been 

demonstrated to be more susceptible to enteric diseases (33). Younger rabbits have a less 

developed immune system, a higher gastric pH, and are often fed carbohydrate dense diets to 

maximize growth rates, all potentially contributing to disruptions in normal flora and dysbiosis 

with overgrowth of opportunistic pathogens.  
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 There are several potential causes for the increased prevalence of infectious agents and 

enteritis during the winter months, which may include difficulty in maintaining adequate barn 

ventilation whilst maintaining an appropriate ambient temperature. This often can result in 

poorer ventilation during cold, wet conditions as vents, windows, and doors (all identified as 

common means of ventilation in the survey) are more likely to be closed, and fans turned off 

during the winter months. Decreased ventilation, combined with irregular cage cleaning and 

disinfection, may result in increased ammonia levels, pulmonary injury and overall declines in 

immunity (41,42).  

 The presence of potential zoonotic diseases within Ontario meat rabbit farms is of 

concern when the results of the biosecurity survey are considered. The identified lack of specific 

biosecurity measures to prevent disease transmission, regardless of farm size, significantly 

increases the risk of disease transference, not just between rabbits, but also between animals and 

humans. Many of the respondents had employees that worked at other farms on a regular basis, 

further potentiating the possibility for disease spread. The results of the survey clearly 

demonstrate a need to develop and instill biosecurity measures for the meat rabbit industry. This 

should include washing hands after handling sick animals, use of dedicated barn clothing and 

equipment, and controlling farm and barn access. Implementing these measures will reduce risk 

of disease transmission between animals and between rabbits and humans. 

 This study was limited by several factors, the first being voluntary enrolment, which can 

skew the study population. By targeting larger Ontario producers, and specifically those that are 

likely to provide stock to the smaller producers, we felt that we were able to adequately control 

for this potential bias. In addition, the survey response rate of 50% suggested a good 

representation of the study population. Secondly, this study commenced following an outbreak of 

gastroenteritis within the industry. At the time of sampling, some farms had been dealing with 

the problem for several months, including attempting to institute treatments, and the rabbits 

submitted for post mortem evaluation may have been different from those initially affected. 

EPEC has frequently been identified as a cause of enteritis in rabbits in other studies outside of 

Canada, and therefore, while it may not have been the sole agent responsible for this outbreak, it 

likely played a significant role. The current study focused exclusively on bacterial causes of 

enteritis. It is well established that viruses, most commonly rotavirus and coronavirus, are 

associated with REC, and frequently in a multifactorial fashion (4,5). Studies examining the 
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prevalence of these viruses and their association with enteric disease are required to gain a 

complete understanding of REC in Canadian meat rabbits. Finally, while a reasonable number of 

rabbits were evaluated, many came from the same farm, and were exposed to similar 

environments. For a more representative sample of the Ontario meat rabbit population, analysis 

of a larger and more variable cohort of animals may be needed.  

 In conclusion, we identified common causes of REC in Ontario meat rabbit farms, 

consisting largely of E. coli, C. spiroforme, and L. intracellularis. Biosecurity practices on 

rabbitries were uniformly poor, indicating a critical need for development and implementation of 

industry-wide biosecurity standards. As infectious disease was identified as a predominant cause 

of enteritis, the implementation of such measures will likely aid in decreasing morbidity and 

mortality in affected animals, and improving overall animal and human health and welfare, and 

farm productivity. 
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Table A.1. Scoring system for gastrointestinal pathology 

 
Inflammation 

 

0 None 

1 Minimal – Small/large intestine: Occasional lymphocyte or eosinophil within the lamina 

propria  

2 Mild –multifocal infiltrates within mucosa, predominantly lymphocytic or eosinophilic 

(<25% affected), minimal edema within the lamina propria 

3 Moderate – Increased inflammation (25%-65%) with edema in mucosa (+ neutrophils) 

4 Marked – Extensive inflammation within mucosa and submucosa with abundant edema in 

both 

 

Mucosal necrosis 

 

0 None 

1 Minimal - Occasional epithelial tufting, rare single cell necrosis 

2 Mild – Multifocal tufting and/or single cell necrosis (<25% affected), mild villus fusion 

and/or atrophy 

3 Moderate – Single cell necrosis, atrophy/fusion (25%-65% affected), upper third of villus 

tips, extensive epithelial loss with attenuation of epithelium, focal hemorrhage, loss of 

goblet cells in upper third mucosa (colon) 

4 Marked – >65% affected, >50% villus height reduction  

 

Gland/crypt morphology (chronicity) 

 

0 None - Straight, tightly packed glands/crypts with occasional mitotic figure 

1 Minimal - Mild increase in mitotic figures in crypts/glands 

2 Mild – Focal mucosal hyperplasia (<25% affected), crypt dilation, loss of goblet cells 

3 Moderate – Multifocal mucosal hyperplasia (coiling glands), loss of goblet cells 

4 Marked – as above + crypt abscesses 

 

Erosion 

 

      1          present 

 

Bacteria – scored as present/not 
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Table A.2. Significant (p < 0.05) results of three-way simple effects analysis. Variables A and B 

are the variables held constant during the comparison, while Variable C is the variable being 

compared (in brackets are the specific categories being compared).  

 

Variable A Variable B Variable C Estimated 

marginal 

mean 

Lower limit Upper limit 

Season 

(Spring) 

Sample site 

(Cecum) 

Age (Doe vs. fryer) -1.62 -2.68 -0.55 

 Sample site 

(Colon) 

Age (Doe vs. fryer)  -1.28 -2.36 -0.20 

 Sample site 

(Ileum) 

Age (Doe vs. fryer)  -1.51 -2.83 -0.19 

 Sample site 

(Jejunum) 

Age (Doe vs. fryer)  -1.97 -3.03 -0.91 

      

 Age (Doe) Sample site (Cecum 

vs. ileum) 

1.65 0.57 2.73 

   Sample site (Cecum 

vs. jejunum) 

1.40 0.53 2.27 

      

 Age (Fryer) Sample site (Cecum 

vs. colon) 

1.14 0.41 1.88 

  Sample site (Cecum 

vs. ileum) 

1.75 0.89 2.62 

  Sample site (Cecum 

vs. jejunum) 

1.05 0.31 1.78 

      

Season 

(Winter) 

Sample site 

(Cecum) 

Age (Doe vs. fryer)  -1.52 -2.63 -0.40 

 Sample site 

(Colon) 

Age (Doe vs. fryer)  -1.43 -2.55 -0.32 

 Sample site 

(Ileum) 

Age (Doe vs. fryer)  -2.00 -3.18 -0.82 

 Sample site 

(Jejunum) 

Age (Doe vs. fryer)  -3.94 -5.08 -2.80 

      

 Age (Doe) Sample site (Cecum 

vs. ileum) 

1.20 0.17 2.24 

  Sample site (Cecum 

vs. jejunum) 

1.33 0.32 2.33 

      

 Age (Fryer) Sample site (Cecum 

vs. colon) 

1.00 0.38 1.62 

  Sample site (Cecum 

vs. ileum) 

0.72 0.077 1.37 
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  Sample site (Cecum 

vs. jejunum) 

-1.10 -1.72 -0.48 

  Sample site (Colon vs. 

jejunum) 

-2.10 -2.72 -1.48 

  Sample site (Ileum vs. 

jejunum) 

-1.82 -2.47 -1.18 
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Table A.3. Summary of rabbit cecal bacterial isolates 
 

 Spring 2007 Winter 2007/08 

Bacterial Species 

Isolated 

Isolated in 

Fryers (%) 

n=15 

Isolated in 

Does (%) 

n=21 

Total 

Identified 

(%)  

n=36 

Isolated in 

Fryers (%) 

n=31 

Isolated in 

Does (%) 

n=12 

Total 

Identified 

(%) n=43 

Salmonella spp. 0 (0) 0 (0) 0 (0) 0 (0) 1 (8)
^
 1 (2.3) 

C. perfringens 0 (0) 0 (0) 0 (0) 1 (3.2) 0 (0) 1 (2.3) 

C. difficile 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

L. intracellularis 1 (6.7) 0 (0) 1 (2.8) 3 (10) 0 (0) 3 (7) 

C. spiroforme 4 (26.7)
+ 

0 (0)
+
 4 (11.1) 5 (16)

+
 1 (8)

+
 6 (14) 

E. coli - all types 9 (60.0) 5 (23.8) 14 (38.9) 15 (48) 6 (50) 21 (49) 

     - eaeA 1 (6.7)
+
 0 (0)

+
 1 (2.8)* 9 (29)

+
 1 (8)

+ 
10 (23)* 

     - EPEC 1 (6.7)
+
 0 (0)

+
 1 (2.8)* 9 (29)

+
 1 (8)

+ 
10 (23)* 

     - Stx1 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

     - Stx2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

     - VTEC 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
^
Salmonella Agona 

*Statistically significant difference between winter and spring with p<0.05
 

+
Statistically significant difference between fryers and does when combined for season with p<0.05 

Stx1=Shiga toxin type 1; Stx2=Shiga toxin type 2; eaeA=intimin 
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Figure A.1. Gross and histological appearance of lesions consistent with enteritis; A – common 

presentation of enteritis (‘soiled hocks’) in a young growing rabbit (fryer). B – cecum from fryer 

with enteritis, depicting typical moderate dilatation and watery content. C – Photomicrograph of 

cecum from fryer infected with nonenteropathogenic E. coli demonstrating generalized mucosal 

erosion (arrows) with congestion and mixed leukocytic infiltrates, H&E, 200x. D – 

photomicrograph of jejunum from fryer with enteric coccidiosis demonstrating numerous life 

cycle stages within the lamina propria (arrows), H&E, 400x.  
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Appendix Supplementary Information A.1. Biosecurity survey 

 

Name:____________________                     

 

Address:___________________________________________ 

    ____________________________________________ 

    ____________________________________________ 

Phone:   (_____)____________________________________ 

 

General Farm Information 

 

1) Size of operation (total # rabbits): ____________________________ 

 

2) How long has the rabbit operation been running?  ______________________ 

 

3) How many employees work on your farm? (Please include any family members who 

participate in chores)  a) full time:   ___________   b) part time: _____________ 

 

4) Number of breeding does: ____________________________ 

 

5) Number of fryers produced per year:  _________________________ 

 

6) Average number of litters/ doe /year: _________________ 

 

7) Average number of kits / litter: _______________________ 

 

8) On average, how many years are breeding does kept? ___________ 

 

9) What purposes are your rabbits used for?  (Check all that apply) 
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          show/exhibition 

          meat 

          petting zoo 

 

  fur 

  research 

  other (please explain):         

____________________ 

 

10) Do you own other livestock?     YES         NO    

 

a) If so, what kind? (list all)_______________________________ 

b) On the same property as the rabbits?           YES        NO    

c) Same barn?           YES    NO    

 

11) What types of farms are within a 3km radius of your main rabbit operation?   

(check all that apply)    

  swine   

  poultry 

  dairy    

  beef 

  turkey 

           rabbit 

     other (please specify): ____  

           none 

 

12)  How often do you visit other farms in your area? 

  

 daily   

 1-3 times weekly   

 monthly  

 irregularly 

 n/a 

 

13) Visitors (including neighbours) to your farm are from which types of farms? 

 

  swine   

  poultry 

  dairy 

  beef 

  turkey 

  rabbit 

  other (please specify):       

___________________ 

  none 

 

 

14)  What is the source of water for your rabbit operation?  

 well water 

 deep well  

 surface well 

 cistern  

 

  rain water 

  city water 

  local river  

  other (please specify):            

____________________

15)  What type of diet are your rabbits fed (check all that apply)? 

  

      pellets             hay (circle: timothy/alfalafa/other)      

     other (please explain):__________________________ 

 

16)  Is the water quality tested in the barn?    YES         NO   

 

 If yes, how often? 
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    quarterly    annually    irregularly 

 

17)   Do you treat your water (ie, filter, chlorination)? YES         NO   

 

If yes, how? (list all that apply): ____________________________ 

  

18)  If you use a filter, how often is the filter changed 

           daily     weekly 

    bi-weekly  monthly 

       yearly          never 

 

 
Animal Health Problems 

 

19) Has there been increased mortality (death) in your fryers in the last 12 months?   YES  NO  

  

a) Fryer signs (eg, diarrhea, sneezing, etc):   ___________________________________ 

 b) Estimated mortality (%):_______________________________ 

 c) Treatment (s):      ____________________________________ 

d) How effective was the treatment(s) in reducing mortality: 

____________________________________________________  

 

20) Has there been an increased mortality in your does in the last 12 months?  YES       NO    

  

a) Doe signs:    ____________________________________ 

 b) Estimated mortality (%):___________________________ 

 c) Treatment (s):      ____________________________________ 

d) How effective was the treatment(s) in reducing mortality:        

___________________________________________________ 

 

21) In this operation, what are the most common health problems seen in the fryers? (Check all that 

apply)

 

 diarrhea 

 respiratory 

 neurological 

 weight loss 

 feed refusal 

 

 unexplained death 

 ear/fur mites 

 other external parasites 

 other:    ____________________

 

22) In this operation, what are the most common health problems seen in the does? (Check all that 

apply)

  

  diarrhea 

 respiratory 

 neurological 

 weight loss 

 feed refusal 

 

 unexplained death 

 ear/fur mites 

 other external parasites 
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 other:    __________________

 

Biosecurity  
 

23)  Does the OCRGA discuss issues related to biosecurity at its regular meetings?  

 YES         NO   

 

24) In your opinion, does the industry have biosecurity standards?      

   YES        NO   

25) Do you have farm policies on human and vehicular traffic (ie, designated parking):                  

YES         NO   

26) Do guests have to wear special clothing or follow special procedures when entering your facility?  

YES         NO  (if yes, check any that apply) 

 

  boots 

          boot covers 

  coveralls 

  hand washing 

    visitors sign in log book  

                      other, please specify: ____

 

27) Is access to the barn controlled?    YES         NO   

 

28) Is access to the farm controlled?    YES         NO   

 

30) How many visitors do you get in your barn per week? 

     0-1   2-4  >5  

 

31) How do you store rabbit carcasses (deadstock) until they are collected or disposed of? 

       freezer 

             transportable container 

       solid enclosed unit 

       n/a, rabbits are not stored 

               other: _______________________________________ 

 

32) Does this change between summer and winter months? 

   YES         NO    

 If yes, how (please explain): _________________________________ 

 

33) On average, how often are dead animals collected from this operation? 

daily   

2-4 times weekly 

0-1 times weekly 

     

bi-weekly 

n/a 

other (please explain): 

____________________ 

 

34) How do you dispose of dead rabbits on this operation? 

 

      composting 

               incineration 

   burying 
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    render 

 city disposal/regular garbage 

 Other (please specify):       

___________________ 

 

35) Do you keep a mortality log?  YES         NO   

 

36) Are all employees trained to recognize disease or sickness in the rabbits?  

YES         NO   

  

37) Do you have dedicated clothes for working in the barn?       YES         NO   

 

38) Do you have dedicated work boots/shoes worn in the barn?      YES         NO   

 

39) Do you follow any biosecurity protocols (check all that apply)? 

      foot bath, 

ante room 

locks on barn doors 

restricted access to barn  

gate or restricted property access 

personal protective equipment 

(boots, etc) 

 traffic movement from young to old 

or clean to dirty 

  separate work washroom  

 

designated clothes for in barn 

designated barn equipment  

cleaning and disinfection standards 

hand-washing policies 

 

40) Do employees wash their hands before: 

a) entering the barn?    YES         NO   

b) leaving the barn?   YES         NO   

 

41) Do visitors wash their hands before:  

a) entering the barn?    YES         NO   

b) leaving the barn?   YES         NO   

 

42) Do employees wash their hands before: 

a) before handling rabbits?   YES         NO   

b) after handling rabbits?  YES         NO   

 

43) Do visitors wash their hands before:  

a) before handling rabbits?     YES         NO   

b) after handling rabbits?    YES         NO   

c) n/a, visitors do not handle the rabbits  YES         NO   

 

44) Do you bring new rabbits into the operation?  YES                NO   

 

45) Do you have quarantine practices or procedures for new rabbits? 

YES         NO   

 If yes, how long is new stock quarantined for: _______________ 
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46) Is new stock kept separate from main herd?  YES         NO   

a) in a separate room?                                YES                NO   

b) still in main barn?        YES            NO   

 

47) Do you borrow/share bucks with another farmer? YES         NO   

  

If yes, what, if any, special quarantines practises do you follow (if any)? 

 ___________________________________ 

 

48) What type of ventilation system do you have for your rabbit operation?  

             (please check all that apply)

negative pressure       

(mechanical)     

chimney ventilation 

natural ventilation 

evaporative cooling 

recirculation ventilation 

pit ventilation 

other: _______________

 

49) What is your method of manure/litter disposal?      

shed storage 

 compost 

 outdoor pile 

spread on fields 

hauled off farm 

other: __________________

 

50) Is there restricted access to the manure?     YES       NO   

 

51) Where do you store the rabbit feed?   

in silo 

covered feed bins 

feed shed 

outside 

in bags 

other: ____________

 

52) Is there a rodent control program in your barn?  YES       NO   

 If yes, please specify: ___________________________________ 

 

 

53) Is wood used in any portion of your rabbit cages? YES         NO   

 

54) Are the does cages cleaned and disinfected ? YES     NO   

 

If yes, check any that apply: 

 

    cleaned of debris with water 

    cleaned of debris with water and soap 

    cleaned then disinfected with a chemical/disinfectant 

 

If yes, how often are the does cages cleaned and/or disinfected? 

 

weekly  

monthly 

yearly 

rarely 
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sporadically/irregularly 

 

55) Are the fryers cages cleaned and disinfected? YES     NO   

 

If yes, check any that apply: 

 

    cleaned of debris with water 

    cleaned of debris with water and soap 

    cleaned then disinfected with a chemical/disinfectant 

 

If yes, how often are the fryers cages cleaned and/or disinfected? 

 

weekly  

monthly 

yearly 

rarely 

sporadically/irregularly

 

56) Are the bucks cages cleaned and disinfected? YES     NO  ? 

 

If yes, check any that apply: 

 

    cleaned of debris with water 

    cleaned of debris with water and soap 

    cleaned then disinfected with a chemical/disinfectant 

 

If yes, how often are the bucks cages cleaned and/or disinfected? 

 

weekly  

monthly 

yearly 

rarely 

sporadically/irregularl

 

57) How often are feed and waterlines flushed, cleaned and/or disinfected? 

weekly 

monthly 

yearly 

rarely 

sporadically/irregularly 

 

58) How often are water bottles/waterers cleaned and/or disinfected? 

weekly 

monthly 

yearly 

rarely 

      sporadically/irregularly 

 

59) How often are feeders/ feed dishes cleaned and/or disinfected? 

weekly 

monthly    

yearly 

rarely 

sporadically/irregularly 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

  

 



126 
 

 

60) Are there any other notes or comments about production on your operation that you would 

like to make:   _________________________________________________________________ 

______________________________________________________________________________

______________________________________________________________________________ 

 

 

Extra notes: 

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________ 

 

Thank-you for completing this survey! Please return this survey in the stamped, addressed 

envelope. 
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APPENDIX B: FECAL MICROBIOTA COMPOSITION OF DOMESTIC CANADIAN COMMERCIAL MEAT, 

LABORATORY, COMPANION, AND SHELTER RABBITS (ORYCTOLAGUS CUNICULUS) EXAMINED AT THE 

INDIVIDUAL FACILITY LEVEL 

 
Figure B.1. Relative abundance of predominant (>1% total composition) bacterial phyla of the rabbit fecal microbiota separated by 

animal source at the individual facility level. Significant differences (p<0.05) in relative abundances of Fibrobacteres (p<0.01), 

Fusobacteria (p<0.01), Gemmatimonadetes (p=0.03), Spirochaetes (p<0.01), and SR1 (p<0.01) (all listed as Other) are present 

between facilities for the commercial meat rabbits; in relative abundances of Fibrobacteres (p=0.02) and Synergistetes (p=0.02) (all 

listed as other) are present between facilities for companion rabbits; in relative abundances of Fusobacteria (p<0.01) and TM7 

(p<0.01) between facilities for laboratory rabbits. No signficant differences are present between facilities for shelter rabbits.   


