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Preamble 

I enrolled as a Master of Philosophy (MPhil) as a mixed research and coursework 

student on 3 March 2014, with an Australian Award Scholarship, sponsored by the Australian 

Department Foreign Affairs and Trade. As part of my research component, I was involved in the 

first nation-wide survey of antimicrobial resistance in Australian animals, focusing on phenotypic 

characterisation of antimicrobial susceptibility patterns in companion animal pathogens. In the 

second year of my candidature, I applied for a scholarship extension, proposing a program 

upgrade to a Doctorate (PhD). Considering the satisfactory results of my coursework component 

and the progress of my research, Australia Awards agreed to extend my scholarship and I was 

successfully upgraded to a PhD program in Veterinary Science on 9 November 2015. Following my 

new candidature as a PhD student, my research has expanded to cover the microbial ecology of 

the rabbit gastrointestinal tract in response to antimicrobial treatment. In addition to my four first 

author publications, I have also been involved in several other collaborative projects under the 

over-arching theme of resistance, as indicated by the list of published works produced during my 

candidature which are not incorporated into this thesis. 

This thesis is presented as a series of four research articles and two literature reviews. 

Chapter 1 is a short general introduction, describing the background and study objectives. The 

first two published articles (Chapters 2 and 3) are primarily related to my study in antimicrobial 

resistance in major pathogens, including coagulase-positive staphylococci and E. coli isolated from 

diseased dogs, cats and horses. The literature review presented in Chapter 4 describes a current 

perspective on antimicrobial resistance in companion animal pathogens in Australia and 

comparison to similar published work in other countries and includes my work and the work of 

my colleagues at other Universities who contributed to ARC Linkage project LP130100736 with 

Zoetis as the major partner. The other three articles (Chapters 5, 6, and 7) are related to my own 

study on the effects of the new generation veterinary fluoroquinolone on gut microbiota in 

rabbits. Chapter 5 constitutes a second literature review, describing the effects of antimicrobial 

administration on the microbial diversity of gut microbiota in humans, food-producing, and 

laboratory animals. Microbial community changes in faecal samples are presented in Chapter 6, 

while gastric and caecal microbial community changes are presented in Chapter 7. The major 

findings and future directions are discussed in Chapter 8. 
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Abstract 

Antimicrobials are not only considered as beneficial agents to human and animal health, 

but are also potentially harmful, both in terms of promoting antimicrobial resistance (AMR), and 

the potentially negative effects they may have on the gut microbiota. Focusing on these two major 

detrimental effects, this thesis aims to determine the frequency of AMR in companion animal 

pathogens isolated from Australia, as well as identify risk factors associated with infection my 

multidrug-resistant strains; and to describe the gut microbial community changes and other 

adverse effects in rabbits in response to administration of pradofloxacin, a new veterinary 

antimicrobial belonging to the critically important fluoroquinolone class. 

In the first nation-wide survey of AMR in companion animal pathogens, resistance to 

antimicrobials from more than ten different classes was described for a total 883 clinical 

Escherichia coli isolated from dogs (n=514), cats (n=341) and horses (n=28). Resistance to critically 

important antimicrobials not registered for use in animals (imipenem) was not detected in all 

clinical E. coli isolates. Resistance to amikacin, another critically important antimicrobial not 

registered for use in Australian animals, was low in dog and cat isolates (<2%) but moderately high 

in horse isolates (10.7%), reflecting its increased use in this species. Resistance to other third line 

antimicrobials such as third generation cephalosporins (3GC) and fluoroquinolones (FQN), was 

generally lower in cat isolates (3.8%-5%) compared with dog isolates (9.1%-10.9%) and horse 

isolates (25%-35.7%). A higher proportion of resistance was observed among the first and second 

line antimicrobials, ranging from 25%-100% for ampicillin and amoxicillin-clavulanic acid, mainly 

due to the new interpretation by veterinary-specific clinical breakpoints for dogs and cats which 

are much lower than human clinical breakpoints. The frequency of multidrug-resistant (MDR) E. 

coli was 18.1%, 11.7% and 42.9% in dog, cat and horse isolates respectively, which was positively 

associated with the chronicity of infection and prior antimicrobial treatment, in particular for 

urinary tract infections from dogs.  

Furthermore, among coagulase-positive staphylococci (CoPS) isolates from companion 

animals the frequency of methicillin-resistant Staphylococcus pseudintermedius (MRSP) and 

methicillin-resistant Staphylococcus aureus (MRSA) in the isolate collections was 11.8% (74/629) 

and 12.8% (15/117), respectively. Resistance to FQN in S. pseudintermedius ranged from 8.1%-8.8% 

and was highly associated with MRSP isolates from dogs (OR 287; 95%CI 91.2–1144.8). MRSA 

isolates were also co-resistant to FQN (OR 5.4, 95%CI 0.6–252.1), with a frequency ranging from 

8.5%-11.8% of total S. aureus from dogs (n=47) and cats (n=14). By contrast MRSA isolates from 

horses, were most likely to be co- resistant to amikacin and rifampicin (OR 6.5, 95%CI 0.7–315.2) 

with a frequency of 9.4% of total S. aureus from horses (n=53). A risk factor analysis showed that 

MRSP isolates from dogs were significantly more likely in surgical site infections (SSI) and skin 
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and soft tissue infections (SSTI), particularly if the animals had received prior antimicrobial 

treatment. Compared with other countries where similar studies have been undertaken, rates of 

AMR in E. coli, were generally lower. However, due to the abrupt emergence and spread of MRSP 

infections in Australia, rates of AMR in S. aureus and S. pseudintermedius were moderately 

higher. 

Faecal and gut microbiota profiling using V3-V4 16S rRNA gene Illumina MiSeq DNA 

sequence analysis confirmed that the veterinary fluoroquinolone pradofloxacin (which has a much 

broader spectrum of activity compared to earlier generations) had quite different effects on the 

microbial community in the rabbit stomach and caecum; compared to hard faeces, and soft 

faeces. Microbial richness and diversity decreased significantly in hard faeces at the end of the 3-

day treatment but not in the lumen of the stomach and caecum. Pseudomonas spp. was depleted 

significantly in hard faeces while Anaeroplasma significantly diminished in the stomach and 

caecum. The abundance of several bacterial taxa from the Ruminococcaceae and Lachnospiraceae 

was significantly overrepresented in all samples. However, overproliferation of bacteria causing 

enteritis such as Clostridium spp. and coliforms was not detected in the two gut compartments 

nor hard and soft faeces. Further, we hypothesized that stomach microbiota would be less diverse 

compared with caecum microbiota but our data show that the stomach harboured higher levels of 

microbial diversity compared with the caecum, regardless of pradofloxacin treatment, most likely 

due to coprophagy. Although the short-term use of pradofloxacin appears safe in rabbits as we 

observed no clinically adverse effects, these results confirm that pradofloxacin did result in 

significant disturbance of the faecal microbial community and changes of metabolic functional 

diversity. 

In conclusion, the first nation-wide AMR survey provides an important snapshot of the 

current situation of AMR in companion animal pathogens in Australia. Further, this thesis 

underlined the public health (AMR) and individual health-related (dysbiosis) consequences which 

should increase the awareness of prudent use of antibiotics especially in animals and broadly in 

human medicine. 



1 

Chapter 1 

General Introduction 
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1.1. Antimicrobials and their consequences 

Antimicrobials are one of the most successful forms of chemotherapy in the history of 

medicine. Ever since the first three antimicrobials (salvarsan, prontosil, and penicillin) were 

introduced between 1910-1940 announcing the golden era of antibiotic discovery which took 

place between 1950-1970, the morbidity and mortality associated with bacterial infections has 

decreased significantly (Aminov, 2010). Antimicrobials have played a fundamental role in 

achieving major advances in medicine and surgery, as well as successfully preventing and treating 

infections that occur not only in humans but also in animals (Bengtsson and Greko, 2014; McEwen 

and Fedorka-Cray, 2002; Ventola, 2015). Along with those obvious benefits, however, 

administration of antimicrobial agents causes adverse effects, which can be broadly characterised 

as the development of drug hypersensitivity, toxicological hazards, and effect on the 

autochthonous microbiota (Francino, 2015; Manten, 1981). This thesis focuses on two main 

aspects of antimicrobial therapy: the development of antimicrobial resistance (AMR) in 

pathogens and microbial dysbiosis in the gut microbiota.

1.2. The emergence and monitoring of AMR 

Resistance to antimicrobials is a natural process, arising when microorganisms are able to 

survive under exposure to agents that would normally kill them or stop their growth. When the 

resistance occurs, antibiotics become less effective for the prevention and treatment of bacterial 

infections. Bacterial resistance mechanisms associated with several antimicrobials, such as 

sulphonamides and penicillin, were first reported in the late 1930s and early 1940s soon after the 

clinical introduction of these early classes (Davies and Davies, 2010). Another case of resistance 

development, but this time in animals, was observed in the 1940s after poultry were fed dried 

pseudomycelia of Streptomyces aureofaciens containing chlortetracycline to promote growth 

(Castanon, 2007). For many years, the positive effects of antibiotics as a growth promoter were 

championed until a 1957 study revealed the negative effect of this practice, when low-dose 

tetracycline in poultry and pig’s feed was shown to increase the incidence of drug-resistant 

commensal bacteria (Marshall and Levy, 2011). 

In terms of their purpose, antimicrobials are used in more diverse ways in animals 

compared to humans, i.e. for prophylaxis, metaphylaxis, therapeutic and sub-therapeutic 

purposes (McEwen and Fedorka-Cray, 2002). It is also projected that the volume of antimicrobials 

used in animals exceeds the volume of use in humans worldwide (Wegener, 2012). The rate of 

AMR has increased in recent years; presumably by over- and mis-use of antimicrobials. This has 

had a significant impact on their dissemination into the environment. Zoonotic transmission 

routes of resistant bacteria, as well as resistant genes shared between humans and animals are 
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very complex and unpredictable. Resistance gene transfer may occur through direct contact with 

food-producing animals and companion animals, or indirect contact through food, water, and 

farm waste (Figure 1.2.1.) (Davies and Davies, 2010; Guardabassi et al., 2004; Lloyd, 2007; 

Marshall and Levy, 2011). Therefore, recognising the continued emergence of bacterial 

pathogens that are resistant to critically important antimicrobials is crucial for global public 

health. 

Figure 1.2.1. Dissemination of antimicrobials and AMR in various environmental aspects, 
including agriculture, the community, hospitals, wastewater treatment, and associated 
environments (Davies and Davies, 2010). 

AMR has been considered a global health problem and is a key element of the One 

Health and Global Health Security Agendas (GHSA) (Perovic and Schultsz, 2016; Robinson et 

al., 2016). Several campaigns to prevent and control the emergence of AMR have been 

developed both nationally and internationally. The World Health Organisation (WHO) has 

introduced a Global Action Plan on AMR which comprises five objectives: (1) to improve 

awareness and understanding of AMR; (2) to strengthen knowledge through surveillance and 

research; (3) to reduce the incidence of infection; (4) to optimize the use of antimicrobial 

agents; and (5) to develop the economic case for sustainable investment that takes account of 

the needs of all countries, and increases investment in new medicines, diagnostic tools, 



4 

vaccines and other interventions (WHO, 2015a). One of the methods of implementing these 

global plans is to launch the Global AMR Surveillance System (GLASS), which aims to combine 

clinical, laboratory and epidemiological data on pathogens that pose the greatest threats to 

health globally, in particular antibiotic resistant bacteria (WHO, 2015b). Alongside the WHO, 

the World Animal Health Organization (OIE) and the Food and Agricultural Organization (FAO), 

as tripartite collaborations, also promote the prudent use of veterinary drugs, help to 

harmonise national surveillance programs, and raise awareness and increase supporting 

research on AMR with a “One Health” approach, involving human and animal health alongside 

agricultural and environmental needs (OIE, 2016). 

Historically, the development of an AMR management and surveillance system had 

already begun in 1995, before the official recommendation by the WHO. Denmark was the first 

country to establish a continuous monitoring program called the Danish Integrated AMR 

Monitoring and Research Program (DANMAP). The main objectives of this program are to monitor 

the consumption of antimicrobial agents and the occurrence of AMR originating in humans and 

animals, to study the relationship between them and to analyze possible resistance transmission 

(Hammerum et al., 2007). In 1996, the USA established a similar program, the National AMR 

Monitoring System (NARMS), collecting resistance data from bacteria isolated from retail meats, 

human clinical cases and food animals (Gilbert et al., 2007). Subsequently, other countries such as 

Norway, Sweden and Canada also established similar surveillance programs to monitor AMR both 

in human and veterinary medicine systematically (NHMRC, 2006). 

In Australia, there is no surveillance program on AMR in animals. However, several studies 

on AMR have been conducted, in particular in food production animals. A study by Murray et al. 

(1986), undertaken between 1974 and 1982 and initiated by the National Animal Health 

Committee, was among the first reports describing the frequency of AMR. The survey was 

conducted by collecting the antimicrobial susceptibility patterns of several pathogenic bacteria 

from bovine, porcine and avian sources, such as Salmonella, Staphylococcus aureus and E. coli. In 

order to monitor the trend of AMR, the Australian Health Ministers' Conference (AHMC) then 

established the Joint Expert Technical Advisory Committee on Antibiotic Resistance (JETACAR) in 

1998, although it was disbanded in 2002. This program focused on the spread and transmission of 

AMR in livestock, using some pathogenic bacteria such as Salmonella, Campylobacter, E. coli and 

Enterococcus as examples and explored its potential impact to public health (JETACAR, 1999). To 

replace this program and deal with the responsibility for monitoring AMR, the Australian 

Government Department of Agriculture, Fisheries and Forestry finally established the Pilot 

Surveillance Program for AMR in Bacteria of Animal Origin in 2004. The AMR of more than 1000 

strains including E. coli, Enterococcus spp. and Campylobacter spp. were analyzed from 

approximately 700 samples of cattle, pig and chicken faeces (DAFF, 2006). No subsequent studies, 
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however, were undertaken until Meat and Livestock Australia and the Department of Agriculture 

and Water Resources commissioned further abattoir-based surveys in healthy slaughter age 

cattle (Barlow et al., 2015, 2017), and pigs and poultry (Schipp, 2018), respectively. However, 

companion animals (dogs, cats and horses) were not included in the pilot program mentioned 

above, even though many studies show that they also have a high potential for creating an AMR 

reservoir. Companion animals have closer contact with humans and are often treated with the 

same classes of antimicrobial agents used in human medicine, such as fluoroquinolones (e.g. 

enrofloxacin, marbofloxacin and the newly registered pradofloxacin) (Guardabassi et al., 2004; 

Lloyd, 2007). 

1.3. Effect of pradofloxacin on dysbiosis of normal microbiota in rabbits as 
an animal model 

While penicillin-resistant microorganisms were first reported in 1940, the striking 

alteration of normal microbiota in various body parts caused by penicillin administration was 

reported several years later, in 1946 (Keefer, 1951). A sudden change in the bacterial microbiota 

of the throat from Gram-positive genera to Gram-negative genera was observed. Coliform 

bacteria also appeared in the throat throughout the course but, subsequent to treatment, 

coliform organisms gradually disappeared, and the throat became dominated again by Gram-

positive cocci. In some cases, new infections appeared after treatment. Bacteria which are 

present in small numbers and not sensitive to the antibiotic may be proliferating after the 

susceptible organisms are inhibited. In line with other studies of faecal samples and clinical 

observation, it was eventually concluded that the disturbance of the gut microbiota caused by 

the prolonged administration of antibiotics may result in the development of secondary vitamin 

deficiencies (microbiota alterations of function and immunity) or the evolution of new infectious 

disease syndromes (such as antibiotic- induced enteritis caused by Clostridium difficile) (Keefer, 

1951; Smith, 1952; Sullivan et al., 2001). The impact of antimicrobial agents on normal microbiota 

has been studied widely in skin, genitals and gastrointestinal (GI) tracts using culture-dependant 

and culture-free methods (Sullivan et al., 2001). Through advances in technology, it is now 

possible to assess the changes in the gut microbial community in multiple aspects, which include 

metagenomics (total microbiota), metametabolomics (metabolic function) and 

metatranscriptomics (function of transcriptomes) as well as through characterization of the 

development and distribution of resistance mechanisms amongst the microbiota (resistome) 

(Perez-Cobas et al., 2013). 
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Figure 1.3.1. Description of the rabbit’s digestive system (Anonymous, 2014). 

The severity of disturbance of the gut microbiota caused by antibiotics may present 

differently between humans and animal species, depending on their physiological and anatomical 

properties. Rabbits, as well as hamsters and other rodents, are examples of monogastric animals 

that have a delicately balanced gastrointestinal tract (Anonymous, 2014; Johnson-Delaney, 2006), 

that is sensitive to diet changes and certain classes of antibiotics. The rabbit GI tract is a highly 

complex structure that occupies a large proportion of the body cavity with approximately 88% of 

all digestible material contained in the stomach and caecum (Halls, 2008). Indigestible fibre is 

pushed into the colon where it is formed into hard faeces, while the remaining digestible material 

moves into the caecum and is expelled into the colon to form soft pellets which are reingested, 

known as caecotrophs (Figure 1.3.1.) (Anonymous, 2014; Halls, 2008). The digestion process is 

supported by a large and diverse population of microorganisms. The normal functioning and 

movement of the GI tract and the health of its autochthonous microbial community are vital to 

the rabbit’s overall health, but with such a complex system, any disturbance can tip the balance 

into a state of disease, which may rapidly become life-threatening (Meredith, 2010). 

Disturbances in the gut microbiota caused by antibiotics depend on the properties of the 

agents, absorption levels, route of administration and elimination, and possible enzymatic 

inactivation and/or binding to the faecal material by the agents. Generally, the most common 

clinical signs of disturbances in the intestinal microbiota are temporary diarrhoea and fungal 

overgrowth (Sullivan et al., 2001). In rabbits, antibiotic-induced diarrhoea (enteritis), is mainly 

caused by over-proliferation of enterotoxin-producing E. coli, Clostridium perfringens and 

Clostridium spiroforme (Halls, 2005; Prescott, 1978). Enterotoxaemia caused by C. spiroforme is 
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commonly found in recently-weaned fryers (4 to 8 weeks of age) and is thought to be associated 

with high carbohydrate/high protein/low fibre diets; whilst in adults, administration of antibiotics 

is usually the main cause (Halls, 2005). Many antibiotics have been associated with 

enterotoxaemia, including lincomycin, clindamycin, amoxicillin, penicillin, ampicillin, amoxicillin- 

clavulanic acid, erythromycin, and cephalosporins. However, fluoroquinolone antimicrobials, such 

as enrofloxacin are better tolerated by rabbits, presumably due to their limited effect on strictly 

anaerobic bacteria (Kelly and O'Rourke, 2001). 

The fluoroquinolones are synthetic bactericidal agents that are broadly used in both 

human and veterinary medicine for treating a variety of bacterial infections. These agents work 

through the inhibition of DNA gyrase by interfering with the supercoiling and decatenation of 

bacterial chromosomal DNA which are primarily active against Gram-negative bacteria, 

Mycoplasma, and some Gram-positive bacteria (Brown, 1996; Hooper, 2001). The first and 

second-generation fluoroquinolones (nalidixic acid, ciprofloxacin, levofloxacin, enrofloxacin, 

marbofloxacin) have little or no activity against group D streptococci and obligate anaerobic 

bacteria but most of the third and fourth generation fluoroquinolones (moxifloxacin and 

pradofloxacin) have a broader spectrum of activity which includes anaerobes and streptococci 

(Pallo-Zimmerman et al., 2010; Stein, 1996). Fluoroquinolone resistance develops rapidly, varies 

greatly among bacterial species, and can be both chromosomal and plasmid-mediated in origin, 

leading to major public health issues in clinical settings since they are listed as critically important 

to human health (Redgrave et al., 2014). 

Fluoroquinolones can be evaluated by their ability to minimize or limit the clonal 

expansion of resistant mutants present in large populations of bacteria on the basis of their 

mutant prevention concentration (MPC), which has been defined as the minimum inhibitory 

concentration (MIC) of the least susceptible single-step mutant within the population (Blondeau 

et al., 2001; Smith et al., 2003). Compared with other fluoroquinolones such as marbofloxacin, 

enrofloxacin, danofloxacin, sarafloxacin, orbifloxacin, and difloxacin; pradofloxacin has the lowest 

MPCs for both Gram-negative and Gram-positive bacteria; up to 7-fold and 31-fold lower for E. 

coli ATCC 8739 and S. aureus ATCC 6538 (Wetzstein, 2005). In vitro MPC studies indicate the high 

potential of pradofloxacin for restricting the selection and amplification of 1st and even 2nd-step 

fluoroquinolone-resistant mutants naturally present in the population (Schink et al., 2013; 

Wetzstein, 2005). 
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Figure 1.3.2. Chemical structure of fluoroquinolones for animals (left side) and the analogue in 

human medicine (Anonymous, 2015). 

Several veterinary fluoroquinolones have been approved for use in dogs and cats in 

Australia, including difloxacin (2001), enrofloxacin (2004), orbifloxacin (1999), ibafloxacin (2007) 

(Cheng et al., 2012) and more recently pradofloxacin (2014). However, of these five, only 

enrofloxacin, marbofloxacin and pradofloxacin have remained in clinical use. Fluoroquinolones 

have not been approved for use in food-producing animals in Australia but are frequently used 

off-label in non-food-producing species. Pradofloxacin, under the name Veraflox®, has been 

evaluated widely in both in vitro and clinical studies. It is intended to be used for dogs suffering 

from skin infections, periodontal disease, urinary tract infections and cats with wound infections, 

abscesses, and upper respiratory tract infections (Bayer, 2017). 

1.4. Aims and objectives of the present study 

The pilot monitoring programs for AMR in Australian food-producing animals were 

successful in attaining the appropriate samples of bacteria from healthy livestock and provide 

scientific evidence of low risk to human health posed by AMR in locally produced meat and eggs 

in this country (APVMA, 2017; JETACAR, 1999). However, this program was predominantly 

focused on food-producing animals while AMR in companion animals has never been investigated 

in Australia. As a result, Australia has no national data on antimicrobial-resistant companion 

animal pathogens, especially E. coli and Staphylococcus spp. which are the predominant 

pathogens in human medicine that can acquire AMR. Therefore, the first aim of this thesis was to 
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determine the frequency of AMR in a national collection of companion animal pathogens in 

Australia as well as the risk factors for infection by MDR strains. Chapter 2 focuses on the 

frequency of resistance to critically important antimicrobials in clinical E. coli, isolated from dogs, 

cats and horses in Australia. Risk factors for MDR E. coli urinary tract infections are also 

determined. Chapter 3 reports AMR in staphylococcal species causing infections in dogs, cats and 

horses; the frequency of methicillin-resistant S. pseudintermedius (MRSP) and methicillin-resistant 

S. aureus (MRSA) strains in the collection and risk factors for MRSP infection in dogs. In Chapter 4, 

a review of AMR studies related to companion animal pathogens in Australia is presented and 

compared with similar studies in other countries. 

In Chapter 5, antimicrobial effects on faecal microbial diversity and structure are 

investigated and discussed from various metagenomics studies in humans, laboratory animals and 

food production animals. Despite pradofloxacin’s importance as a top shelf reserve antimicrobial 

agent with a wide spectrum of activity and the lowest MPC values of all the fluoroquinolones, 

neither the effect of pradofloxacin on the gut microbial community nor its safety in rabbits, 

rodents and guinea pigs has ever been reported. Thus, the second aim of this thesis is to 

determine whether pradofloxacin is safe for use in rabbits by analysing the changes in microbial 

communities in faecal samples (Chapter 6) and stomach and caecum samples (Chapter 7). The 

gross and histological anatomy of rabbits’ gastrointestinal tracts and clinical signs following up to 

3 days of treatment were also assessed. This second part of the thesis will also provide valuable 

information on the in vivo safety of pradofloxacin, using the relatively new technique of 

microbiota profiling of the gastrontestinal tract. 
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Chapter 2 

Antimicrobial resistance in coagulase-positive staphylococci 

isolated from companion animals in Australia: A one year study 









identified risk factors suggest that it could rapidly increase without adequate biosecurity and

infection control procedures in veterinary practice.

Introduction

Coagulase-positive staphylococci (CoPS) cause a range of infections such us bacteraemia, uri-

nary tract infections, pyoderma, abscess and wound infections in both humans and animals

[1]. Infections are compounded by the emergence of methicillin-resistant strains that have

acquired mecA or mecC imparting resistance to all the beta-lactams with the exception of a few

anti-staphylococci cephalosporins [2]. The major methicillin-resistant CoPS that cause clinical

infections are methicillin-resistant Staphylococcus aureus (MRSA) in both humans and animals

[3], and methicillin-resistant S. pseudintermedius (MRSP) in dogs and cats [4]. MRSA and

MRSP isolates are often resistant to multiple classes of critically important antimicrobials

(CIAs) including fluoroquinolones and aminoglycosides, thereby limiting therapeutic options

to treat these infections. In recent years, studies have demonstrated the emergence and clonal

spread of MRSA in companion animals (defined here as dogs, cats and horses), and livestock,

with potential for bi-directional transmission of these strains between animals and humans

[5–7].

In companion animals, distinct MRSA clones appear to colonise specific animal host spe-

cies. For example, healthcare associated MRSA clone ST22 (EMRSA-15) is most commonly

isolated from dogs and cats while community associated MRSA CC 8 (ST8, ST612 and ST254)

clones are host-adapted to horses [8]. A recent study by Harrison et al. has also demonstrated

that globally disseminated MRSA ST22-IV strains can colonise and cause infection in humans,

dogs, and cats without undergoing typical host adaption involving loss or acquisition of anti-

microbial resistance and/or prophage genes [9]. These studies demonstrate the need for under-

standing the ecology and distribution of MRSA clones in companion animals.

Parallel to the emergence of MRSA in companion animals, MRSP has recently emerged in

dogs and cats as a cause of skin and soft tissue, post-surgical site and urinary tract infections.

Globally, the frequency of MRSP infections in dogs and cats has been increasing and MRSP is

now considered to be one of the most important pathogens in small animal medicine [10].

This is attributed to the global spread of MRSP clones and the associated resistance to other

CIAs such as fluoroquinolones and aminoglycosides. Unlike MRSA in companion animals,

MRSP is not a major zoonotic pathogen and has limited public health impact [10]. However,

due to the limited therapeutic options to treat MRSP infections they are now a major animal

health issue and require careful monitoring and management [11].

Various studies have demonstrated carriage and zooanthroponotic transmission of MRSA

and other multidrug-resistant staphylococci [12] between animals and humans. Consequently,

many countries have established surveillance programs to monitor emerging antimicrobial

resistance in animals, although companion animals are generally poorly represented in these

activities. The frequency and antimicrobial resistance profile of clinical staphylococci in com-

panion animals has been reported in Asia [13, 14], Africa [15], North America and Europe

[16]. Sweden and Norway are among the few countries that monitor the occurrence of these

resistant strains regularly [17, 18], enabling more accurate estimation of frequency, trends and

antimicrobial resistance profiles to be compared on a yearly basis.

In Australia, several one-off studies have documented the recent emergence of MRSA and

MRSP as causes of clinical infections as well as carriage by healthy companion animals [11,
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19–21]. In addition, carriage of MRSA by Australian veterinarians involved in clinical practice

has been well documented with the highest rates of carriage in equine veterinarians (21.4%),

mixed-practice veterinarians (11.8%) and those who work exclusively with dogs and cats

(4.9%) [7, 19, 22]. However, the frequency of methicillin resistance amongst isolates from

infections in companion animals on an Australia-wide level is currently unknown. Therefore,

in the present study, we undertook the first national survey of antimicrobial resistance in

CoPS isolated from clinical infections in Australian companion animals. The aims were to

define the distribution of CoPS species causing clinical infection in companion animals, the

frequency of antimicrobial resistance (particularly methicillin resistance and multidrug resis-

tance) and to examine potential risk factors that may contribute to the occurrence of methicil-

lin-resistant strains amongst the most prevalent species.

Materials and methods

Isolate collection and identification

The CoPS isolates were collected during the first national survey of antimicrobial resistance in

Australian animal pathogens, which took place over 12 months (January 2013 to January

2014) with the cooperation of all veterinary diagnostic laboratories in each Australian state

and territory (n = 22) [23]. Submitting laboratories were instructed to forward coagulase-posi-

tive isolates that were considered to be clinically relevant to the presenting condition, as judged

by the diagnostic microbiologist. The bacteria were isolated from swabs taken from site of

infections or clinical specimens (e.g. urine, biopsies) collected by veterinarians and submitted

to veterinary diagnostic laboratories for routine culture and susceptibility testing. All confiden-

tial information such as animal name, owner name, address and contract information was

removed by the participating veterinary diagnostic laboratories before sending the isolates and

clinical information to The University of Adelaide reference laboratory for this study. As a

result this study did not require animal ethics approval, as per the Australian National Health

and Medical Research Council, Animal Research Ethics code.

Prior to cryopreservation in 20% glycerol broth, isolates were confirmed for purity and hae-

molysis pattern on Columbia sheep blood agar (SBA; Thermo Fisher Scientific Australia), and

identified to genus level using standard phenotypic tests including Gram-stain and the catalase

test. A total of 888 isolates were collected in this study, originating from dogs (n = 743, 83.7%),

cats, (n = 77, 8.7%) and horses (n = 68, 7.7%). To confirm the identity of staphylococci isolates

to species level, all isolates were subjected to MALDI-TOF (Bruker) according to the manufac-

turer’s protocol for bacterial identification.

Antimicrobial susceptibility testing and interpretation

Minimum inhibitory concentrations (MICs) were determined by the broth microdilution

method of the Clinical Laboratory Standards Institute (CLSI) [24] (Table 1). A total of 16 antimi-

crobial agents from 12 antimicrobial classes were investigated including aminoglycosides

(AMK); ansamycins (RIF); β-lactam/β-lactamase inhibitor combinations (AMC); β-lactams

(OXA); fluoroquinolones (CIP, ENR, MRB and PRA); folate-pathway inhibitors (SXT); 1st gen-

eration cephalosporins (CEF); 2nd generation cephamycin (FOX); 3rd generation cephalosporins

(CVN and CRE); lincosamides (CLI); phenicols (CHL); and tetracyclines (TET). Antimicrobials

were obtained from Sigma Aldrich (Australia) and Zoetis (Australia). Staphylococcus aureus
ATCC 25923 and ATCC 29213 were used as control strains. MIC results were interpreted as

resistant (R), susceptible (S) and intermediate (I, if available), according to veterinary specific

and human approved interpretative criteria per Clinical and Laboratory Standards Institute

(CLSI) VET01S guidelines [25]. When clinical breakpoints were not available in CLSI, MICs
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were interpreted based on epidemiological cut-off values (ECOFFs) as non-wild type (non-WT)

organisms derived from assessment of the MIC distribution using ECOFFinder [26, 27] and/or

as published by European Committee on Antimicrobial Susceptibility Testing (EUCAST) [28] as

presented in Table 1.

For S. pseudintermedius, veterinary specific breakpoints were used for AMK, AMC, CLI,

ENR, MRB, PRA and TET; human interpretative criteria were used for CHL, CIP, OXA, RIF

and SXT and ECOFF criteria as defined by ECOFFinder were used for CVN, FOX, CRE and

CEF. For S. aureus, veterinary specific breakpoints were used for AMK, AMC, CEF, CLI, ENR,

MRB, PRA and TET; human interpretative criteria were used for FOX, CHL, CIP, OXA, RIF

and SXT; ECOFF criteria were used for CVN (defined by ECOFFinder) and CRE (defined by

EUCAST). In this study, we used breakpoints for CEF of�0.5 μg/mL instead of�8 μg/mL for

S. pseudintermedius as stated in CLSI VET01S in order to correspond with ECOFF criteria and

presence of mecA genes in the isolates. Also, for dog and horse isolates, the veterinary specific

breakpoint for AMC of�1/0.5 μg/mL was used for isolates from skin and soft tissue infections

(SSTIs) and the breakpoint�16/8 μg/mL (non-susceptible) was used for isolates from urinary

tract infections (UTIs). For cat isolates, a breakpoint for AMC of�1/0.5 μg/mL was used for

both SSTIs and UTIs.

Isolates showing resistance to three or more antimicrobial classes interpreted by clinical

breakpoints were classified as multidrug-resistant (MDR) [29]. The frequency of antimicrobial

resistance according to established breakpoints were described as rare: <0.1%; very low: 0.1%

to 1.0%; low: >1% to 10.0%; moderate: >10.0% to 20.0%; high: >20.0% to 50.0%; very high:

>50.0% to 70.0%; and extremely high: >70.0%; according to the European Food Safety

Authority (EFSA) and the European Centre for Disease Prevention and Control (ECDC) [30].

Confirmation of methicillin resistance status

Phenotypic confirmation of methicillin resistance status for putative MRSA and MRSP strains

was assessed using resistance to cefoxitin and/or oxacillin, as well as colony appearance on Bril-

liance™ Agar MRSA2 (Thermo Fisher Scientific, Australia). Additionally, mecA PCR [31] was

undertaken on all S. aureus isolates with cefoxitin MICs�8 μg/mL and all S. pseudintermedius

Table 1. Antimicrobial agents and MIC breakpoints (μg/mL) used in this study based on CLSI VET01S and ECOFFs criteria.

Antimicrobial agent Code S. pseudinternedius S. aureus

Amikacin AMK �16 �16

Amoxicillin-clavulanate AMC �1/0.5;�16/8 �1/0.5;�16/8

Cefovecin CVN �1 �4

Cefoxitin FOX �1 �8

Ceftriaxone CRE �4 �16

Cephalothin CEF �0.5 �8

Chloramphenicol CHL �32 �32

Ciprofloxacin CIP �4 �4

Clindamycin CLI �4 �4

Enrofloxacin ENR �4 �4

Marbofloxacin MRB �4 �4

Oxacillin OXA �0.5 �4

Pradofloxacin PRA �2 �2

Rifampicin RIF �4 �4

Tetracycline TET �1 �1

Trimethoprim-sulfamethoxazole SXT �4/76 �4/76

https://doi.org/10.1371/journal.pone.0176379.t001
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isolates with oxacillin MICs�0.5 μg/mL as recommended by CLSI VET01S [25]. Methicillin-

resistant staphylococci were reported as resistant to all penicillins, cephems and β-lactams/β-lac-

tamase inhibitor combinations regardless of in vitro test results with those agents [24].

Risk factor analysis

Of the 794 CoPS isolates analysed in this study, a total of 661 (dogs n = 597, 90.3%; cats n = 16,

2.4%; horses n = 35, 5.3%) were accompanied by a detailed clinical history. However, due to

low sample size, only S. pseudintermedius isolates from dogs (n = 555) were further interro-

gated in the risk factors study. S. pseudintermedius that were methicillin-resistant (n = 68) were

used as the outcome in this analysis. The variables for potential risk factors were gender (male

or female), age group (<2 years, 2–10 years or >10 years), previous antimicrobial treatment

(yes/ no), chronic and/or recurrent diseases (yes/ no), and site of infection (ear, urinary tract,

skin and soft tissue, surgical site or respiratory tract). Initially, univariate analyses were used to

assess the effect of various factors on the frequency of methicillin resistance in S. pseudinterme-
dius isolates from dogs. This was followed by construction of a multivariate logistic regression

model to account for the possible effects of confounding and interaction. Age of animal was

forced into the multivariate model as a probable confounder and then each explanatory vari-

able was assessed for its significance on the outcome. The most significant explanatory vari-

ables were then added to the model and the process repeated (by adding only significant

variables) to obtain a main effects model. Two-way interactions between the main effects vari-

ables were then explored and retained when significant at P<0.05. Statistical analyses were

performed using Stata/MP 14.0 (Stata Corp., College Station, TX, USA).

Results

Distribution of staphylococci species

Of the 888 isolates from companion animals submitted by Australian veterinary diagnostic

laboratories for this study, a total of 877 isolates (98.8%) were confirmed to belong to the

Staphylococcus genus. The most commonly identified CoPS were S. pseudintermedius (n = 629)

and S. aureus (n = 117). Other CoPS identified included S. schleiferi (n = 44), S. intermedius
(n = 2) and S. delphini (n = 2). Of the 629 S. pseudintermedius isolates, 97.9% were obtained

from dogs and 2.1% from cats. Of the 117 S. aureus isolates, 45.3% were recovered from horses,

40.1% from dogs, and 14.5% from cats. All S. schleiferi isolates originated from dogs while one

S. intermedius was isolated from a dog and a cat, respectively. Both S. delphini isolates came

from horses. A small number of coagulase-negative staphylococci were also identified, as either

Staphylococcus felis (n = 34) isolated from cats, Staphylococcus epidermidis (n = 10) from dogs

and cats and Staphylococcus sciuri (n = 10) from horses and dogs. Coagulase-negative isolates

were excluded from further analyses.

Phenotypic antimicrobial resistance among S. pseudintermedius

The MIC distribution and frequency of antimicrobial resistance among S. pseudintermedius is

shown in Table 2. Among 81 isolates with oxacillin MICs�0.5 μg/mL, a total of 74 isolates

(11.8%, dog n = 72, cat n = 2) were classified as methicillin-resistant S. pseudintermedius. The

remaining isolates (n = 7) were classified as methicillin-susceptible because of negative results

either on the basis of mecA PCR and colony appearance on Brilliance™ MRSA 2 Agar (S1

Table).

Among dog isolates (n = 616), resistance to AMC (37.5% of isolates; 45.1% for SSTI, 3.5%

for UTI) was most common followed by SXT (37.3%) and TET (22.7%). CLI resistance was
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observed at a moderate level (12.7%). Similarly, a moderate level of resistance was observed to

fluoroquinolones, ranging from 6.5%-8.8% for the four compounds tested in this study (CIP,

ENR, MRB, PRA). Resistance to CHL was observed in 5.7% of isolates. A very low number of

isolates were resistant to AMK (1.1%; n = 7) and RIF (1%, n = 6).

Among cat isolates (n = 13), the most common resistance found was to AMC (53.8% of iso-

lates) and SXT (30.8%). CHL and CLI resistance was detected in 7.7% isolates. Resistance to

AMK, RIF and fluoroquinolones was not detected.

Table 2. MIC distribution and frequency of resistance (%R) among clinical Staphylococcus pseudintermedius isolated from dogs (n = 616) and

cats (n = 13) in Australiaa.

Antimicrobials Animals % R 95% CI Percentage of isolates with indicated MICb

�0.004 0.008 0.016 0.03 0.06 0.13 0.25 0.5 1 2 4 8 16 32 �64

Amikacin Dog 1.1 0.5 2.3 1.3 10.7 59.1 22.6 5 0.8 0.3

Cat 0 0.0 24.7 23.1 53.8 15.4 7.7

Amoxicillin clavulanate Dog (SSTI) 45.1 40.7 49.6 3.4 15.3 12.1 24.1 18.7 14.1 1 1.8 1.6 8

Dog (UTI) 3.6 1.1 9.4 2.7 8.9 14.2 26.6 30.1 13.3 0.9 0.9 2.7

Cat 53.8 26.7 80.9 7.7 23.1 7.7 7.7 23.1 7.7 7.7 15.4

Cefovecin Dog 13.1 10.6 16.1 2.8 71.8 11.5 0.6 3.1 0.6 0.3 0.2 0.2 8.8

Cat 15.4 1.9 45.4 61.5 15.4 7.7 15.4

Cefoxitin Dog 11.5 9.1 14.3 1.3 36.2 40.1 10.7 3.7 3.6 1.9 1.5 0.2 0.5 0.2

Cat 23.1 5.0 53.8 46.2 23.1 7.7 7.7 7.7 7.7

Ceftriaxone Dog 12.8 10.3 15.7 0.2 0.2 0.5 1 37.2 46.9 1.1 2.1 1.1 0.8 8.8

Cat 23.1 5.0 53.8 23.1 53.8 7.7 15.4

Cephalothin Dog 13.5 10.9 16.4 28.4 50.5 7.5 2.9 1 0.5 0.6 1.5 0.8 1.9 4.2

Cat 23.1 5.0 53.8 15.4 61.5 7.7 7.7 7.7

Chloramphenicol Dog 5.7 4.0 7.8 0.2 0.5 54.1 39 0.6 0.2 5.5

Cat 7.7 0.2 36.0 38.5 53.8 7.7

Ciprofloxacin Dog 8.1 6.1 10.6 0.2 0.5 12 61.5 12.7 2.9 1.3 0.6 1 7.1

Cat 0.0 0.2 36.0 23.1 53.8 15.4 7.7

Clindamycin Dog 12.7 10.1 15.5 0.2 10.7 69 6.3 0.5 0.3 0.2 0.5 0.6 11.5

Cat 7.7 0.2 36.0 7.7 84.6 7.7

Enrofloxacin Dog 8.1 6.1 10.6 0.2 0.6 15.9 56.3 12.3 3.6 2.1 0.6 0.8 7.3

Cat 0 0.0 24.7 15.4 69.2 15.4

Marbofloxacin Dog 8.8 6.7 11.3 0.5 0.2 5.4 61 19.2 4.5 0.3 1.3 7.5

Cat 0 0.0 24.7 84.6 15.4

Oxacillin Dog 12.7 10.1 15.5 0.2 2.1 61.2 23.7 1.5 0.8 0.8 0.8 0.3 0.3 1.3 6.8

Cat 23.1 5.0 53.8 76.9 7.7 15.4

Pradofloxacin Dog 6.5 4.7 8.7 5.7 38.8 42 2.9 1.5 1.3 1.1 5.7 0.8 0.2

Cat 0 0.0 24.7 46.2 38.5 7.7 7.7

Rifampicin Dog 1 0.1 2.1 37 58.9 2.9 0.2 1

Cat 0 0.0 24.7 38.5 61.5

Tetracycline Dog 22.7 19.5 26.2 18.7 52.1 6.2 0.3 0.2 0.2 11 11

Cat 15.4 1.9 45.4 38.5 30.8 15.4 15.4

Trimethoprim sulfamethoxazole Dog 37.3 33.5 41.3 0.3 0.6 4.7 33 8.1 15.7 26.9 1.1 9.3

Cat 30.8 9.1 61.4 30.8 38.5 23.1 7.7

a Among dog isolates, SSTI n = 503, UTI n = 113, cat isolates SSTI n = 10, UTI n = 3.
b Unshaded areas show the dilution range for each drug. Vertical solid lines indicate veterinary specific breakpoints.

Double vertical solid lines indicate human interpretative criteria. ECOFFs are indicated as vertical dotted lines. Resistance to CVN, FOX, CRE, CEF and

OXA after confirmation of methicillin resistance status is presented in S2 Table.

https://doi.org/10.1371/journal.pone.0176379.t002
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Phenotypic antimicrobial resistance among S. aureus

The MIC distribution and frequency of antimicrobial resistance among S. aureus is shown in

Table 3. Overall, 12.8% of the S. aureus isolates were methicillin-resistant, including six isolates

from horses (11.3%), six isolates from dogs (12.8%), and three isolates from cats (17.6%).

Among methicillin-susceptible S. aureus, resistance to at least one or more β-lactam antimicro-

bials was observed in three isolates (2.6%).

Among isolates from horses (n = 53), resistance to AMC and TET was high (47.1% and

32.1%, respectively). Resistance to SXT was observed in 13.2% of isolates and resistance to

AMK and RIF in 9.4% of isolates. Resistance to CHL and fluoroquinolones was observed at a

low level (1.9%). Resistance to CLI was not observed.

Among dog isolates (n = 47), AMC (57.4% of isolates; 59.5% for SSTI, 0% for UTI) and

CVN (14.9%) had the highest rates of resistance. Resistance to fluoroquinolones was observed

in 8.5% of isolates. A low frequency of resistance (2.1%) was observed for AMK and CHL.

Among cat isolates (n = 17), resistance to AMC was the most common (58.8%), followed by

resistance to fluoroquinolones (11.8%). Resistance to five antimicrobials (AMK, CHL, CLI,

RIF and SXT) was not detected.

Resistance profiles of S. pseudintermedius isolates

The resistance profiles of the S. pseudintermedius isolates are presented in Table 4. In total,

51.2% of S. pseudintermedius isolates were fully susceptible to eight antimicrobial classes. The

proportion of single drug resistance in S. pseudintermedius was 38.1%, with single SXT resis-

tance the most common pattern (18.8%). MDR was observed in 83 isolates (13.2%) including

74 isolates that were regarded as MRSP based on phenotypic characteristics and mecA PCR

and nine S. pseudintermedius isolates that were methicillin-susceptible. The most common

MDR pattern was resistance to phenicols, lincosamides, fluoroquinolones (FQN), β-lactams,

tetracycline and folate-pathway inhibitors (CHL-CLI-FQN-OXA-TET-SXT) in 23 canine

MRSP isolates. Methicillin resistance was significantly associated with resistance to CLI (OR

105.2, 95%CI 48.5–231.9), FQN (OR 287; 95%CI 91.2–1144.8), TET (OR 7.5, 95%CI 4.4–13.1)

and SXT (OR 8.5, 95%CI 4.6–16.6).

Resistance profiles of S. aureus isolates

The resistance profiles of S. aureus isolates are shown in Table 5. In total, 68.4% of S. aureus
isolates were fully susceptible to eight antimicrobial classes. MDR was detected with a fre-

quency of 12.8%, including six MRSA isolates from horses, six MRSA isolates from dogs and

three MRSA isolates from cats. Resistance to TET was the most common pattern observed in

horse isolates (17%) and dog isolates (6.4%). Dog and cat isolates were more likely to be resis-

tant to fluoroquinolones (OR 5.4, 95%CI 0.6–252.1), which was also always associated with

methicillin resistance, compared to horse isolates. Horse isolates were more likely to be amika-

cin-resistant (OR 6.5, 95%CI 0.7–315.2) compared to dog and cat isolates. All rifampicin-resis-

tant S. aureus isolates from horses (n = 5) were methicillin-resistant.

Risk factors for MRSP in dogs

In univariate analysis, there was no significant difference in the proportion of MRSP isolates

between female versus male dogs; chronic versus non-chronically diseased dogs; or the various

age groups (Table 6). Site of infection and prior antimicrobial treatment were significantly

associated with MRSP isolation and were retained in the multivariate model. In multivariate

analysis, after controlling for the confounding effect of age, isolates from particular infection
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Table 5. Resistance profile per antimicrobial class found in clinical Staphylococcus aureus isolates from horses, dogs and cats in Australia

(2013–2014)

Resistance profilea No. of isolates (%)

Horse (n = 53) Dog (n = 47) Cat (n = 17)

0: NIL 33 (62.3) 33 (70.2) 14 (82.3)

1: FOX - 2 (4.2) -

1: CHL - 1 (2.1) -

1: TET 9 (17) 3 (6.4) -

1: SXT 2 (3.8) 2 (4.2) -

2: AMK-TET 3 (5.7) 1 (2.1) -

2: FOX-FQN 1 (1.9) 3 (6.4) 2 (11.8)

2: FOX-TET - 1 (5.9)

2: TET-SXT - 1 (2.1) -

3: FOX-FQN-LNC - 1 (2.1) -

4: FOX-RIF-TET-SXT 2 (3.8) - -

5: AMK-FOX-RIF-TET-SXT 2 (3.8) - -

5: FOX-CHL-RIF-TET-SXT 1 (1.9) - -

Total MRSA 6 (11.3) 6 (12.8) 3 (17.6)

Total MDR 6 (11.3) 6 (12.8) 3 (17.6)

a Antimicrobial classes included: aminoglycosides (AMK); 2nd cephemycins (FOX, representing methicillin resistance); lincosamides (CLI), phenicols (CHL),

fluoroquinolones (FQN, including CIP, ENR, MRB, PRA); ansamycin (RIF); tetracyclines (TET); and folate-pathway inhibitors (SXT). NIL, none.

https://doi.org/10.1371/journal.pone.0176379.t005

Table 6. Univariate analysis of risk-factor variables from Staphylococcus pseudintermedius isolates from dogs in Australia (n = 555). Odds ratios

define the risk of isolates being classified as methicillin-resistant strains.

Risk factor n %MRSP OR P value 95% CI

Age in years

<2 51 5.9 Ref

2–10 391 13.3 2.45 0.143 0.74–8.17

<10 113 8.8 1.56 0.518 0.41–5.9

Chronic and recurrent disease

No 492 12 Ref

Yes 63 9.5 0.77 0.567 0.32–1.87

Prior antimicrobial treatment

No 419 9.3 Ref

Yes 136 19.1 2.3 0.002 1.34–3.95

Sex

Male 247 11.3 Ref

Female 308 12 1.07 0.805 0.563–1.8

Site of infection

Ear 255 6.3 Ref

Skin and soft tissue 138 19.6 3.63 <0.000 1.88–7.01

Urinary tract 104 5.7 0.91 0.865 0.34–2.4

Surgical site 42 35.7 8.3 <0.000 3.7–18.63

Respiratory tract 16 6.2 1 0.997 0.12–8.02

https://doi.org/10.1371/journal.pone.0176379.t006
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Discussion

This is the first comprehensive study describing the distribution of antimicrobial susceptibility

profiles in CoPS isolated from clinical infections in companion animals in Australia. This study

generated three major findings: 1) The frequency of MRSP and MRSA isolation from clinical

infections in companion animals in Australia was estimated as moderate (11.8% and 12.8% of

total isolates for each species, respectively); 2) Resistance to critically important antimicrobials

used in human medicine (fluoroquinolones, amikacin) remains very low to low among Austra-

lian companion animal CoPS; and 3) Prior antimicrobial treatment was identified as a significant

risk factor for isolation of MRSP from dogs with surgical site, skin and soft tissue infections.

MRSP infections are increasingly reported in veterinary practice, spreading among compan-

ion animals and to a lesser extent among veterinarians [10]. The increased frequency of MRSP

that are MDR poses a serious concern for biosecurity and infection control in veterinary prac-

tices, due to limited therapeutic options and the ease of transmission between animals. In parallel

to other noteworthy studies from Australia [11], MRSP isolates were resistant to more antimi-

crobial classes than MRSA isolates, exemplified by the high proportion of MRSP isolates showing

resistance to more than six antimicrobial classes (n = 29, 4.8%), while this level of multidrug

resistance was not identified in any S. aureus isolates. Compared to similar surveys in other

countries conducted over the same time period, the frequency of methicillin-resistant strains

among canine S. pseudintermedius in Australia (11.8%) was significantly higher (P<0.0001) than

that reported in Sweden (0.4%) [17] and Norway (0.5%) [18]. However, resistance to clindamy-

cin in S. pseudintermedius in Australia (12.7%) was significantly lower (P = 0.0001) than in Swe-

den (21.6%). While a high level of amikacin resistance in S. pseudintermedius isolates has been

demonstrated in some studies [32], we found that only a very low proportion of companion ani-

mal S. pseudintermedius isolates from Australia were resistant to this critically important human

drug (n = 7; 1.1%). It is therefore recommended that use of amikacin in veterinary medicine con-

tinues to be reserved for MDR infections identified on the basis of culture and susceptibility test-

ing when no other drug class is available [33].

In the only other comparable study conducted in 2006 in two regions of Australia, involving

both clinical and non-clinical (i.e. carriage) of Staphylococcus spp. isolates from dogs and cats

(n = 331), the frequency of methicillin-resistant (mecA) and β-lactam-resistant (blaZ) strains

was only 3% and 6.9%, respectively [20, 34]. Although methodologies for sampling, testing and

data interpretation were somewhat different to this study, it might indicate that methicillin

resistance amongst Australian companion animal staphylococci has substantially increased in

less than a decade.

In a recent Australian study, colonisation of veterinarians by MRSA was dominated by

strains belonging to CC8 MRSA (ST8-IV [2B], spa t064; and ST612-IV [2B], spa variable).

These were strongly associated with equine practice veterinarians and were often resistant to

Table 7. Odds ratios showing the likelihood of isolates being methicillin-resistant in Staphylococcus

pseudintermedius isolates from dogs in Australia for different combinations of site of infection in the

host and exposure of the host to prior antimicrobial treatment.

Prior antimicrobial treatmenta Surgical site Skin and soft tissue

n OR; 95%CI n OR; 95%CI

No 19 5.4; 1.65–17.39 96 2.9; 1.32–6.45

Yes 23 15.7; 5.37-46-19 42 6.1; 2.51–14.84

a Reference value isolates obtained from dogs with ear infections that did not receive prior antimicrobial

treatment.

https://doi.org/10.1371/journal.pone.0176379.t007

Antimicrobial resistance in coagulase positive staphylococci in Australia

PLOS ONE | https://doi.org/10.1371/journal.pone.0176379 April 21, 2017 12 / 17



rifampicin and gentamicin [19]. MRSA CC8 (ST8 and ST612) is the most commonly identified

clone among both Australian veterinarians and clinical equine samples [35]. Similarly, in the

present study, a high proportion of MRSA isolates from cases of infection in Australian horses

were also resistant to rifampicin (9.4%) but rarely resistant to fluoroquinolones. Rifampicin is

almost exclusively used in equine practice, where it is combined with a macrolide for the oral

treatment of Rhodococcus equi infections in foals [35, 36]. The equine MRSA isolates identified

in the present study were sensitive to range of additional antimicrobial classes including chlor-

amphenicol and fluoroquinolones, demonstrating that additional therapeutic options were

still available for treating MRSA infections in horses.

The significant association between methicillin resistance and fluoroquinolone resistance

in Staphylococcus spp. isolates from dogs and cats in this study reflects the observation that a

high proportion of Australian MRSP isolates may belong to internationally disseminated fluo-

roquinolone-resistant clones such as ST71 and ST45 [11, 37], whereas MRSA isolates are likely

to belong to ST22-IV [2B], spa variable, commonly found in small animal practice veterinari-

ans in Australia [19, 38] and community-acquired infections [39]. A comparative genomics

study is currently underway to determine genetic similarity of methicillin-resistant isolates in

this study. Comparative genomics represents the most rapid, cost effective and accurate tech-

nique for molecular typing including determination of sequence type.

The most important finding from the risk factors study was that particular sites are associated

with the risk of a S. pseudintermedius infection being methicillin-resistant. In agreement with the

present study, other studies have also found that isolates from surgical site infections were at

higher risk of being resistant to methicillin when compared to other sites [10, 40]. In parallel to

the work here, animals that were hospitalised, visited veterinary clinics frequently or had previ-

ous antimicrobial treatment were at higher risk for MRSP infections [41]. Compared to studies

from 2006, [20, 34] it appears that MRSP infections are becoming increasingly common in veter-

inary companion animal practice in Australia. The results strongly reinforce the need for veteri-

narians to place a high priority on implementing infection control procedures, biosecurity and

antimicrobial stewardship such as those recommended by the Australian Veterinary Association

[42]. Understanding potential factors that lead to emerging resistance may aid in the develop-

ment of strategies that could curtail the ongoing spread of MRSP within veterinary hospitals.

This study has some limitations. Inclusion of isolates was performed at the convenience

and discretion of the animal owners (who would be expected to pay for tests at the primary

laboratory), the consulting veterinarian (who may or may not favour sensitivity testing), and

the primary laboratory (who may or may not be interested in the study). Consequently, the

resulting size and direction of bias in estimates of resistance frequency is difficult to define.

Further, the small sample size of methicillin-resistant feline isolates led to wide confidence

intervals, limiting our ability to draw statistically significant conclusions on feline isolates.

Future studies should therefore focus on achieving a sufficiently large collection of isolates

from cats to increase the accuracy of these estimates. Despite these shortfalls, we are unaware

of any collection of isolates that is as representative of the Australian population of companion

animals, both in terms of size and geographic diversity. Certainly the data presented here sur-

passes what is currently available elsewhere in the literature [20, 43] and is therefore a useful

basis for reviewing prescribing practices for staphylococcal infections in companion animals

both in Australia, and more broadly.

Conclusions

This study shows that antimicrobial resistance is commonly present in the coagulase-positive

staphylococci cultured from animal infections in companion animals in Australia. Of greatest
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concern is the occurrence of moderate levels of MRSP and MRSA, some of which are also

resistant to fluoroquinolones. The data provides important baseline measurements for future

surveillance and international benchmarking. A strong association of MRSP with surgical site

infections in dogs suggests that there could be shortfalls in infection control in animal hospi-

tals. Periodically repeated surveys of this type are crucial for understanding the trends in emer-

gence and dissemination of antimicrobial resistance in companion animals.
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Supplementary information 
S1 Table. Determination of methicillin resistance in S. pseudintermedius and S. aureus isolates from 

dogs, cats and horses in Australia based on phenotypic characteristic and mecA PCR. 

Species Lab ID 
Animal 
origin 

IZD (mm) MIC (µg/mL) Colony appearance in 
BrillianceTM MRSA2 

mecA PCR 
detection FOX OXA FOX OXA 

S. pseudintermedius N13/1/238 Dog 24 0 1 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/359 Dog 25 0 1 ≥64 Pale blue- slow growth Yes 
S. pseudintermedius N13/1/373 Dog 21 0 4 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/438 Dog 28 0 1 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/480 Dog 20 0 16 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/634 Dog 26 0 2 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/649 Dog 23 0 2 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/651 Dog 24 0 2 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/704 Dog 25 0 2 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/748 Dog 22 0 4 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/839 Dog 23 0 2 ≥64 Pale blue Yes 
S. pseudintermedius N13/4/115 Dog 24 0 8 ≥64 Pale blue Yes 
S. pseudintermedius N13/4/121 Dog 25 10 2 ≥64 Pale blue Yes 
S. pseudintermedius N13/4/123 Dog 24 0 4 ≥64 Pale blue Yes 
S. pseudintermedius N13/4/25 Dog 33 0 2 ≥64 Pale blue- slow growth Yes 
S. pseudintermedius N13/4/39 Dog 31 15 1 ≥64 Pale blue- slow growth Yes 
S. pseudintermedius N13/4/52 Dog 32 0 2 ≥64 Pale blue Yes 
S. pseudintermedius N13/4/75 Dog 30 10 1 ≥64 Pale blue- slow growth Yes 
S. pseudintermedius N13/4/94 Dog 23 0 8 ≥64 Pale blue Yes 
S. pseudintermedius Q13/1/190 Dog 20 0 8 ≥64 Pale blue Yes 
S. pseudintermedius Q13/1/243 Dog 26 0 2 ≥64 Pale blue Yes 
S. pseudintermedius Q13/1/294 Cat 14 0 32 ≥64 Pale blue Yes 
S. pseudintermedius Q13/1/311 Dog 29 0 0.5 ≥64 Pale blue Yes 
S. pseudintermedius Q13/1/317 Dog 23 0 8 ≥64 Pale blue Yes 
S. pseudintermedius Q13/1/326 Dog 28 0 8 ≥64 Pale blue Yes 
S. pseudintermedius Q13/3/18 Dog 26 0 4 ≥64 Pale blue Yes 
S. pseudintermedius Q13/3/24 Dog 26 0 2 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/18 Dog 22 0 4 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/125 Dog 33 16 4 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/133 Dog 29 0 2 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/140 Dog 32 0 2 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/152 Dog 26 0 8 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/191 Dog 28 0 1 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/393 Dog 25 0 8 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/407 Dog 28 0 1 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/413 Dog 21 0 1 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/440 Dog 29 0 0.5 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/441 Dog 30 0 1 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/475 Dog 30 0 1 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/488 Dog 30 0 1 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/52 Dog 18 0 32 ≥64 Pale blue Yes 
S. pseudintermedius V13/2/92 Cat 30 12 2 ≥64 Pale blue Yes 
S. pseudintermedius W13/1/11 Dog 24 0 4 ≥64 Pale blue Yes 
S. pseudintermedius N13/1/103 Dog 23 0 8 32 Pale blue Yes 
S. pseudintermedius N13/1/304 Dog 12 0 32 32 White blue Yes 
S. pseudintermedius N13/1/580 Dog 28 10 4 32 Pale blue Yes 
S. pseudintermedius N13/1/77 Dog 27 17 2 32 Pale blue Yes 
S. pseudintermedius Q13/1/35 Dog 25 0 2 32 Pale blue Yes 
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Environmental exposure and direct exposure to companion animals
play important roles in transmission of resistant bacteria (Abraham
et al., 2014b; Groves et al., 2016; Guardabassi et al., 2004). Frequent or
intimate contact between companion animals and humans increases
potential for transmission of resistant bacteria to humans, as readily
transferable strains have been documented in several studies (Johnson
et al., 2009).

MDR E. coli is increasing in frequency in both human and compa
nion animal settings, including strains possessing extended spectrum β
lactamases (ESBLs). Public health implications of ESBLs in animal iso
lates have mainly been considered in food producing animals (Abraham
et al., 2014a; Jahanbakhsh et al., 2016), but should also be extended to
companion animals. Similarly, human to animal transmission is just as
significant an issue for strains that predominately infect humans, such
as 025b:ST131 and O75:ST1193 (Platell et al., 2011, 2012).

Monitoring of ongoing emergence and dissemination of resistance is
a critical component of management systems that aim to keep re
sistance at low levels (WHO, 2014). Many countries have established
surveillance programmes to understand the emergence and severity of
resistance in major pathogenic bacteria in both and humans and ani
mals (EFSA and ECDC, 2015). These activities enable the early detec
tion of the acquisition and spread of antimicrobial resistance. In Aus
tralia, surveillance of human pathogens conducted by the Australian
Group of Antimicrobial Resistance (AGAR) shows an increasing trend in
the frequency of resistance amongst E. coli, especially involving the
major classes of antibiotics used for treatment in humans (Turnidge
et al., 2014). Recently, AMR in clinical E. coli isolated from food pro
ducing animals in Australia has been reported (Abraham et al., 2015).
However, current frequency of AMR in companion animals (defined
here as dogs, cats and horses) remains unknown although the presence
of multidrug resistance in pathogenic E. coli from dogs has been re
ported in some localised studies (Guo et al., 2013, 2015). Therefore, as
part of the first Australia wide survey of antimicrobial resistance in
pathogens from animals, we generated antimicrobial susceptibility data
for putative pathogenic E. coli isolated from companion animals with
clinical illness. We used epidemiological cut off values (ECOFFs) re
commended by the European Committee on Antimicrobial Suscept
ibility Testing (EUCAST) to define wild type populations and the Clin
ical Laboratory Standards Institute (CLSI) veterinary and human
breakpoints to define the frequency of AMR from both a veterinary and
public health standpoint. We then used these data to determine mul
tiple resistance patterns and identify potential risk factors for UTI by
strains defined as MDR E. coli in dogs and cats.

2. Material and methods

2.1. Isolates collections and identifications

Clinical E. coli isolates were obtained from 22 government, private
and university veterinary diagnostic laboratories throughout Australia
from January 2013 January 2014. Isolates were collected as part of the
first nation wide survey of antimicrobial resistance in animals in
Australia (Abraham et al., 2015; Saputra et al., 2017). These isolates
were accompanied by clinical history and a laboratory submission re
port with the details of the client having been de identified. Attributes
of each case (age, gender, infection site, prior antimicrobial treatment)
were extracted from clinical histories to use in the study of risk factors
for MDR E. coli infection. Although all isolates had been identified as E.
coli by submitting laboratories, this was repeated by detection of the E.
coli specific universal stress protein A (uspA) gene (Chen and Driffiths,
1998), performing the indole spot test (BactiDrop™ Spot Indole, Ther
mofisher Scientific) as well as observing colony morphology pattern on
Sheep Blood Agar (SBA) prior to cryopreservation of isolates in 20%
glycerol broth.

2.2. Antimicrobial susceptibility testing (AST)

Minimum inhibitory concentrations (MICs) were determined using
broth microdilution performed in 96 well plates by the method of CLSI
(CLSI, 2013). Susceptibility to a total of 15 antimicrobial agents from 9
antimicrobial categories was assessed, including: amikacin (AMK) and
gentamicin (GNT), from the aminoglycosides (AMG); amoxicillin cla
vulanic acid (AMC) from β lactam/β lactamase inhibitor combinations
(BLI); ampicillin (AMP) from the β lactam (BLA) group; imipenem
(IMP) from carbapenems (CRB), cephalothin (CEF), from the 1st gen
eration cephalosporins (1GC); cefoxitin (FOX) a 2nd generation ce
phamycin (2GC); cefovecin (CVN), ceftiofur (CTR) and ceftriaxone
(CRO), representing 3rd generation cephalosporins (3GC); ciprofloxacin
(CIP), enrofloxacin (ENR), marbofloxacin (MRB) and orbifloxacin
(ORB), representing fluoroquinolones (FQN); and tetracycline (TET).
The antimicrobials were all obtained from Sigma Aldrich except for
CVN and CTR, which were obtained from Zoetis (Australia). Quality
controls were monitored on every MIC testing by using E. coli ATCC
25922 as a control strain.

2.3. Interpretation of antimicrobial susceptibility profiles

Each isolate was designated as non wild type (non WT) to each
antimicrobial based on ECOFFs published by the EUCAST or assessment
using actual MIC distribution with ECOFFinder (Turnidge et al., 2006).
This interpretation aimed to assess “microbiological resistance” for
detection emerging resistance in the community. Further, to assess
“clinical resistance” (to advise on therapy in the patients) and public
health significance, MIC results were also interpreted based on both
veterinary and human clinical breakpoints according to CLSI VET01S
(CLSI, 2015a) and CLSI M100 S25 (CLSI, 2015b) as listed in Table 1.
Additionally, AGAR have used the term “non susceptibility” to include
both intermediate and resistance isolates interpreted based on CLSI
clinical breakpoints (Turnidge et al., 2014). Note that non WT isolates

Table 1
Determination of non-wild type (non-WT) organisms based on epidemiological cut-off
values (ECOFFs) and resistant (R) organisms based on clinical breakpoints according to
CLSI documents.

Antimicrobials Code Non-WT R1 R2

Amikacin AMK ≥16 ≥64 ≥16
Ampicillin AMP ≥16 ≥32 ≥1 and ≥16a; ≥32b,c

Amoxicillin-clavulanate AMC ≥32 ≥32 ≥1/0.5 and ≥16/8a,b; ≥32/
16c

Cefoxitin FOX ≥16 ≥32 –
Ceftiofur CTR ≥2 – ≥8
Ceftriaxone CRO ≥0.25 ≥4 –
Cefovecin CVN ≥4 – ≥4
Cephalothin CEF ≥32 ≥32 ≥8a: ≥32b,c

Ciprofloxacin CIP ≥0.12 ≥4 –
Enrofloxacin ENR ≥0.25 – ≥4
Gentamicin GEN ≥4 ≥16 ≥8a,c; ≥16b

Imipenem IPM ≥2 ≥4 ≥4
Marbofloxacin MRB ≥0.25 – ≥4
Orbifloxacin ORB ≥1 – ≥8
Tetracycline TET ≥4 ≥16 ≥16

For dog isolates, an AMP breakpoint ≥1 μg/mL was used for SSTI and ≥16 μg/mL for
UTI, an AMC breakpoint ≥1/0.5 μg/mL was used for SSTI and ≥16/8 μg/mL for UTI. An
AMC breakpoint ≥1/0.5 μg/mL was used for both UTI and SSTI isolates from cats. A CEF
resistance breakpoint ≥8 μg/mL was used for isolates from dogs and was adapted from
veterinary breakpoints established for bovine mastitis. Proposed breakpoints for cefo-
vecin were established in this study.

1 Clinical breakpoints were adapted from human interpretative criteria according to
CLSI M100 S25.

2 Veterinary clinical breakpoints were adapted according to CLSI VET01S.
a Breakpoints used for dog isolates.
b Breakpoints used for cat isolates.
c Breakpoints used for horse isolates.
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as defined by ECOFFs may or may not respond clinically to anti
microbial treatment while resistant isolates defined by CLSI clinical
breakpoints are not likely to respond clinically to the usually achievable
concentrations of the agent with normal dosage regiments (CLSI,
2015a; Silley, 2012).

The frequency of non WT, non susceptibility or resistance for each
antimicrobial was described as rare:< 0.1%; very low: 0.1% to 1.0%;
low:> 1% to 10.0%; moderate: > 10.0% to 20.0%; high:> 20.0% to
50.0%; very high:> 50.0% to 70.0%; and extremely high:> 70.0%;
according to the European Food Safety Authority (EFSA) and the
European Centre for Disease Prevention and Control (ECDC) (EFSA and
ECDC, 2015). Resistance profiles were generated using CLSI clinical
breakpoints which include intermediately resistant and resistant iso
lates (i.e. non susceptible isolates), and this interpretation was retained
in order to classify isolates as MDR for the risk factors study. Given the
differences in ampicillin, amoxicillin clavulanate and 1st generation
cephalosporin clinical breakpoints established on the basis of pharma
cokinetics for skin and soft tissue vs urinary tract infection sites in
companion animals, strains were defined as MDR if they showed re
sistance to at least one drug in three or more antimicrobial classes using
human clinical breakpoints, as previously described (Magiorakos et al.,
2012).

2.4. Detection of β lactamase genes

Following phenotypic detection of non WT isolates to either car
bapenems or 3rd cephalosporins/cephamycins (MICs for imipenem
≥1 μg/mL; ceftriaxone ≥0.25 μg/mL; ceftiofur ≥2 μg/mL; cefovecin
≥4 μg/mL and/or cefoxitin ≥16 μg/mL), isolates were screened by
PCR for the major groups of genes encoding β lactamases including
blaIMP, blaCTX M, blaCMY 2 and blaTEM (Abraham et al., 2015; Dallenne
et al., 2010).

2.5. Statistical analysis and risk factors study for multidrug resistant E. coli

All statistical analyses were performed using Stata 14.0 (Stata Corp.,
College Station, TX, USA) (Barlow et al., 2015). MIC distributions were
produced per animal category with corresponding 95% confidence in
tervals (CIs) for the proportion of isolates showing non susceptibility to
each antimicrobial. For the assessment of risk factors, only E. coli iso
lates originating from UTI in dogs (n = 366) and cats (n = 306) were
analysed for factors contributing to isolation of a MDR E. coli strain
since there were too few isolates from SSTI and from horses to be in
cluded. AMC was excluded during risk factor analysis for the cat iso
lates because the veterinary clinical breakpoint is actually lower than
the wild type ECOFFs. The proportion of E. coli isolates expressing
multidrug resistance was derived for combinations of possible risk
factors, including animal (dogs and cats), age group (< 2, 2 10 years
and>10 years), sex (male and female), chronic and recurrent diseases
(yes/no), concurrent diseases, such as diabetes, kidney and immune
disease (yes/no), and the source case having received prior anti
microbial treatment (yes/no). Univariate and multivariate analyses
based on logistic regression were used to assess the effect of various
factors on the proportion of resistant vs susceptible isolates. MDR E. coli
isolates (interpreted by human clinical breakpoints) were used as the
outcome. In multivariate logistic regression, variables with a significant
result from univariate analysis (P< 0.2) were included in the model to
obtain a main effects model. Two way interactions arising from the
main effects were retained where significant (p < 0.05).

3. Results

3.1. Isolate MIC distributions according to host species

Overall, 883 isolates were confirmed as E. coli using the uspA PCR
and spot indole test. Among these clinical E. coli, 514 isolates (58.2%)

originated from dogs, 341 isolates (38.6%) from cats, and only 28
isolates (3.2%) from horses. Isolates were obtained from all mainland
states of Australia, with over 45% of the isolates originating from New
South Wales (NSW) (Table 2). The distribution of MIC values and
overall frequency of non WT and resistance based on ECOFFs, veter
inary and human clinical breakpoints are presented for all anti
microbials in Table 3.

3.2. Frequency of resistance among clinical E. coli according to CLSI
breakpoints

Most notably, resistance to carbapenems (imipenem) was not de
tected in any isolates (0/883, 0%). Among the dog isolates (n = 514),
the highest frequency of resistance based on veterinary breakpoints was
to CEF (n = 486, 94.6%) followed by AMC (n = 234, 45.5%) and AMP
(n = 227, 44.2%). However, if human clinical breakpoints were used,
the percentage of isolates exhibiting resistance to CEF, AMC and AMP
was reduced to 21.6% (n = 111), 27.8% (n = 143) and 11.3%
(n = 58), respectively. The frequency of resistance to 3GC used in ve
terinary (CTR and CVN) and human medicine (CRO) was moderate
with frequencies of 10.1% (n = 52), 10.9% (n = 56) and 10.3%
(n = 53), respectively. Resistance frequency to FQN was slightly lower
at 9.1% (n = 47) for CIP and ENR and 9.3% (n = 51) for MRB and
ORB. Low levels of resistance to AMK (n = 8, 1.6%) and GEN (n = 25,
4.9%) were also recorded.

Among cat isolates (n = 341), all isolates (100%) would be classi
fied as resistant to AMC based on recently approved veterinary specific
breakpoints, but if human clinical breakpoints were used, the frequency
of resistance was markedly lower (n = 26, 7.6%). The frequency of
resistance to 3GC (n = 29, 5.6% for CTR and CRO; n = 33, 6.5% for
CVN), FQN (n = 11, 3.2%) and GEN (n = 6, 1.8%) was significantly
lower among cat isolates compared to dog isolates (P < 0.05).

With such a low number of isolates obtained from horses in the
nation wide study (n = 28), confidence intervals were large, however,
the frequency of resistance to CIA was generally higher than observed
for cat and dog isolates including aminoglycosides (AMK n = 3, 10.7%;
GEN n = 11, 39.3%), 3GC (n = 9, 32.1%), and FQN (n = 7, 25%)
based on veterinary specific breakpoints.

For the remainder of the antimicrobials, interpretation of MIC re
sults using either ECOFFs, or human and veterinary specific breakpoints
did not differ significantly.

3.3. Frequency of resistance and non WT among clinical E. coli according
to site of infection

Generally, the proportion of isolates showing resistance to each
antimicrobial was lower among E. coli obtained from canine UTI
(n = 392, 76.3%) compared to SSTI (n = 122, 23.7%) but did not
reach significance. However, based on EUCAST ECOFFs, among dog
isolates, a significantly higher proportion of non WT isolates from SSTI
was observed for CEF, 3GC and TET (P < 0.05) compared to UTI.
Among cat isolates, the proportion of non WT isolates from SSTI

Table 2
Number of total E. coli isolated from clinical infections in dogs, cats and horses from five
regions in Australia.

Region No. of isolates % Animal origin

Dog Cat Horse

New South Wales (NSW) 403 45.6 233 157 13
Queensland (QLD) 236 26.7 130 100 6
Victoria (VIC) 212 24.0 124 82 6
South Australia (SA) 25 2.8 21 2 2
Western Australia (WA) 7 0.8 6 0 1
Total 883 100 514 341 28
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(n = 21, 6.2%) was significantly higher compared to UTI (n = 320,
93.8%) in FQN and TET (P < 0.05) (Table 4).

3.4. Phenotypic resistance patterns derived from veterinary and human
clinical breakpoints

Overall, 541 isolates (61.3%) were susceptible to all antimicrobial
agents, interpreted according to CLSI clinical breakpoints. A moderate
proportion of dog isolates (n = 93, 18.1%) and cat isolates (n = 40,
11.7%) and a high proportion of horse isolates (n = 12, 42.9%) were
classified as MDR (Table 5). The most common resistance profile was
BLA BLI detected in 71 isolates while the most common MDR profile
was BLA BLI 2GC 3GC observed in 20 dog isolates and 8 cat isolates. A
total 13 isolates, including 10 isolates from dogs, two isolates from cats
and one isolate from a horse shared a MDR profile to seven anti
microbial classes (AMG BLA BLI 2GC 3GC FQN TET).

3.5. Presence of β lactamase genes

Corresponding with the interpretation of imipenem susceptibilities,
blaIMP was not detected in any isolate with an MIC>0.5 μg/mL.
Among 112 isolates that satisfied the selection criteria and were
screened for β lactamase genes, blaCMY 2 was dominant, having been

detected in 58 isolates (51.8%), followed by blaTEM (n = 48; 42.9%)
and blaCTX M (n = 23; 20.5%). A total of 28 isolates (25%) contained
both blaCMY 2 and blaTEM; 13 isolates (11.6%) contained blaCTX M and
blaTEM and four isolates (3.6%) contained blaCMY 2 and blaCTX M. A total
of 27 isolates that satisfied the β lactamase screening criteria were
negative for all resistance genes tested.

3.6. Risk factors associated with MDR E. coli in urinary tract infections

The epidemiological data and univariate analysis for the risk factors
study are shown in Table 6. E. coli urinary tract infections were more
common in female dogs (n = 264, 72.1%) and cats (n = 222, 72.5%).
There was a significant difference in the proportion of E. coli isolates
expressing multidrug resistance in two potential risk factor groups,
those reported to have chronic infection and prior antimicrobial treat
ment. A significant association of MDR E. coli with age groups including
2 10 years and> 10 years, concurrent disease and prior antimicrobial
treatment was observed in dog isolates only. In multivariate analysis,
chronicity of UTI was the factor that remained significantly associated
with MDR E. coli isolates in dog (OR 4.3; 95%CI 2.1 9; P < 0.0001)
and cat isolates (OR 3; 95%CI 1.2 7.4; P < 0.02). However, after in
clusion of interaction terms, dogs and cats with chronic UTI that had
been previously treated with antimicrobials were eight times and six

Table 3
MIC distribution and frequency of non-wild type (non-WT, based on ECOFFs) and resistant isolates (R, based on CLSI breakpoints) among E. coli obtained from dogs (n = 514), cats
(n = 341) and horses (n = 28) in Australia.

*Unshaded areas show the dilution range for each drug. Epidemiological cut-off values (ECOFFs) are indicated as vertical dotted lines. 1Frequency of resistance according to human
clinical breakpoints (CLSI M100 S25), indicated by double vertical solid lines. 2Frequency of resistance based on veterinary clinical breakpoints (CLSI VET01S), indicated by vertical solid
lines.
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times more likely to be infected with MDR E. coli compared to dogs and
cats with acute UTI and/or no history of prior antimicrobial treatment,
respectively (Table 7).

4. Discussion

In this study, we report the findings of the first nation wide survey
of antimicrobial resistance in clinical E. coli isolated from dogs, cats and
horses in Australia. Major findings from this study are: 1) the overall
frequency of resistance to CIA registered for veterinary use in dog iso
lates was classified as low for FQN (9.1% 9.3%) and moderate for 3GC
(10.1% 10.9%), whilst it was low among cat isolates (FQN 3.2% 5%;
3GC 5.6% 6.5%); (2) among dog and cat isolates, resistance to CIA
registered in human medicine was either not reported (carbapenems) or
low (amikacin; 1.5% 1.6%); and 3) chronic and/or recurrent disease
and prior antimicrobial treatments were the main risk factors for the
isolation of MDR E. coli from UTI in both dogs and cats.

To date, information related to the frequency of resistance among
companion animal clinical E. coli to CIA classes in Australia is very
limited. Since large scale surveys of companion animals for AMR have

not been performed previously, it is uncertain over what timescale re
sistance has evolved. Ideally, resistance to CIA would be detected early
and this may only happen if such surveys are performed at regular time
intervals. In contrast to pathogenic E. coli in companion animals, more
information is available for commensal E. coli (Barlow et al., 2015) and
for some pathogenic E. coli (Abraham et al., 2015) from Australian li
vestock, but once again, these studies are very recent and require on
going surveillance to determine trends. For example, the frequency of
resistance to CIA in both commensal and pathogenic E. coli from live
stock is negligible in Australia, possibly because of strict regulation of
antimicrobials in food animals and/or animal management systems that
do not favour bacterial disease (Barlow et al., 2015; Cheng et al., 2012).
By comparison, treatment of infections in companion animals closely
mirrors human medicine, with veterinarians able to prescribe 3GC and
FQN registered for use in dogs and cats, largely without any restrictions
other than the availability of prudent use guidelines (AIDAP, 2016).
Furthermore, companion animal veterinarians in Australia do have
access to off label use of human formulations (e.g. amikacin and car
bapenems), and although the numbers of animals actually treated with
these drug classes is thought to be very limited (Gibson et al., 2008),

Table 4
Percentage of non-WT (based on ECOFFs) and resistance (based on CLSI clinical breakpoints) in E. coli obtained from dogs (n = 514), cats (n = 341) and horses (n = 28) by site of
infection.

Antimicrobial
agents

Dogs Cats Horses

ECOFF CLSI ECOFF CLSI ECOFF CLSI

UTI n = 392 SSTI
n = 122

UTI n = 392 SSTI
n = 122

UTI n = 320 SSTI
n = 21

UTI n = 320 SSTI
n = 21

UTI n = 4 SSTI
n = 24

UTI n = 4 SSTI
n = 24

Amikacin 1.8 0.8 1.8 0.8 1.2 4.8 1.2 4.8 0 12.5 0 12.5
Ampicillin 26.7 35.2 26.8 100 26.3 31.8 26.3 33.3 0 58.3 0 58.3
Amoxicillin-

clavulanate
10.2 14.6 28.6 100 7.8 4.8 100 100 0 20.8 0 20.8

Cefoxitin 12.2 15.6 9.2 14.8 9 9.5 5.6 9.5 0 41.7 0 41.7
Ceftiofur 10.2a 18.9 8.7 14.8 6.6 9.5 5.3 9.5 0 37.5 0 37.5
Ceftriaxone 10.2a 20.5 8.9 14.8 8.1 9.5 5.3 9.5 0 41.6 0 41.6
Cefovecin 9.9a 17.2 9.2 16.4 7.2 9.5 6.3 9.5 0 33.3 0 33.3
Cephalothin 11a 18 95.4 92.6 8.6 9.5 15 14.3 0 45.8 0 45.8
Ciprofloxacin 9.4 13.9 8.2 12.3 3.1b 14.3 2.8 9.5 0 29.2 0 29.2
Enrofloxacin 12 15.6 8.2 12.3 4.7b 14.3 2.8 9.5 0 33.3 0 33.3
Gentamicin 4.3 6.6 4.3 6.6 2.5 4.8 1.6 4.8 0 45.8 0 45.8
Imipenem 0 0 0 0 0 0 0 0 0 0 0 0
Marbofloxacin 11.7 16.4 8.4 12.3 4.4b 14.3 2.8 9.5 0 33.3 0 33.3
Orbifloxacin 11.7 14.6 8.4 12.3 3.8b 14.3 2.8 9.5 0 29.2 0 29.2
Tetracycline 14.3a 26.2 16.3 25.4 10.9b 23.8 9.1 23.8 25 54.2 25 54.2

*Clinical breakpoints for FOX, CRO and CIP were adapted from CLSI M100 S25.
a A significantly lower proportion (P < 0.05) of non-WT was observed in dog isolates from UTI compared to SSTI (CTR, CRO, CVN, CEF and TET).
b A significantly lower proportion (P < 0.05) of non-WT was observed in cat isolates from UTI compared to SSTI (CIP, ENR, MRB, ORB and TET).

Table 5
The most prevalent resistance profile per antimicrobial category found in clinical E. coli isolated from dogs (n = 514), cats (n = 341) and horses (n = 28) in Australia based on CLSI
human clinical breakpoint data.

No. antimicrobial category No. of isolates (%) Resistance pattern (no. of isolates)

Dogs Cats Horses

All susceptible 541 (61.3) 302 227 12
1 83 (9.4) BLI (29) BLA (15) TET (2)
2 95 (10.8) BLA-BLI (38) BLA-BLI (32) BLA-BLI (1)
3 42 (4.8) BLA-BLI-TET (14) BLA-BLI-TET (9) BLA-BLI-2GC (1)
4 43 (4.9) BLA-BLI-2GC-3GC (20) BLA-BLI-2GC-3GC (8) AMG-BLA-BLI-TET (1)
5 26 (2.9) AMG-BLA-BLI-FQN-TET (5) AMG-BLA-BLI-FQN-TET (5) AMG-BLA-BLI-FQN-TET (2)
6 21 (2.4) AMG-BLA-BLI-3GC-FQN-TET (4) AMG-BLA-BLI-2GC-3GC-FQN (2) AMG-BLA-BLI-3GC-FQN-TET (4)
7 13 (1.5) AMG-BLA-BLI-2GC-3GC-FQN-TET (10) AMG-BLA-BLI-2GC-3GC-FQN-TET (2) AMG-BLA-BLI-2GC-3GC-FQN-TET (1)
Non-MDR 738 (83.6) 420 301 16
MDR 145 (16.4) 93 40 12

*Antimicrobial categories included: aminoglycosides, AMG (AMK and GEN); penicillin, BLA (AMP), beta-lactam/inhibitors, BLI (AMC), 2nd generation cephalosporins, 2GC (FOX); 3rd
generation cephalosporins, 3GC (CVN, CTR, CRO), fluoroquinolones, FQN (CIP, ENR, MRB and ORB); and tetracycline, TET.

S. Saputra et al. Veterinary Microbiology 211 (2017) 43–50

47



antimicrobial stewardship programmes governing use are still in their
infancy (Abraham et al., 2014b).

International comparison of the results obtained in this study are
difficult to interpret due to differences in study design, drugs tested,
breakpoint determination, and temporal or geographic variation. In
comparison with an analogous study in the USA conducted over a five
year period (2008 2013; dog isolates n = 2390; cat isolates n = 780)
using CLSI breakpoints (Thungrat et al., 2015), a moderately high level
of resistance was observed among dog isolates to FQN (CIP 10.7%; ENR
11.7%) and a low level among cat isolates (CIP 5.3%; ENR 5.9%). In our
Australian study, when we applied the same clinical breakpoints to our
data, we observed a similar though slightly lower level of resistance to
CIP and ENR among dog (both 9.1%) and cat isolates (both 3.2%).
Resistance to GEN in the Australian study was also lower (dog isolates
4.9%, cat isolates 1.8%) compared to the US study (dog isolates 8.5%;
cat isolates 5.9%).

Additionally, using cefotaxime and cefpodoxime as representatives
of the 3GC class, the proportion of resistant isolates in the US study
ranged from 13.4% 13.9% among dog isolates and 7.6% 9.5% among
cat isolates, which is analogous to our Australian study (dog isolates
11.5% 12.6%, cat isolates 6.7% 8.2%). However, in contrast to these
two studies, a surveillance study conducted in Sweden among clinical E.
coli isolated from UTI in dogs (n = 943) and cats (n = 461) in 2014,
showed a very low to low frequency of non WT isolates for the critically
important antimicrobials such as 3GC (cefotaxime: dogs 0.7%, cats 1%)
and FQN (dogs 7%; cats 7%) (Swedres Svarm, 2015) when ECOFFs
were used. In our study, low and moderately high proportions of iso
lates from UTI cases were classified as non WT for both 3GC (CRO: dogs
10.2%, cats 8.1%) and FQN (dogs 12%, cats 4.7%) using the same
breakpoints.

Comparison of AMR among human isolates from Australia obtained
over a similar time scale is difficult, as in 2013, AGAR switched to

surveying AMR in blood sepsis isolates only, whereas in previous sur
veys they alternated each year between hospital and community
sourced isolates. Nevertheless, comparison with data from the AGAR
2012 report, confirmed that the proportion of non susceptibility for
some CIA was generally higher among dog isolates and lower among cat
isolates. The non susceptibility rate of CRO and CIP in E. coli isolates
causing UTI in humans (n = 2025) was 4.2% and 6.9%, respectively
(Turnidge et al., 2014) while in our study, the proportion of non sus
ceptibility among dog isolates was 8.9% and 8.2%, respectively. Re
sistance to CRO in cat isolates was also slightly higher (5.3%) but much
lower for CIP (2.8%) when compared to human isolates. By using the
same definition, the proportion of multidrug resistance (non suscept
ibility to three or more antimicrobial classes) among human isolates
(n = 1871) was 13.8%, while among dog isolates it was much higher
(18.1%) and slightly lower among cat isolates (11.7%).

Although the frequency of multidrug resistance among horse E. coli
isolates was much higher compared to dog and cat isolates, the sample
size was extremely small compared to the total population of horses in
Australia. Nevertheless, the fact that a number of equine isolates were
resistant to amikacin, a critically important drug only registered for use
in humans in Australia, raises some concerns that should be followed up
with a further survey on larger numbers of horses. However, a study in
the UK recommended that WHO designated and prioritised critically
important antimicrobials should be discouraged from use as first line
therapies in horses, especially with the significant increase in resistance
among clinical E.coli to these drug classes and reports of extended
spectrum β lactamase (ESBL) genes being identified in equine isolates
(Johns and Adams, 2015).

As reported previously, blaCMY 2 and blaCTX M genes are the most
frequent AmpC β lactamase and ESBL encoding genes identified in both
human and veterinary medicine (Abraham et al., 2015; Sidjabat et al.,
2014), and are often associated with blaTEM on MDR plasmids (Hordijk

Table 6
Univariate analysis of risk-factor variables from MDR E. coli isolated from UTI in dogs (n = 366) and cats (n = 306). Odds ratios define the risk of isolates being classified as MDR.

Risk factor Dogs Cats

n %MDR OR P value 95% CI n %MDR OR P value 95% CI

Age in years
< 2 45 4.4 Ref 9 11.1 Ref
2–10 154 18.9 5 0.033 1.1–21.8 78 9 0.8 0.834 0.1–7.3
<10 167 17.4 4.5 0.045 1–19.7 219 12.3 1.1 0.913 1.1–9.3

Sex
Male 102 16.7 Ref 84 13.1 Ref
Female 264 16.3 1 0.93 0.5–1.8 222 10.8 0.8 0.576 0.4–1.7

Chronic and recurrent diseases
No 317 12.6 Ref 276 10.5 Ref
Yes 49 40.8 4.8 <0.0001 2.5–9.2 30 20 3.2 0.011 0.8–5.6

Concurrent diseases
No 323 14.6 Ref 268 11.6 Ref
Yes 43 30.2 2.5 0.011 1.3–5.2 38 10.5 0.9 0.85 0.3–2.7

Prior antimicrobial treatment
No 301 13.6 Ref 275 10.5 Ref
Yes 65 29.2 2.6 0.003 1.4–5 31 19.4 2 0.151 0.8–5.4

Table 7
Odds ratios showing the likelihood of E. coli isolates obtained from UTI in dogs and cats being MDR using chronicity of infection and exposure of the host to prior antimicrobial treatment
as the variables.

Prior antimicrobial treatment Dogs Cats

Chronic Non chronic Chronic Non chronic

n OR; 95%CI n OR; 95%CI n OR; 95%CI n OR; 95%CI

Yes 22 8.3; 3.2–21.3 43 1.8; 0.7–4.3 6 4.8; 0.8–28 25 2; 0.6–6.5
No 27 4.2; 1.7–10.5 274 Ref. 25 23.1; 1.1–8.7 250 Ref.
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et al., 2013). In this study, blaCMY 2 and blaCTX M were collectively
identified in 68.7% (77/112) of E. coli isolates with a 3GC and 38.4%
(43/94) of isolates with FQN non WT phenotype. A comparative
genomics study is currently underway to confirm phylogenetic groups,
multilocus sequence types, plasmids, and resistance genes in selected
MDR E. coli isolates from this study.

Owing to the much larger number of dog and cat isolates, it was
possible to identify potential risk factors for isolation of MDR E. coli
from UTI, with the most significant factors being the presence of
chronic and/or recurrent disease and prior use of antimicrobial agents.
Although UTIs are positively associated with older aged and/or female
dogs and cats (Thompson et al., 2011), we found that there was no
significant correlation between these two variables and frequency of
antimicrobial resistance. Another study identified that the proportion of
MDR E. coli from dogs with complicated UTI was significantly higher
(36%) compared to isolates from dogs with uncomplicated infections
(21%) (Wong et al., 2015). Previous antimicrobial treatments also
significantly influenced the likelihood of the E. coli isolate to exhibit a
MDR phenotype, in particular resistance to 3GC and FQN (Leite Martins
et al., 2014). A study in cats also showed that prior antimicrobial
treatment significantly influenced the risk of AMR while the type of
infection did not reach significance (Hernandez et al., 2014). Other
factors in addition to predisposing disease condition and prior treat
ment with antimicrobials that could not be examined in the present
study include number of previous hospitalizations and length of hos
pitalization which have both been associated with carriage of MDR
extraintestinal pathogenic E. coli in dogs (Gibson et al., 2008).

This study has some limitations. One major factor is the current
differences in interpretative criteria applied to AST results. Much higher
rates of resistance were observed for some antimicrobials (AMP, AMC
and CEF), according to the latest veterinary specific breakpoints (CLSI),
particularly according to body site specific breakpoints (SSTI compared
to UTI breakpoints), which is in contrast with an interpretation based
on EUCAST ECOFFs or human specific CLSI clinical breakpoints
(Table 3). If only veterinary specific clinical breakpoints were applied,
many SSTI isolates would be classified as resistant even though their
ECOFFs indicate that they are wild type E. coli. This is important from a
PK/PD and antibiotic stewardship perspective, but it gives neither an
indication of the isolate’s propensity to carry β lactamase genes nor its
public health significance. Further, the estimates of frequency of re
sistance amongst horse isolates had very wide confidence limits owing
to the small sample size. Future studies should therefore focus on
achieving a sufficiently large collection of isolates from horses to in
crease the accuracy of frequency estimates beyond that obtained here.
Caution must therefore be exercised in making any public health re
commendations based on the resistance frequencies generated in this
study using veterinary specific breakpoints. Despite these shortfalls, we
are unaware of any collection of E. coli isolates that is as representative
of the Australian population of dogs and cats, both in terms of size and
geographic source.

5. Conclusion

In conclusion, using a combination of ECOFFs and CLSI clinical
breakpoints, the first Australia wide survey of antimicrobial resistance
in pathogenic E. coli originating from companion animals identified no
resistance to carbepenems and low to moderate levels of resistance to
other CIA (amikacin, 3GC and FQN) in cat and dog isolates. Pathogenic
E. coli isolates from horses represented only a small fraction of the total
and it is recommended this group of animals is more appropriately
targeted in future surveys. Dogs and cats with chronic and/or recurrent
UTI or that had previous antimicrobial treatment/s were at increased
risk of yielding a MDR E. coli isolate on a urine culture and suscept
ibility test. To maintain or even lower these levels of resistance, it is
crucial for all veterinarians and pet owners to reduce inappropriate
antimicrobial use by following prudent use guidelines and reduce the

potential for transmission by applying biosecurity, infection control and
antimicrobial stewardship strategies in companion animal practice.
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Abstract 

Globally, antimicrobial resistance (AMR) is considered to be a dire threat to the health 

and well-being of humans and animals. A key step in controlling the dissemination of 

antimicrobial-resistant bacteria is to monitor their occurrence in hosts. Historically, the role of 

companion animals in the ecology of AMR has received comparatively little attention and thus 

very few countries include companion animals in their AMR surveillance efforts. In this review 

we summarize recent AMR studies attempting to quantify the presence of AMR in pathogens 

isolated from companion animals in Australia and compare them to other countries. In 

Australia, a nationwide survey of pathogenic coagulase-positive staphylococci (CoPS, including 

Staphylococcus pseudintermedius and Staphlylococcus aureus) and Escherichia coli isolated 

from companion animals has been recently conducted. The findings provide evidence of 

emerging antimicrobial resistance issues and the potential for bi-directional transmission of 

antimicrobial-resistant bacteria between companion animals and humans. Such studies are 

also invaluable for informing treatment choices for common bacterial infections encountered 

in veterinary practice. Further, in order to maximise the gain from such work in the future, a 

harmonised and co-ordinated process for collection and laboratory-evaluation of the AMR 

status of pathogens from companion animals needs to be established. 

Keywords: antimicrobial resistance, companion animals, S. pseudintermedius, S. aureus, E. coli 

Background 

Companion animals (dogs, cats and horses) have become an integral part of modern 

society. According to a recent survey by Animal Medicines Australia (AMA, 2016) almost two in 

five Australian households have dogs (38%) while nearly three in ten households have cats 
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(29%), with an average of 1.3 dogs and 1.4 cats per household. The proportion of households 

owning horses is much lower (less than 3%). The relationship between these animals and 

humans has drastically changed through the years, in particular dogs and cats. More than 65% 

households viewed dogs and cats as part of the family while less than 25% viewed them as a 

companion.  The term “fur baby” is a colloquial expression now used to describe this 

phenomenon (AMA, 2016) indicating that humans are having more personal and closer 

physical contact with companion animals. Consequently, the possibility for bi-directional 

transmission of zoonotic pathogens has increased. This can occur by direct contact or 

indirectly through environmental contamination. Additionally, the demand for antibiotics for 

companion animals in Australia has increased by nearly 20%, although it comprises only 5% of 

market share of pet healthcare products (AMA, 2016). This high demand reflects incremental 

increasing antibiotic consumption that may increase selective pressures for AMR among 

companion animal bacterial pathogens. Over 80% of Australian veterinary graduates seek 

employment in the companion animal sector (Heath, 2002). Therefore, two issues need to be 

considered in companion animal veterinary medicine as it is currently practised in Australia:  

1) Development of antimicrobial resistance among commensal and pathogenic bacteria

isolated from companion animals.

2) The risk of zoonotic transmission of antimicrobial-resistant bacteria to in contact
humans, in companion animal hospitals, the family home and community settings.

Antimicrobial use and antimicrobial resistance in companion animal 
pathogens 

There is an increasing body of evidence supporting the direct association between 

antimicrobial use and emergence of antimicrobial resistance in companion animal pathogens. 

A study conducted in Canada showed increased resistance to cephalothin, enrofloxacin and 

gentamicin in staphylococci isolates from dogs related to increased use of those antibiotics 

during the period 1984-1998 (Prescott et al., 2002). A Swedish study also demonstrated 

increased lincosamide resistance in staphylococci isolates from canine pyoderma in parallel 

with increased used of clindamycin during the period 1990-1998. The higher level of co-

resistance to other antibiotics such as tetracycline and streptomycin in recurrent cases  may 

also have been influenced by the use of lincosamides (Holm et al., 2002). Another study in the 

USA in 1997 showed an increase in fluoroquinolone resistance amongst E. coli isolates from 

canine urinary tract infections (UTIs) following increased enrofloxacin use in the previous year 

(Cooke et al., 2002). 
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Zoonotic and nosocomial transmission in veterinary hospital settings 

Zoonotic transfer of pathogens between humans and animals has also been reported 

to occur in veterinary hospitals. In most cases, colonisation of cats and dogs by zoonotic 

pathogens usually occurs without the presence of overt clinical signs (van Duijkeren et al., 

2011a). More physical contact and interaction with animals has been shown to result in higher 

probably of colonisation by zoonotic pathogens such as coagulase-positive staphylococci (S. 

pseudintermedius and S. aureus) and extraintestinal pathogenic E. coli. In support of this, the 

prevalence of methicillin-resistant S. aureus (MRSA) colonisation among Australian 

veterinarians was higher among equine vets (11.9%) and small animals practitioners (4.9%), 

compared to veterinarians who have had less interaction with animals (industry and 

government veterinarians) with only 0.9% of a total of 771 participants (Jordan et al., 2011). A 

more recent Australian study also found 8% of 46 veterinary personnel carried MRSA, while 

none carried MRSP (Worthing et al., 2018: under review). Molecular typing suggests that 

particular MRSA clones are found in specific animal groups and the veterinarians that treat 

these animals (Worthing et al., 2017). For instance, in a follow up to the MRSA nasal 

colonisation study among Australian veterinarians, ST22-IV MRSA were the most common 

MRSA clones identified in cats and dogs as well as veterinarians treating cats and dogs 

(Loeffler et al., 2005; Worthing et al., 2017) while ST8-IV MRSA was common amongst both 

horses and equine veterinarians (Groves et al., 2016; Worthing et al., 2017). These results 

were similar to those obtained in studies undertaken in the UK and Ireland (Moodley et al., 

2006). 

While MRSA carriage is frequently reported among veterinarians, MRSP carriage is a 

more recent observation. A Danish study demonstrated that MRSP colonisation occurred 

among 4% of veterinarians (5/128 participants) (Paul et al., 2011). Whilst MRSP transmission 

between animals and humans is quite rare, transmission between animal species (i.e. dogs and 

cats) has also been reported; and usually results from a single resistant clone circulating within 

a pet population (van Duijkeren et al., 2011a; van Duijkeren et al., 2011b; Zubeir et al., 2007). 

MRSP zoonotic infections have also been reported in dog owners who are immunosuppressed 

(Stegmann et al., 2010) and direct link between MRSP carriage in a dog and MRSP infection in 

its owner with skin and soft tissue infections has been recently found (Somayaji et al., 2016).  

Evidence of transmission of Gram-negative pathogens between animals and humans, 

has also been found in both the family home (Johnson et al., 2009) and veterinary hospital 

settings (Sidjabat et al., 2006a). This is particularly the case for multidrug-resistant extraintestinal 

pathogenic Escherichia coli (ExPEC) expressing AmpC and CTX-M β-lactamases and/or 
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fluoroquinolone resistance (Guo et al., 2015; Sidjabat et al., 2006a). It is presumed that the 

faecal–oral route is the most likely mode of transmission (Sidjabat et al., 2006a). 

Unexpectedly, carbapenem-resistant Enterobacteriaceae (CRE) were also recently isolated 

from a clinically unwell cat and several in contact healthy cats in an animal shelter in Australia, 

raising the concern that shelters and veterinary hospitals could potentially play a role in the 

dissemination of MDR pathogens and their genes (Abraham et al., 2016). Genome sequencing 

of the isolates which belong to ST19 revealed that the plasmid pIMP4-SEM1 carrying blaIMP-4 

showed greatest similarity to two blaIMP-8 carrying IncHI2 plasmids from Enterobacter spp. 

isolated from humans (Abraham et al., 2016).

AMR in clinical isolates of coagulase positive staphylococci from 
companion animals in Australia 

In Australia, the issues associated with antimicrobial resistance among bacteria 

infecting companion animals were first raised by Love (1989) who highlighted the 

susceptibility profiles of staphylococci isolates submitted through the Veterinary Pathology 

Diagnostic Service at the University of Sydney from 1982-1988. A further survey was 

conducted in the following years until July 1993 (Barrs et al., 1996) Among a total of 485 

isolates, cloxacillin/oxacillin resistance in S. aureus and S. intermedius (since reclassified as S. 

pseudintermedius) (Sasaki et al., 2007) was not detected. The authors highlighted the 

importance of monitoring susceptibility patterns in staphylococci isolates, as they may change 

over time due to evolving prescribing practices in the hospital. Since then, several one-off 

surveys and case reports describing clinical cases of antimicrobial resistance in major 

pathogens (coagulase-positive staphylococci and E. coli) in companion animals have been 

reported in Australia, as presented in Table 1. 

A study from veterinary clinics in Adelaide was among the first reports describing 

MRSA in dogs in Australia (Malik et al., 2006) In total, the proportion of methicillin-resistant 

staphylococci was 4% of 252 samples, covering healthy and diseased dogs and cats. The MRSA 

strains, confirmed by detection of the mecA gene, were successfully isolated from dogs with 

clinical disease only (n=2), and showed resistance to all antimicrobials tested except for 

rifampicin and vancomycin. Demonstrating how antimicrobial-resistant strains can appear in 

unexpected ways, a clone of MRSA typically found among livestock-associated strains was 

recently reported in a cat in Australia (Worthing et al., 2016). The MRSA isolate harboured a 

mecC gene and was clonal type ST425, a type which had hitherto been restricted to cattle in 

Europe (Worthing et al., 2016) Despite the occasional occurrence of ‘livestock-associated’ 
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MRSA (Abraham et al., 2017) clones in companion animals, screening companion animal-

derived collections of clinical strains for genetic host adaptation markers reveals that most are 

‘human-adapted’ MRSA clones, suggesting that the rare cases of MRSA infection and/or 

carriage in companion animals usually originate from humans (Worthing et al., 2017). 

MRSP in Australia was first reported more than a decade ago (Barton et al., 2003) 

however, this report which was documented by personal communication could not be verified 

by testing the isolate. Further cases of MRSP infection were reported in a study conducted in 

2011 and 2012 by collecting clinical samples from a veterinary dermatology referral clinic in 

Australia (Siak et al., 2014). More recently, the whole genome profiling of MRSP isolates has 

shed more light on its epidemiology in this country (Siak et al., 2014; Worthing et al., 2018). 

The first comprehensive study describing MRSP from Western Australia examined 171 samples 

from dogs with S. pseudintermedius pyoderma and found twelve isolates (7%) were MRSP 

(Siak et al., 2014). The MRSP isolates were characterised using dru typing, which revealed that 

most isolates were dru type dt11cb. This same dru type was found in isolates  from Western 

Australia in a subsequent study (Worthing et al., 2018). Molecular analysis revealed that 

Australian MRSP isolates from diseased dogs and cats are phylogenetically diverse, 

demonstrate geographic clustering and exhibit more co-resistance compared to MRSA 

(Saputra et al., 2017b; Worthing et al., 2018). Genotyping and phylogenetic analysis also 

revealed that the globally dominant MRSP clone, ST71, is present in Australia and closely 

related to European strains of ST71, indicating that ST71 MRSP in Australia may have 

originated in Europe (Worthing et al., 2018). 

The first nationwide survey of AMR in companion animal pathogens in Australia has 

recently provided deeper insights into the frequency of AMR among CoPS and E. coli. To some 

extent, the earlier reported frequencies of methicillin-resistant staphylococci, 4% in a study of 

S. aureus isolates completed in 2006 (Malik et al., 2006) and 7% in S. pseudintermedius isolates 

from 2011-2012 (Siak et al., 2014), were significantly lower compared to the national survey 

conducted in 2013-2014 which identified MRSP and MRSA frequencies of 12.8% and 12.8%, 

respectively (Saputra et al., 2017b) (Table 1).  This may indicate an increase in the occurrence 

of resistance in staphylococci associated with companion animals. However, these data should 

be interpreted with caution because of different sampling methods and antimicrobial 

susceptibility testing, making direct comparison between studies problematic.  
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Table 1. Summary of antimicrobial susceptibility attributes of clinical CoPS and E. coli isolates in companion animals in Australia 
Species Sampling period State AST method No of AM 

tested 
Findings Ref. 

Staphylococci isolates from dogs 
(n=190) 

1982-1988 NSW Disc diffusion 11 - resistance to cloxacillin, amoxiclav, neomycin and kanamycin were not
detected in S. intermedius1 and S. aureus

(Love, 1989) 

Staphylococci isolates from dogs 
(n=268) 

October 1987-July 
1993 

NSW Disc diffusion 15 - resistance to cloxacillin/oxacillin, amoxiclav, norfloxacin and cephalothin were 
not detected in S. intermedius and S. aureus

(Barrs et al., 
1996) 

MDR E. coli from dogs (n=10) Clinical cases-18 
months period 

QLD Disc diffusion 8 - no imipenem and amikacin resistance
- the first report of combined 3GC and FQN resistance in dogs in Australia

(Warren et 
al., 2001) 

Staphylococci from healthy dogs 
(n=55) and cats (n=51); diseased 
dogs (n=141;  cats (n=5) 

unspecified SA broth 
microdilution 

13 - MRSA isolates obtained from two infected dogs
- no vancomycin and rifampin resistance
- identical mecA genes to that found in human strains

(Malik et al., 
2006) 

Extraintestinal pathogenic E. coli 
(ExPEC) from dogs (n=11) 

unspecified QLD Broth 
microdilution 

20 - first report on the detection of plasmid-mediated blaCMY-7 in animal isolates
in Australia

(Sidjabat et 
al., 2006b) 

E. coli (dogs n=59 and cats n=17)
and S. intermedius (dogs n=21)

October 2004-
May 2007 

NSW Agar dilution, 
E-test

6 - no FQN resistance in all cat isolates and S. intermedius
- 12 out of 56 E. coli isolates are FQN resistant strains

(Gottlieb et 
al., 2008) 

MDR E. coli n=76 isolated from 47 
dogs, 5 cats, 4 horses, one koala 

October 1999-
December 2007 

QLD Disc diffusion 5 - all isolates were resistant to FQN except two isolates
- high resistance to cefoxitin (84%) and 3GC (50%) in (group A and B1 and 
chloramphenicol (53%) in group A

(Gibson et 
al., 2010) 

FQN resistant E. coli n=125 (canine 
n=120 and feline n=5) 

October 2007-
October 2009 

NSW, QLD, 
VIC 

Disc diffusion 7 - a strong association of FQN resistance and MDR phenotypes
- exhibited co-resistance to tetracycline (75%), cefalotin (69%), SXT (69%),
amoxicillin/clavulanic acid (53%)

(Platell et 
al., 2010) 

S. pseudintermedius isolated from
19 dogs with pyoderma

February 2011-
November 
2012 

WA Disc diffusion 15 - twelve isolates were identified as MRSP by mecA PCR
- exhibited co-resistance to erythromycin (91.6 %), gentamicin (83.3 %),
ciprofloxacin (83.3 %), chloramphenicol (75 %), clindamycin (66 %), 
oxytetracycline (66%) and tetracycline (50 %) 

(Siak et al., 
2014) 

Clinical E. coli (n=148) from dogs 
and cats 

unspecified NSW Disc diffusion 
and e-test 

2 -resistance to titarcillin/clavulanic acid was 6% total E. coli as determined by
disc diffusion

(Bennett et 
al., 2013) 

Clinical E. coli (n=29) from dogs 
and cats with UTI 

Clinical cases-6 
months period 

NSW Disc diffusion 
and e-test 

2 -resistance to doxycycline and tetracycline was 13.8%, as determined by dick
diffusion

(Wilson et 
al., 2006) 

Clinical E. coli n=883 (dogs n=514, 
cats n=341 and horses n=28) 

January 2013-
January 2014 

NSW, QLD, 
VIC, SA, WA 

broth 
microdilution 

15 - no imipenem resistance, amikacin resistance was observed at a low level
- resistance to FQN was higher in dog isolates (9.1%–9.3%) compared to cat
isolates (3.2%–5%); frequency of MDR was 18.1%, 11.7% and 42.9% in dog, cat
and horse isolates, respectively.

(Saputra et 
al., 2017a) 

Clinical staphylococci isolates from 
dogs, cats and horses (n=877) 

January 2013-
January 2014 

NSW, QLD, 
VIC, SA, WA 

broth 
microdilution 

16 - frequency of MRSP and MRSA in companion animals was 11.8% and 12.8%,
respectivelywhich were highly associated with resistance to FQN

(Saputra et 
al., 2017b) 

1Staphylococcus pseudintermedius is the most common cause of bacterial skin infections in dogs, previously identified as S. intermedius. *Note: AST, antimicrobial susceptibility testing; AM, antimicrobial; 3GC, third generation 
cephalosporins; FQN, fluoroquinolones.



59 

Table 2. Recent trends of antimicrobial resistance in major pathogens companion animals in other countries 

Species Sampling 
period 

Country AST method No of AM 
tested 

Findings Ref. 

Clincal E. coli from horses (n=324), 
dogs (n=1162), cats (n=537); S. 
aureus from horse (n=399); S. 
pseudintermedius from dogs 
(n=376) 

2016 (since 
2000) 

Sweden Broth 
microdilution 

-in horse isolates MDR E. coli 10% (31/324), MRSA was not detected
-in dog isolates MDR E. coli 9% (99/1162), MRSP 0.5% (2/376)
-in cat isolates MDR E. coli 3% (16/537)
-proportion of resistance relatively stable over the years

(SWEDRES-
SVARM, 2017) 

Clinical S. pseudintermedius from 
dogs (n=201) in 2013 

2004, 2008, 
2013 

Norway Disc diffusion 12 -increased proportion of multidrug resistant (>3 class antimicrobials: 10% in 
2004 but nearly 25% in 2013)

(NORM/NORM-
VET, 2014) 

Clinical E. coli accounted for 59.45 % 
(n =13231/ 
22256) of all UTI isolates 

2008-2013 14 
European 
countries 

Disc diffusion 
and broth 
microdilution 

16 - the highest 3GC resistance frequencies were found in Portugal (31.25 %),
Italy (24.64 %) and Spain (21.15 %) while Sweden, Denmark, Netherlands <5%
- Sweden, Denmark, Belgium and the Netherlands had <10 % FQN resistant E.
coli; Portugal and Spain nearly 30%

(Marques et al., 
2016) 

E. coli (n=3135) from canine urinary
samples

January 2005 
and December 
2012 

New 
Zealand 

Disc diffusion 6 - increased resistance to amoxiclav (2.3% vs 6.5%), cephalothin (6.7% vs
17.9%) and enrofloxacin (0.3% vs 1.8%) between 2005 and 2012, respectively

(McMeekin et 
al., 2017) 

E. coli (n=1746) and S. aureus
(n=170) from dogs, cats and horses;
S. pseudintermedius (n=1952) from
dogs and cats

June 2011-
December 2015 

Finland broth 
microdilution 

6 - proportion of MRSA ranged from 0-9.8%, the highest in 2014
- proportion of MRSP was 18% in 2011 and 14% in 2015
- non-susceptibility to enrofloxacin in E. coli was increasing up to 14% in 2015

(Nykäsenoja et 
al., 2017) 

Staphylococci isolates from dogs 
(n=537), cats (n=80), horses (n=10) 
and other (n=5) 

1999-2014 Portugal Disc diffusion 38 - resistance to the majority of antimicrobials and the number of mecA-
positive isolates increased significantly over time

(Couto et al., 
2016) 

S. intermedius group (SIG) in NWL
lab: (n=13,313) from dogs (n=12,785) 
and cats (528); RCV lab: n=1242 from
dogs (n=11870 and cats (n=55) 

NWL lab: March 
2006-August 
2012; RVC lab: 
January 2003-
December 2012 

UK Disc diffusion 13 - a significant increasing trend of resistance to ampicillin, amoxicillin,
cefovecin and enrofloxacin
- resistance to cephalexin, clindamycin and SXT increased over time in 
referral hospital isolates

(Beever et al., 
2015) 

S. aureus (n=1393) from horses January 2007-
December 2013 

France Disc diffusion 17 - prevalence of MRSA were ranged from 0% in 2009 to 12.9% in 2012 (Guerin et al., 
2017) 

Clinical E. coli from dogs (n=401) and 
cats (n=329) 

January 2007-
December 2013 

Poland Disc diffusion 13 - increasing MDR E. coli and resistance to amoxiclav, amoxicillin, the 
extended spectrum cephalosporins, SXT and tetracycline

(Rzewuska et 
al., 2015) 

Clinical S. pseudintermedius from 
dogs (n=10281) 

2004-2013 Netherlands unspecified 14 -proportion of MRSP increased from 0.95% in 2014 to 7.38% in 2013 (Duim et al., 
2016) 

*Note: AST, antimicrobial susceptibility testing; AM, antimicrobial; 3GC, third generation cephalosporins; FQN, fluoroquinolones, SXT, trimethoprim-sulfamethoxazole; NWR, Nationwide Laboratory Service; RCV, Royal Veterinary 
College
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AMR in clinical isolates of extraintestinal pathogenic E. coli from 
companion animals in Australia 

AMR in Gram-negative bacteria isolated from companion animals in Australia has 

mainly focused on the emergence of extended-spectrum β-lactamase (ESBL) and 

fluoroquinolone resistance in extraintestinal pathogenic E. coli and Enterobacter spp. isolated 

from dogs (Sidjabat et al., 2007; Warren et al., 2001). MDR E. coli isolates were first reported 

as a cause of nosocomial infections in a veterinary teaching hospital in 2001. Whilst the 

isolates were resistant to all classes of antimicrobial agent registered for use in dogs, 

resistance to critically important human antibiotics such as imipenem and amikacin was not 

detected (Warren et al., 2001). Subsequently, the study of co-resistance to third generation 

cephalosporins and fluoroquinolones has been a major priority. Resistance to third generation 

cephalosporins in extraintestinal E. coli (ExPEC) is mainly encoded by plasmid-mediated AmpC 

(CMY-7) or blaCTX-M-15 beta-lactamases (Platell et al., 2010; Sidjabat et al., 2006b). Further 

investigation revealed that the clonal groups carrying blaCMY-7 isolated from dogs appear less 

virulent than a reference human ExPEC strain (Sidjabat et al., 2009). Multilocus sequence 

typing (MLST) and pulsed-field gel electrophoresis (PFGE) analysis of E. coli isolates from 

human and companion animals indicated high similarity profile (>94%) and confirmed that 

they belong to the ST131 group (Platell et al., 2011) which also common in North America 

(Johnson et al., 2009). The clonal group ST131 was previously reported to be more prevalent 

in the human isolates (35%, n=585) rather than in the companion animal isolates (7.2%, 

n=125) (Platell et al., 2010). 

The study focusing on the monitoring of emerging AMR in Gram-negative isolates was 

limited. In most cases, the studies were designed to screen and characterise the resistance 

against particular antibiotics, as well as snapshot and clinical cases studies, without 

considering continuous monitoring to development of AMR over time. For instance, amikacin 

resistance was not observed in dog isolates in the previous study (Warren et al., 2001) while in 

the 2013-2014 study, amikacin resistance was observed at low levels (<2%) in dog and cat 

isolates (Saputra et al., 2017a). However, again, comparison to other studies in terms of 

frequency of AMR is difficult due to no standardisation in the methodology so it cannot be 

deduced whether AMR in E. coli is also increasing.   
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Comparison of data describing AMR in pathogenic isolates from 
companion animals compared to humans 

A great deal of attention has been given to the comparison of AMR detection rates 

from different species of companion animals and humans. It is important to note that in terms 

of monitoring of AMR, there are some key differences in the manner that medical services are 

implemented in the human and companion animal population.  In most cases, a smaller 

proportion of clinical isolates in companion animals are likely to be captured for inclusion in 

surveys because the laboratory investigations (isolation, culture and antimicrobial 

susceptibility testing) from diseased animals are performed on a fee basis at the discretion of 

a paying client, while in human medicine, the clinical services are provided or subsidised by 

the government-funded health services (Shaban et al., 2014). Additionally, the isolates 

submitted to veterinary diagnostic laboratories are often derived from recurrent clinical cases 

which may provide biased information (Shaban et al., 2014). Therefore, direct comparison of 

AMR in veterinary and human medicine may not be appropriate, particularly with respect to 

measuring the frequency of particular genotypes and phenotypes.  

It is important to note that comparison of companion animal and human AMR 

surveillance data may not be directly comparable, as there are considerable differences in 

sampling in methodology (The Australian Group on Antimicrobial Resistance alternated 

between human hospital and community-acquired isolates between 2008 and 2012 and then 

in 2013 switched to only consider isolates from cases of sepsis).  Additionally, similar time 

frames or sample time period need to be considered to minimise biased interpretation. 

Comparison with data from the Community-onset Gram-negative Surveillance Program by the 

Australian Group on Antimicrobial Resistance (AGAR) 2012 found that the proportion of non-

susceptibility for third generation cephalosporins (3GC, ceftriaxone) among E. coli isolated 

from the urine in dogs (8.9%) and cats (8.2%) was higher compared to human isolates (4.2%). 

Also, the non-susceptibility rate of fluorquinolone (ciprofloxacin) in E. coli isolated from dogs 

(8.2%) was higher than human isolates (ciprofloxacin, 6.9%), although a much lower frequency 

of resistance was observed among cat isolates (2.8%) (Saputra et al., 2017a; Turnidge et al., 

2014). Comparing staphylococci isolates from human skin and soft tissue infection specimens 

from the Community-onset Staphylococcus aureus Surveillance Programme 2012, found the 

proportion of MRSA among human isolates was 17.9%, slightly higher than the proportion of 

MRSA among companion animal isolates (12.8%) (Coombs et al., 2014). 
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Comparison of AMR in companion animal pathogens in Australia to other 
countries 

It is often useful to compare countries on the basis of frequency of specific pathogens 

to generate insight on the best methods of controlling disease. However, the same technical 

difficulties occur with comparison between countries as occurs in determining trends in AMR 

emergence within a country. For this reason, strong inferences should not be made about 

small differences in frequency of specific phenotypes or genotypes to allow for probable 

differences in the way isolates were procured and tested. With this limitation in mind, the 

current study in E. coli from urine samples in Australia (Saputra et al., 2017a) can be compared 

to studies with similar objectives which were all interpreted according to clinical breakpoints 

as published by The Clinical & Laboratory Standards Institute (CLSI) (Figure 1). Although a 

recent methodology for antimicrobial susceptibility testing was different among countries 

(Table 2), the current study (Badger et al., 2018) suggests that disc diffusion is as accurate as 

minimum inhibitory concentration (MIC) at predicting resistance of clinical E. coli from animals 

and thus studies using the two methods are comparable. Compared to other countries, 

Australia falls in the range of countries with a relatively low prevalence of AMR in clinical E. 

coli isolated from urinary tract infections (UTI) in all animals, in particular resistance to third 

generation cephalosporins (3GC) and fluoroquinolones (FQN) in cat isolates. The proportion of 

3GC and FQN-resistant E. coli in both dog and cat isolates was below 10%. 

On the other hand, the proportion of MRSP isolated from skin and soft tissue 

infections (SSTI) in dogs in Australia was at moderately high level (13%, n=513) (Saputra et al., 

2017b), in similar proportion with Finland (11%, n=500) (Nykäsenoja et al., 2017) and 

Germany (11.6%, n=2130 )(Lehner et al., 2014) (Figure 2). Interestingly, a significantly lower 

proportion of MRSP was observed in UTI samples (5.3%, n=123), compared to SSTI in the 

Australian study (Saputra et al., 2017b) Sweden showed consistently very low and low levels 

of MRSP, with 0.9% and 1.15% frequencies reported in SSTI (n=556) and UTI samples (n=174), 

respectively (Marques et al., 2016; SWEDRES-SVARM, 2013). In the Netherland study, a 

slightly higher proportion of MRSP was observed in UTI (10.92%, n=174) (Marques et al., 2016) 

compared to SSTI (7.38%, n=1077) (Duim et al., 2016) The differing frequencies of MRSP 

amongst infection sites indicates that risk factors for MRSP colonisation and infection cannot 

be generalised to all countries. 
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in companion animals is clear, national surveillance on AMR in animals generally do not 

include data from companion animals. The only exceptions are the surveillance programmes in 

Sweden (SVARM), Finland (FINRES-Vet), and France (RESAPATH), which monitor on a yearly 

basis, while Norway (NORM-VET) monitors AMR in companion animals every 4-5 years. A pan-

European study (ComPath) which was part of the CEESA (The European Animal Health Study 

Centre) monitoring programme also reported susceptibility patterns of representative 

bacterial pathogens isolated from diseased dogs and cats, in particular samples from urine 

(Moyaert et al., 2017) dermatological disease (Ludwig et al., 2016) and respiratory tract 

samples (Morrissey et al., 2016). This program included nine countries, Czech Republic, France, 

Germany, Hungary, Italy, The Netherlands, Poland, Spain and the United Kingdom, 

representing a major proportion of the companion animals in the EU.  

A recent European study demonstrated that AMR trends vary significantly and are 

specific to geographic regions (Marques et al., 2016). For instance, the level of 

fluoroquinolone-resistant E. coli isolated in Belgium, Denmark, France and the Netherlands 

decreased significantly during 2008-2013, but the decrease was not observed in Italy, Spain 

and Portugal. This may reflect national patterns of antimicrobial use and varying interventions 

for prevention and control of AMR (Guardabassi, 2017). In a Swedish study (SWEDRES-SVARM 

2014), a temporal trend was observed when the frequency of MRSP isolates from dogs 

reached a peak at 5% (n=381) in 2009, but then dropped in the following years (Figure 3). 

Since then, infection control programmes were implemented in veterinary hospitals including 

an antimicrobial usage policy for the treatment in dogs with dermatological disorders. 

Molecular analysis revealed that the drop was primarily due to a decreasing occurrence of the 

globally dominant MRSP clone, ST71-J-t02-II-III. Interestingly, an outbreak of MRSP in 2009 

was also observed in Finland (Nykäsenoja et al., 2017) and Netherlands (Duim et al., 2016) 

which also slowly decreased.   

In general, most European countries demonstrate an increasing trend of AMR in 

companion animal pathogens with few exceptions. According to the current SWEDRES-SVARM 

report, resistance to most antimicrobials in dog, cat and horse isolates fluctuates slightly over 

the years, but remains at approximately the same level overall (SWEDRES-SVARM, 2017). This 

may indicate that monitoring programmes are helpful in stabilising AMR levels. The frequency 

of MRSP in the UK is relatively stable but resistance to enrofloxacin, clindamycin and 

trimethoprim/sulfamethoxazole increased over time (Beever et al., 2015). Other studies also 

demonstrate increasing trend of AMR as demonstrated in Norway, Finland, France, Portugal 

and Poland (Table 2). 





67 

human and food production animals, there is no harmonisation of antimicrobial resistance 

surveillance in companion animal pathogens published by an international organisation (i.e. 

WHO, FAO, OIE). Such harmonisation would include sampling methods, animal and bacterial 

species, antibiotic tested, and methods used for susceptibility testing, interpretive criteria and 

reporting. Harmonisation and standardisation are essential, enabling meaningful comparison 

of AMR data over time and among countries, which is useful for future strategies and 

recommendations to combat AMR. 
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Abstract 

It is widely known that the use of antibiotics heavily disrupts the ecology of the gut 

microbiota. As a complex assemblage of microbes, disturbance in some populations may lead 

to other changes; not only to the community structure, but also there may be functional 

diversity changes related to nutrient supply and immunity. Over the last decade, metagenomic 

studies using next-generation sequencing (NGS) have utilized deep analysis to understand the 

effects of antibiotics on microbial composition and function. With the increasing number of 

metagenomic studies, we explore current research to summarize the commonalities and 

differences of antibiotic effects on the gut microbiota in humans, laboratory animals and 

production animals. Altered microbial phylotypes were detected in most cases. However, only 

80% of the total antibiotic studies of humans and laboratory animals, with fewer in food 

animals (25%), demonstrated a significant decrease in the microbial richness and/or diversity 

in the gastrointestinal tract, while the others indicated minor changes or, surprisingly, an 

increased microbial richness and induced proliferation of beneficial bacteria (known as the 

eubiotic effect). Antibiotic features such as class and spectrum affect the gut microbiota in 

different ways, with varied recovery times. Additionally, the unique effect in food animals was 

observed when antibiotics were administered as feed-additives in sub therapeutic doses, 

resulting in a distinctive microbial composition without reducing microbial diversity. The 

findings in this field emphasize the variation in gut microbial community changes and its 

consequences following antibiotic treatment, depending on the dosing and the properties of 

the antibiotic, and the initial structure and function of the microbial community.  

Keywords: antibiotics, gut, microbial community, metagenomics. 
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Introduction 

The gastrointestinal tract (GI) in each individual hosts its own, unique community of 

immensely diverse microbial species including bacteria, viruses, fungi, archaea and eukaryotic 

organisms (Fuerst, 2014; Lloyd-Price et al., 2016). This microbial community, which contains a 

similar number of bacterial cells compared with the number of human body cells (Sender et 

al., 2016), plays a crucial role in the  body’s nutrient supply and immunity levels (Morowitz et 

al., 2011). Several factors influence the microbial members and composition, including diet 

intake, medicines, genotype of the host, early-life and initial state of the microbiota, age, 

stress and geographic origin (Backhed et al., 2012; Gibson et al., 2015; Lozupone et al., 2012; 

Willing et al., 2011). Although there is no standard measurement, a healthy gut microbiota is 

defined in terms of its ecological stability, ability to resist stress-related change (intestinal 

homeostasis) and maintenance of an ideal microbial composition with a desirable functional 

profile (Backhed et al., 2012). The effects of several pharmaceutical agents on gut microbiota 

have been reported in recent studies, including antibiotics, antidiabetic drugs (Montandon 

and Jornayvaz, 2017), non-steroidal anti-inflammatory drugs (Rogers and Aronoff, 2016) and 

other host-targeted drugs (Maurice et al., 2013). Antibiotics are of greatest concern due to 

their potency to kill a wide range of bacterial species, leading not only to a beneficial clinical 

outcome by treating pathogenic bacteria but also causing disturbance to the regulation of the 

host’s immunity levels and metabolism, and the development of antimicrobial resistance 

(Backhed et al., 2012; Francino, 2015; Gasparrini et al., 2016).  

Our knowledge of the gut microbiome and the changes caused by administration of 

antibiotics has been described widely over the last decade due to the development of culture-

free methods such as high-throughput sequencing which has become the gold standard 

technique to assess the microbial community or environment (metagenomics) (Oulas et al., 

2015). This method enables a deep analysis of the microbial members and structures of 

communities and, further, predicts their functional diversity. As a result, metagenomic studies 

have rapidly expanded, producing a dramatic increase in the scientific findings in the field 

(Bragg and Tyson, 2014; Oulas et al., 2015). The 454 Life Sciences, Ion Torrent PGM and 

Illumina systems are the three commonly used NGS technologies (Allali et al., 2017). To date, 

they have been widely used in metagenomic studies in humans, animals and the environment. 

By performing amplification of specific genes of interest (16S rRNA or resistance genes) and 

subjecting them to an NGS platform, metagenomic data can be generated to create 

community diversity profiles and functional composition analyses (Dhariwal et al., 2017). This 
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method can be utilised to understand the hidden nature of the environmental community 

which include the species of microorganism and their role in the community and the in a 

balanced ecological niche (Oulas et al., 2015). Comparable with NGS, phylogenetic microarray 

analysis or human intestinal tract chip (HITChip) hybridizations also provide robust results, 

obtaining equivalent biological conclusions to pyrosequencing of microbial communities, 

regardless of technology or primer choice (Claesson et al., 2009; van den Bogert et al., 2011).  

Specific members of bacterial communities affected by antibiotics have been 

described previously, primarily using cultivation-based methods (Lagier et al., 2012; Rafii et al., 

2008; Willing et al., 2011) and also a small number of molecular studies (Cotter et al., 2012; 

Ianiro et al., 2016; Jernberg et al., 2010; Langdon et al., 2016). However, it is unclear as to 

which antimicrobial agents consistently cause significant changes in microbial diversity and 

composition, and which bacterial taxa are frequently affected by the antibiotics. In this review 

we explore and summarise the impact of antibiotics on the gut microbiome in humans, 

laboratory animals and food production animals.  

Definitions and methods 

We use microbial ecology terms described previously by  Robinson et al. (2010). 

Microbial diversity refers to the extent of variety (bacterial taxa) in a community, consisting of 

two components: richness and evenness. Microbial richness refers to the number of types in a 

community, while microbial evenness refers to the distribution of individuals across types. 

Microbial diversity in a local pool or in a particular ecosystem (alpha diversity) can be 

expressed using some diversity indices such as Shannon, Simpson or Chao1 (Dhariwal et al., 

2017). The change in community structure (consisting of composition and abundance) is 

usually visualised by using principal coordinate analysis (PCoA) or non-

metric multidimensional scaling (NMDS), calculated using beta diversity metrics such as Bray 

Curtis, Jaccard index or unifrac distances (Dhariwal et al., 2017). For some studies, the 

abundance or copy number of 16Sr RNA genes has also been assessed using real-time PCR of 

16S rRNA genes, which is usually termed the microbial load. In this review, changes in 

microbial diversity refer to changes in either richness, evenness or overall diversity, while 

changes of microbial structure refer to differences in microbial membership and abundance. 

Not all metagenomic studies on the gut microbiota are included in this review. The antibiotics 

were grouped based on their significance in affecting microbial richness and/or diversity and 

microbial structure, as measured by alpha and beta diversity. Those studies with unspecified 

antibiotics or from single case patients were excluded, focusing on studies that performed a 
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statistical analysis from multiple samples or multiple objects. A bacterial taxa indicator for 

each antibiotic was summarised, based on its significance on suppression or proliferation, not 

based on dominant taxa. The ability of the gut microbial community to recover (resilience) 

following antibiotic treatment was obtained from several studies that include at least three 

time points, including pre-treatment, during treatment and after treatment, with multiple 

sampling. We categorised the antibiotics based on therapeutic vs non-therapeutic use, 

bactericidal vs bacteriostatic (Leekha et al., 2011; Nemeth et al., 2015) and broad- vs narrow-

spectrum (Sarpong and Miller, 2014). 

Microbial diversity and structure 

Normally, antibiotics affect the gut microbiota negatively either by decreasing the 

bacterial abundance or creating a shift in the relative abundance of certain bacterial taxa, 

even during short periods of antibiotic exposure (McDonald, 2017). Investigated by alpha and 

beta diversity and/or relative abundance of 16S rRNA genes, we found that only 77% (50/65) 

of antibiotic studies in human and animal models indicated a significant reduction in microbial 

richness and/or diversity. In food animals, only 24% (4/17) of studies were associated with 

reduced microbial diversity. Groups of antibiotics, based on the severity of their effect on the 

gut microbiota, are presented in Fig 1. We observed that the reduction of microbial diversity 

was associated with therapeutic (to treat infections) and prophylactic (to prevent and control 

common diseases) use of antibiotics, while most antibiotics used as growth promoter (non-

therapeutic) were not associated with reduction of microbial diversity. 

Cefotaxime, ciprofloxacin, clindamycin and vancomycin were among the antibiotics 

that were highly associated with a reduction in gut microbial diversity and changes in 

microbial structure, as demonstrated in both human (Dethlefsena and Relman, 2011; Gibson 

et al., 2016; Pop et al., 2016; Rashid et al., 2015; Reijnders et al., 2016; Zaura et al., 2015) and 

murine studies (Buffie et al., 2012; Choo et al., 2017; Hansen et al., 2012; Lankelma et al., 

2017; Tulstrup et al., 2015; Yao et al., 2016; Yin et al., 2015). A marked decrease of microbial 

richness is usually followed by a decrease in microbial diversity, leading to community 

structure changes. However, this effect does not apply to all antibiotic treatments. In some 

cases, antibiotic use may decrease the richness without significantly decreasing the overall 

diversity, as demonstrated by rifampin-combination drugs for treating Mycobacterium 

infections in humans (Wipperman et al., 2017), although these eventually showed directional 

changes in microbial structure, reflecting different microbial memberships and actual 
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abundance. Additionally, severe perturbation caused by ciprofloxacin and clindamycin was not 

in accordance with the copy number of 16S rRNA genes, which was relatively stable or slightly 

increased by the treatment (Buffie et al., 2012; Panda et al., 2014). The decrease in microbial 

diversity with an increase in microbial load indicates that bacteria sensitive to these groups of 

antibiotics provide an opportunity for a small number of resistant strains to overgrow and 

dominate the niche. 

Figure 1.  A chart describing the effect of single antibiotic use in regards to microbial richness, 
diversity and structure of the gut microbiota.* Human study only; ** Animal study only.  
Antibiotics in bold are categorised as broad-spectrum antibiotics. 1Rifaximin is considered as 
“eubiotic”: a positive modulator on gut microbiota.  

It is well known that the human gut microbiota presents high inter-individual 

variability, while murine exhibit a more controlled, high similarity across individuals (Nguyen 

et al., 2015). Therefore, it is important to note that normal gut microbiota in murine may not 

fully reflect the real human gut microbiota (Nguyen et al., 2015). As a result, we observed 

several differences among the metagenomics studies in response to antibiotics. For example, 

amoxicillin, which did not significantly affect microbial diversity in healthy humans, as 

described in a UK and Netherlands study (Reijnders et al., 2016; Zaura et al., 2015) but 

significantly reduced gut microbial diversity in murine studies (Khan et al., 2016; Tulstrup et 

al., 2015; Yao et al., 2016). Three out of four azithromycin studies showed a significant effect, 
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including in both human (Abeles et al., 2016) and murine (Khan et al., 2016; Li et al., 2017c) 

studies, but showed no significant effect in another murine study (Yin et al., 2015) even 

though a human dosage was applied. Administered at different concentrations, enrofloxacin 

showed variable effects on gut microbiome changes in chickens (Li et al., 2017a). 

Metronidazole showed no significant association with reduced diversity in a murine study 

(Tulstrup et al., 2015) but significantly reduced microbial diversity in the human distal colon 

model (Rea et al., 2011). Moxifloxacin showed changes in composition and microbial load but 

the microbiota recovered quickly despite ongoing treatment in a murine study (Yao et al., 

2016), whilst showing a fluctuating result (an increasing trend during treatment but 

decreasing after treatment) in a bronchitis patient (Perez-Cobas et al., 2013).  

Narrow-spectrum antibiotics, such as afabicin and gentamicin demonstrated minor 

impacts on the gut microbiome. Afabicin (Debio1450) did not reduce the microbial load and 

showed a similarity in microbial structure with the control group in a murine study (Yao et al., 

2016) with ofloxacin (Yin et al., 2015). A stable or slight increase in microbial richness was 

observed following gentamicin administration as demonstrated in an infant study (Gibson et 

al., 2016). A broad spectrum rifaximin produced high efficacy treatments in inflammatory 

bowel disease (IBD) patients, without disrupting the gut microbiota (Ponziani et al., 2016; 

Soldi et al., 2015). Nitrofurantoin also treats urinary tract infections effectively (Stewardson et 

al., 2015), while ridinilazole is effective against C. difficile infection (Mitra et al., 2017), with 

only a minor impact on the gut’s microbial community. 

In contrast to the therapeutic and prophylactic use of antibiotics in humans, we found 

that the sub therapeutic use of antibiotics in food production animals as a growth promoter 

most likely did not decrease microbial richness and diversity. Instead, it has the potential to 

increase microbial diversity. Across 14 studies of food-producing animals, only enramycin 

(Costa et al., 2017) and virginiamycin (Neumann and Suen, 2015) were associated with a 

significant reduction in microbial diversity. In contrast, another study in broiler chickens found 

that microbial diversity was significantly higher in chicken which fed with virginiamycin 

compared to the control group (Costa et al., 2017). As a prophylaxis, enrofloxacin and 

amoxicillin significantly reduced diversity but the microbial diversity level recovered quickly 

after antibiotic administration ceased  (Li et al., 2017a; Schokker et al., 2017). It is important 

to note that although sub-therapeutic use of antibiotics resulted in minor effects on the 

diversity and structure, gut microbiota may accumulate greater numbers of resistance genes, 

as reported previously in a human study (Zaura et al., 2015) and food animal studies (Hegde et 

al., 2016; Li et al., 2017a; Looft et al., 2014; Looft et al., 2012). Additionally, increasing trends 
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of diversity during gut microbial colonisation in early life in food animals is assumed to be 

detrimental for immune development (Schokker et al., 2017). 

Resilience and recovery time 

Despite this variation in bacterial taxa shift, it appears that the human and murine gut 

microbiota exhibits resilience after antibiotic administration, returning to the initial state of 

the ecosystem. The recovery speed of gut microbiota varied across individuals and bacterial 

species but in most cases, usually stabilised at a distinctive microbial structure. The stages of 

treatment and recovery time summarised from several studies are presented in Table 2-3. 

Since the studies of recovery time are sampling-time-dependent, there is a risk of 

underestimation in the exact turning point for recovery after exposure, in particular with 

minimum sampling times. When the duration of the response is short-lived, it is possible that 

changes in gut microbiota may occur between sample collections. Thus, the time point 

indicating recovery time is only approximate. Frequent sampling is crucial for more accurate 

comparison of changes associated with antibiotic administration (Stokell et al., 2015). 

Most of the gut microbiota started to return to the initial composition after antibiotic 

cessation. For some cases, the gut microbiota demonstrates an immediate recovery from the 

first exposure and continue to return to the baseline, despite the treatment being ongoing. A 

quick initial start of recovery was observed in afabicin and moxifloxacin, which also resulted in 

a low impact by the antibiotics on the microbial composition in mice (Yao et al., 2016). On the 

other hand, long lasting effects of antibiotics were also reported, causing a delayed and 

difficult return to the initial composition, up to 2 months after the treatment. This evidence 

can be seen for ciprofloxacin and clindamycin (bactericidal and bacteriostatic agents, 

respectively) (Rashid et al., 2015; Zaura et al., 2015), and narrow-spectrum vancomycin 

(Reijnders et al., 2016) as reported in human studies and a murine study (Yao et al., 2016). 

Additionally, the longer term impact of microbial richness reduction can also be observed in 

macrolides (azithromycin and clarithromycin), which did not reach the level of the control 

samples even 12–24 months after the course (Korpela et al., 2016). In one case, the increase 

in resistance genes persisted for up to 4 years (Jakobsson et al., 2010).  
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A mechanism for resilience in gut microbiota has been proposed previously, which 

includes the ability to return to  initial richness and functional diversity, as well as competition 

and a feedback loop in the community (Lozupone et al., 2012). Where there is a prolonged 

reduction in the level of diversity, antibiotics may have a stronger effect than the ability of gut 

microbiota itself to recover, resulting in incomplete recovery and a distinctive microbial 

structure when compared with the initial state of the community. However, it is also possible 

that during antibiotic administration, when particular bacterial taxa are suppressed during the 

treatment, the ecosystem may able to support the growth of other bacterial taxa because 

there is less competition among the species.  For example, one individual had a 20 % decrease 

in observed species following antibiotic treatment, while over the same period they had a 

10% increase of other species, indicating the emergence of new populations that had not 

been detected prior to antibiotic exposure and so had a low impact on the observed microbial 

richness and diversity.  

Bacterial taxa indicators 

It has been suggested that disruption of the gut microbiota can be significantly 

affected by pathological intestinal conditions. Although antibiotics possess the potential to kill 

pathogenic bacteria, their application is frequently followed by the occurrence of other 

bacteria groups. Enhanced susceptibility to infection has frequently been associated with the 

negative impacts of broad-spectrum antimicrobials on the gut microbiota. We surveyed the 

bacterial taxa that were suppressed/underrepresented (negative effect) and 

proliferated/overrepresented (positive effect), as indicated in each study. The analysis 

commonly performed determined significant changes mainly based on LefSe, 

ANOVA/AMOVA, or t-tests between time points. We found that the percent change in 

composition of bacterial taxa varied considerably across the metagenomics studies. The 

antibiotic-responsive bacterial taxa were affected in unique ways by different compounds. 

The common patterns of gut microbiota affected by antibiotic treatments are presented in 

Table 4. The proliferated bacteria may indicate their ability to resist antibiotic exposure or be 

a result of lower nutrient competition between bacterial species that allows for increased in 

abundance of other bacterial species. Supressed bacteria represent bacterial taxa susceptible 

to certain antibiotics.  

We observed that most of the administration of antibiotics negatively impacted on 

Bifidobacterium, Alistipes, Faecalibacterium, Lachnospiraceae and Ruminococcaceae. These 

bacterial taxa are regarded as indicative of gastrointestinal good-health and are highly 
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abundant in human and animal guts (Ellis et al., 2013; Greenhalgh et al., 2016; Lloyd-Price et 

al., 2016; Stanley et al., 2016). Unfortunately, these beneficial bacterial taxa were depleted 

significantly by various antibiotics, including fluoroquinolones, beta-lactams, lincosamides and 

glycopeptides. Suppressed Alistipes and Faecalibacterium were reported by many studies as a 

result of fluoroquinolone use, while lincosamides and beta-lactams mainly affected 

Lachnospiraceae and Ruminococcaceae. Inflammatory and immunomodulatory properties of 

the gut may be affected by a reduction of Faecalibacterium and Bifidobacterium (Ponziani et 

al., 2017). Lachnospiraceae and Ruminococcaceae may disrupt carbohydrate metabolism in 

the gut, as those families of bacteria are specialised for the degradation of complex 

carbohydrate (Biddle et al., 2013). 

On the other hand, antibiotics are positively associated with some bacterial taxa, 

including Bacteriodes and Parabacteriodes, Enterobacteriaceae and Akkermansia. The most 

reported bacterial taxa are Enterobacteriaceae and Bacteroides which are associated with 

beta-lactam, lincosamide and glycopeptide use, while an increase in Akkermansia was 

associated with fluoroquinolones and glycopeptide use (Dubourg et al., 2013). Abundant 

Enterobacteriaceae have been associated with the microbiota of patients with ulcerative 

colitis (UC) and Crohn’s disease (CD). Increasing abundance of Bacteriodes and Akkermansia 

has been associated with type 2 diabetes (Guinane and Cotter, 2013) while Parabacteriodes 

may affect modulation B and T cells in peripheral blood (Abecia et al., 2017). 

While some beneficial bacteria were supressed in human and animal studies involving 

administration of therapeutic doses, sub therapeutic use of antibiotics in feed animal has 

given markedly different results. Lactobacillus and Faecalibacterium were significantly 

overgrown in pigs and chickens after antibiotic administration (Neumann and Suen, 2015; 

Schokker et al., 2017; Schokker et al., 2014). However, other studies show that in-feed 

antibiotics also increase Enterobacteriaceae levels (Looft et al., 2012), which in turn leads to 

an increase in the risk of infections, usually associated with multidrug-resistant strains (Matar, 

2017). It is believed that the antibiotic resistance genes that are enriched after specific 

antibiotic treatments are generally unique and are highly correlated with the single species 

that are overrepresented (Gibson et al., 2016). 
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The effect of antibiotic categories 

The initial microbial structure that shapes the changes in microbiota during and after 

an antibiotic course is crucial. Apart from that, internal and external factors, such as the target 

specificity and spectrum, pharmacokinetic and pharmacodynamic properties, route of 

administration, and dosage and duration of treatment with antibiotics also greatly affect the 

gut microbiota (Jernberg et al., 2010; Rashid et al., 2015; Zhao et al., 2014). There are a 

number of studies with different classes of antibiotics which further emphasize this point (Yao 

et al., 2016; Yin et al., 2015; Zaura et al., 2015). We hypothesized that bactericidal and broad-

spectrum antibiotics would affect gut microbiota severely, in contrast with bacteriostatic and 

narrow-spectrum antibiotics. However, that generalised opinion is not relevant in some cases. 

We observed microbial diversity was more affected by the dosage (the therapeutic or sub 

therapeutic dosage of antibiotics) rather than other factors, with some exceptions. 

Therapeutic antibiotic dosage is associated with decreasing microbial richness and diversity, 

while sub therapeutic levels of use are most likely to increase microbial richness. In 

therapeutic antibiotic usage, broad-spectrum antibiotics are most likely to have a prolonged 

effect after cessation, with variable recovery times. When narrow-spectrum antibiotics were 

administered, gut microbiota were able to recover easily, despite ongoing treatment. 

Indeed, we also observed that specific antibiotic classes also affect specific bacterial 

taxa, as discussed previously. For instance, fluoroquinolones negatively affect Gram-negative 

Alistipes and Faecalibacterium, while beta-lactams were associated with proliferation of 

Bacteriodes and Enterobacteriaceae, as reported by many studies (Table 4). In another study, 

the class of antibiotics significantly shaped the microbiota on the basis of the antimicrobial 

effect (bactericidal or bacteriostatic) and the mode of action (Perez-Cobas et al., 2013). The 

categorisation is not absolute as some antibiotics that are bactericidal against certain 

organisms may only be bacteriostatic against others and vice versa. 

In terms of directional changes of microbial structure (beta diversity), antibiotic class 

may have a greater role in any changes. Antibiotics in the same class were nearest neighbours: 

for instance, administration of tetracyclines (doxycycline and tetracycline) and 

fluoroquinolones (ciprofloxacin and norfloxacin) resulted in divergent responses (Maurice et 

al., 2013). Different patterns of microbial structure changes were also observed in another 

murine study. Ofloxacin and azithromycin were closely clustered as they have a minor impact 

on gut microbiota, while beta-lactams (ceftriaxone, cefoperazone-sulbactam and meropenem) 

and vancomycin (glycopeptides) showed clearly different trajectories as visualised through 
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principal coordinates analysis (Yin et al., 2015). Based on redundancy analysis (RDA), gut 

microbiota in individuals treated with beta-lactam antibiotics (ampicillin-sulbactam, cefazolin, 

ceftazidime and ceftriaxone) were significantly different from those treated with 

fluoroquinolones (ciprofloxacin and moxifloxacin) (Knecht et al., 2014). 

Conclusion 

Antibiotics are agents that naturally kill bacteria, providing not only beneficial clinical 

outcomes by treating infectious disease but may also adversely affect gut affecting gut 

microbial communities and structures. Even though exact comparisons of metagenomics 

studies seem difficult because of the differences in experimentation, methodologies and 

analysis, we observed reproducible results in terms of the effects of antibiotic use on 

microbial diversity and structure, and common bacterial taxa. In general, each antibiotic 

affects gut microbiota differently, mainly depending on the therapeutic use and the 

antibiotic’s properties (i.e. pharmacodynamics and pharmacokinetics). The resilience and 

recovery time for gut microbiota after antibiotic administration were varied across individuals 

and bacterial taxa, which in most cases settled into a new steady abundance profile. The 

results from the studies stressed that the general health of gut microbiota should be taken 

into consideration when prescribing antibiotics, as they may induce proliferation of 

opportunistic bacteria, leading to changes in microbial function and immune development. 
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Abstract 

Pradofloxacin is a third-generation veterinary fluoroquinolone with an enhanced 

spectrum of activity against a wide range of bacteria, including anaerobes. In vitro activity and 

clinical efficacy of pradofloxacin has been widely reported, however, the effect of 

pradofloxacin on gut microbiota has not been investigated. This study aimed to determine the 

effects of pradofloxacin on the rabbit faecal microbiota. A single dose of 7.5mg/kg 

pradofloxacin was administered per os to four female rabbits in one treatment group, while 

three daily doses of 7.5 mg/kg pradofloxacin were administered to four male rabbits in a 

second treatment group. Hard and soft pellets were collected during the trial period and 

microbial community changes were assessed by V3-V4 16S rRNA gene sequencing. Overall, 

pradofloxacin significantly affected the relative abundance of 34% of the initial composition of 

the gut microbial community. After treatment, microbial richness was reduced to below 

detectable limits for 28% and 30% of the autochthonous microbial species in single and 

multiple dosing groups, respectively. Significantly decreased abundance was observed in 

several genera belonging to the Gammaproteobacteria (Pseudomonas spp. and 

Oceanisphaera spp.) while significantly increased abundance was detected in genera 

belonging to Ruminococcaceae and Lachnospiraceae. Between faecal types, hard faeces 

contained higher microbial richness than soft faeces after pradofloxacin treatment, however, 

soft faeces were more enriched with Ruminococcaceae. Clinically adverse effects such as 

diarrhoea or impaction were observed in neither single nor multiple pradofloxacin treatment 

groups. Additionally, no overproliferation of bacteria (i.e. Clostridium spiriforme and 

Escherichia coli) that cause enteritis in lagomorphs was observed. This study confirmed that 

short-term administration of oral pradofloxacin 2.5% suspension appears to be safe in rabbits 
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at a dose of 7.5 mg/kg. However, oral pradofloxacin treatment does result in significant 

changes in approximately one third of the bacterial taxa that comprise the faecal microbiota. 

Keywords: pradofloxacin, metagenomics, microbiota, microbial diversity, rabbit 

Introduction 

Pradofloxacin is a third-generation veterinary fluoroquinolone with an improved 

activity against a wide range of bacteria, including both Gram-positive and -negative 

organisms, anaerobes, Mycoplasma spp. and some intracellular organisms such as Rickettsia 

spp. and Mycobacterium spp. (Lees, 2013; Sykes and Blondeau, 2014). It is administered orally 

and has been used effectively for treating urinary tract, skin and soft tissue, oral and 

respiratory infections in dogs and cats (Papich, 2016). Pradofloxacin differs from the other 

fluoroquinolones registered for use in veterinary medicine by inclusion of a bicyclic amine, S,S-

pyrrolidinopiperidine in place of an ethylpiperazine moiety at position C7; and differs from 

moxifloxacin, a similar third-generation fluoroquinolone registered for human use, by 

possession of a cyano group at position C8 (Wetzstein and Hallenbach, 2011). These 

differences in chemical structure contribute to a wider spectrum of activity, and increased 

potency of pradofloxacin, resulting in both lower minimum inhibitory concentrations (MICs) 

and mutant prevention concentrations (MPCs) for both Staphylococcus spp. and Escherichia 

coli compared to the other veterinary fluoroquinolones (Silley et al., 2012; Wetzstein and 

Hallenbach, 2011). 

Pradofloxacin has been approved in the European Union, Canada and Australia for the 

treatment of bacterial infections in dogs and cats (Pallo-Zimmerman et al., 2010; Papich, 2016; 

Schink et al., 2013), but is only approved for use in cats in the USA (Papich, 2016). The in vitro 

activity, physico-chemical, pharmacological, toxicological and therapeutic properties of 

pradofloxacin have been well studied (Lees, 2013; Silley et al., 2012). However, compared to 

the other fluoroquinolones, the effect of pradofloxacin on the gastrointestinal tract 

microbiota has not previously been evaluated. Fluoroquinolones are generally regarded as 

safe for use in rabbits, due to their lack of activity against strict anaerobes, but it is possible 

that pradofloxacin with its enhanced spectrum of activity may have unintended consequences 

on the gut microbiota of rabbits, and potentially other caecotrophic and/or hindgut 

fermenting mammals such as cavies and other rodent species that are also prone to antibiotic 

induced gut dysbiosis (Campbell-Ward, 2012; DeCubellis and Graham, 2013).   

As a caecothropic mammal, the rabbit excretes two types of faeces; hard faeces that 

contains indigestible fiber and soft faeces (caecotrophs) that are enriched with nutrients as a 
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result of caecal fermentation (Campbell-Ward, 2012; Halls, 2008). The microbial community 

that comprises the rabbit hard faeces and caecotroph microbiota has been reported in several 

recent studies and is mainly dominated by Firmicutes and Bacteriodetes (Crowley et al., 2017; 

Eshar and Weese, 2014; Zeng et al., 2015). Compared to rabbit hard faeces, several bacterial 

taxa including members of the Ruminococcaceae and Barnesiellaceae families, Akkermansia 

spp., Blautia spp., and Lactococcus spp. were more abundant in caecotrophs (soft faeces) 

(Zeng et al., 2015). Here, we aimed to characterise the microbial community changes in both 

hard and soft rabbit faeces following single and multiple doses of pradofloxacin oral 

suspension using molecular-based methods (metagenomics). In particular, we focused on 

populations of bacteria known to cause enteritis in rabbits resulting from oral antibiotic-

induced gut microbiota dysbiosis such as Clostridium spiriforme and E. coli (Agnoletti et al., 

2009; Borriello and Carman, 1983; Oglesbee and Jenkins, 2012; Raw, 2017). Furthermore, we 

predicted the functional properties of the microbial community in both types of faecal 

samples for a deeper exploration of the effects of pradofloxacin exposure on rabbit 

gastrointestinal physiology and nutrition.  

Materials and Methods 

Animal experiments. All experimental procedures were conducted with the approval 

of the University of Adelaide Animal Ethics Committee (S-2015-165). Eight healthy New 

Zealand White crossbred rabbits were sourced from the control group of a previous feeding 

trial and had been fed a commercial pelleted diet (Barastoc; crude protein 16.5%, crude fat 

3%, and crude fibre 21% with added vitamins and minerals) for at least one month prior to 

trial commencement and had a starting weight of between 2.8-3.5kg. The trial was conducted 

at the Animal Desexing Clinic, 604 Port Rd, Allenby Gardens, Adelaide, Australia. A single dose 

of 7.5 mg/kg of pradofloxacin oral suspension 25 mg/ml (Veroflox™) was administered to four 

female rabbits in one treatment group while a single dose of 7.5 mg/kg pradofloxacin was 

given to four male rabbits daily for three days in the other treatment group. T0 samples were 

collected before the administration of the first dose of pradofloxacin (Day 1). Hard pellets 

were aseptically collected from the floor below the cages of individually housed animals each 

morning of the trial immediately after passage. Soft faeces samples were collected 

opportunistically each morning during the trial for four days. To obtain soft faeces samples, 

collars were made from malleable plastic hose and placed around the neck of the rabbit to 

prevent it from being able to reach the anus to ingest the soft faeces. During the trial, the 
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rabbits were monitored and examined for any clinical signs related to gastrointestinal tract 

problems such as such diarrhoea, inappetance or gut pain/impaction.  

Library preparation and sequencing. In order to define changes in the faecal 

microbiota, we characterized the microbial communities of caecal and faecal samples of 

rabbits by targeting the V3-V4 region of the 16S rRNA gene using the Illumina MiSeq platform. 

Total bacterial DNA was extracted by using the PowerFecal™ DNA Isolation kit (MO BIO 

Laboratories, Carlsbad, CA, USA). DNA concentration was standardised to 5ng/μL before 

amplification using Platinum Taq DNA Polymerase High Fidelity (Invitrogen, USA). V3-V4 

forward primer 5’ACACTGACGACATGGTTCTACACCTACGGGNGGCWGCAG3’ and reverse primer 

5’TACGGTAGCAGAGACTTGGTCTGACTACHVGGGTATCTAATCC3’ were used for Illumina 16S 

metagenomics library preparation according to the manufacturer’s protocol. The underlined  

regions are  the  CS1  and  CS2  Fluidigm  adapter  nucleotide sequences,  followed by the locus 

specific  sequences  targeting conserved  regions  within  the  V3  and  V4 (Klindworth et al., 

2013). Amplified libraries were sequenced on an Illumina MiSeq platform at South Australian 

Health and Medical Research Institute (SAHMRI) Adelaide, Australia. 

Metagenomic and statistical analysis. Bioinformatic analysis of bacterial 16S rRNA 

gene amplicon data was performed using the Quantitative Insights Into Microbial Ecology 

(QIIME) version 1 pipeline (Caporaso et al., 2010) and CLC Microbial Genomics Module in CLC 

Genomics Workbench (QIAGEN). Sequences were clustered into Operational Taxonomic Units 

(OTUs) based on 97% sequence similarity and then aligned against the SILVA reference 

database, as previously described (Alfano et al., 2015; Barker et al., 2013). Alpha diversity 

analysis was performed based on Shannon index and Chao1. Relative abundance of the 

observed species were compared between treatment and control groups with Mann-

Whitney/Kruskal-Wallis tests to determine statistical significance. Comparative analysis was 

performed at different phylogenetic levels: OTU, species, genus, family, order, class, and 

phylum. Beta diversity of each sample group was assessed using Analysis of Group Similarities 

(ANOSIM), including both unweighted and weighted Unifrac distances and visualized by 

Principal Coordinate Analysis (PCoA). Differential abundance between time points was 

assessed using metagenomeSeq and normalised with cumulative sum scaling (CSS), the zero-

inflated Gaussian method and fitFeatureModel and reach significant when P<0.5 and false 

discovery rate (FDR) <0.5 . LDA (Linear Discriminant Analysis) effect size (LEfSe) was performed 

to discover differentially abundant features as a biomarker in both hard and soft faeces. The 

metabolic potentials of microbial communities were predicted using Tax4Fun by transforming 

16S rRNA gene sequencing data that have been annotated to a taxonomic profile of the 
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prokaryotic KEGG (Kyoto Encyclopedia of Genes and Genomes) organisms. Relative abundance 

of KEGG orthology IDs (KO) was produced and then subjected to shotgun data profiling (SDP). 

All statistical analysis was performed in Microbiomeanalyst (Dhariwal et al., 2017).  

Results 

16S rDNA profiling. A total of 2,416,867 V3-V4 16S rRNA gene sequences were 

obtained from 41 faecal samples (30 from hard faeces and 11 from soft faeces) as presented 

Table S1. After filtration (quality control, chimera checking, and trimming of reads with low 

quality), 1,884,224 high quality sequences were aligned and resulted in a total of 532,643 

reads in OTUs with an average 12,991 reads per sample. The proportion of unclassified 

sequences was 2.7% of total reads (14,288 reads) and excluded in from the following analyses. 

Overall, 11 phyla were identified consisting of 20 classes, 63 families and 205 genera. 

Firmicutes was the dominant phyla in each sample group, with relative abundance ranged 

from 47.02%-90.87%, followed by Bacteriodetes (7.9%-24.38%). There was no impact of time 

point and type of treatment on the total number of OTUs that were identified in each sample 

group. 

Population dynamics of bacterial community changes in the single pradofloxacin 

dose treatment group. Following a single dose of pradofloxacin on Day 1 (after T0 sampling), a 

trend of decreasing microbial diversity (indicated by both the observed number of species and 

reduced Shannon diversity index) in hard faeces was observed in the successive sampling time 

points, eventually reaching significance on Day 3 (p<0.05) (Fig 1 A-B). Microbial community 

structure also differed significantly on Day 3 as showed by Unifrac distance metric. At the 

phylum level, a significant change was observed in Proteobacteria (p=0.002, FDR=0.02), with 

the number of observed species decreasing by up to 28%. After data filtering and 

normalisation for metagenomeSeq analysis, we observed significant changes for 

approximately 27% of the total initial bacterial abundance, with a total of 21 genera supressed 

following pradofloxacin administration while only four genera were significantly 

overrepresented (Fig 2 A-B).  The suppressed bacterial taxa with the most significant drop 

after treatment belonged to the Gammaproteobacteria class (Pseudomonas spp. and 

Oceanisphaera spp). Interestingly, all overrepresented bacterial genera occurred in Firmicutes 

belonging to the Clostridia class (Ruminococcaceae and Lachnospiraceae) and a small number 

of Actinobacteria (Coriobacteriaceae).  
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Figure 1. Effect of single dose and multiple doses pradofloxacin on microbial diversity and the 
clustering analysis of each sample. Alpha diversity measurement in faecal samples after single 
dose treatment (A-B) and multiple doses treatment (C-D). Asterisks (*) showed significantly 
different features when compared to before treatment samples (T0) using Mann-
Whitney/Kruskal-Wallis methods (p<0.05). (E) Heatmap clustering analysis generated from 
selected bacterial taxa with proportion >1%. The arrows showed clustered bacterial that 
significantly different between before and after treatment and faecal types. The distances 
between data points and clusters were measured by Euclidean and Ward method. (F) Ward-
clustered dendogram generated at OUT level using Bray-Curtis distance measure. 

Population dynamics of bacterial communities in the multiple pradofloxacin dose 

treatment group. A fluctuation of diversity was observed in the multiple dose group where 

alpha diversity (observed species and Shannon index) was significantly decreased (p<0.05) on 

Day 1 and then slightly increased on Day 2 but eventually was also significantly decreased on 

Day 3 (Fig 1 C-D), leading to the emergence of a distinct microbial community structure 

compared to T0 samples. In general, multiple doses of pradofloxacin affected up to 34% of 

total abundance with the number of observed species decreased by up to 30% compared to 

pre-treatment samples.  A significant reduction at the phylum level was observed in the 
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Proteobacteria (p=0.001 FDR=0.01). Analysis with metagenomeSeq showed a significant drop 

in a large variety of Gram-positive and -negative bacteria, but similar to the single dose 

treatment, the main bacterial taxa that were suppressed were from the 

Gammaproteobacteria while overrepresented bacterial taxa were Gram-positive bacteria 

from the Clostridia class only (Fig 2 C-D). In both single and multiple dose treatments, 

overproliferation of Enterobacteriaceae and Clostridiaceae, bacterial families containing 

species associated with enteritis in rabbits (i.e. Escherichia coli and Clostridium spiriforme), 

were not detected following pradofloxacin administration. 

Figure 2. Bacterial taxa that were significantly (FDR p<0.05) affected by pradofloxacin 
treatment. Abundance of genus detected in hard faeces which significantly decreased (A) and 
increased (B) after single dose treatment; and abundance of genus which significantly 
decreased (C) and increased (D) after multiple doses treatment. (E-I) Log-transformed counts 
of bacterial taxa that consistently depleted in both single and multiple doses groups. (J-L) 
Bacterial taxa that increased after pooling both treatment samples. Analysis was performed 
using metagenomSeq-based method and the zero inflated-Gaussian fit statistical model. 
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Differences between single and multiple doses treatment. In both single and multiple 

dose treatment groups, we observed decreasing abundance of the genera Atopostipes, 

Myriodes, Oceanisphaera, Oligella, and Pseudomonas. Alpha diversity measurement showed 

that the reduction of microbial richness did not differ significantly between single and multiple 

dose treatment groups in both hard and soft faeces. However, based on ANOSIM unweighted 

Unifrac distance as visualised by PCoA (Fig 3 C-D), we observed dissimilarity in microbial 

community structure between the two treatment groups, in particular for microbial species 

composition.  

Microbial community differences between hard and soft faecal samples. Due to the 

low number of caecotrophs obtained, it was neither possible to show the differences between 

before and after pradofloxacin treatments in soft faeces nor to directly compare soft and hard 

faeces over the majority of time points. However, comparative analysis could be performed 

on soft (n=11) and hard faecal samples (n=36) that were collected immediately following 

cessation of pradofloxacin treatment in the single and multiple dose groups. As demonstrated 

by observed species, Shannon index and Chao1, hard faeces contained significantly (P<0.05) 

more microbial richness and diversity compared to soft faeces in the multiple dose treatment 

group based on Mann-Whitney/Kruskal-Wallis tests (Figure 3 A-B and Table S3). In the single 

dose treatment group, a significantly higher microbial richness in hard faeces was confirmed 

by observed species only. In total, we identified 37 bacteria families in soft faeces that were 

also present in hard faeces, except for Clostridiaceae 1 that were uniquely identified in soft 

faeces only with total relative abundance of <0.2%. Additionally, microbial structure between 

hard and soft faeces was also distinct, as verified by the separated cluster identified by 

weighted Unifrac distance (Fig 3 D-E). Furthermore, LefSe performed after pooling all soft 

faeces and had faeces from both treatment groups confirmed that soft faeces were enriched 

with six out of seven genera from the Ruminococcaceae family (Fig 3 G). 

Prediction of functional features in rabbit faecal microbial communities. Prediction 

of functional feature analysis in general metabolic pathways using Tax4Fun identified several 

significant features between sample groups. We observed enrichment of the citrate cycle (TCA 

cycle) functional capacity, but reduction of biotin metabolism and several xenobiotic 

degradations in post-treatment compared to pre-treatment samples (Table S5). 
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Figure 3. Different features observed between treatment groups and faecal types. Observed 
species in hard faeces in both single treatment (HF_A) and multiple treatment (HF_B) 
significantly higher compared to soft faeces (SF_A and SF_B) (Fig 3. A). Using Shannon index, 
alpha diversity of hard faeces also higher compared to soft faeces as showed in treatment B 
(multiple) group (* p<0.05, Mann-Whitney/Kruskal-Wallis test) (Fig 3.B.). Unweighted 
([ANOSIM] R: 0.70214; p-value < 0.001, Fig 3. C.) and weighted ([ANOSIM] R: 0.53804; p-value 
< 0.001, Fig 3. D.) unifrac distance showing different microbial structure between single (A) 
and multiple doses (B) treatment groups. Unweighted ([ANOSIM] R: 0.63671; p-value < 0.001,  
Fig 3. E.) and weighted ([ANOSIM] R: 0.43978; p-value < 0.001, Fig 3. F.) uniftrac distance 
showing distinctive microbial tructure between fecal types after treatment. (G) Bacterial taxa 
significantly enriched in soft feces and hard feces based on LefSe, showed as log LDA score.  
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Discussion 

This study reports the molecular assessment of faecal microbiota in rabbits in 

response to pradofloxacin treatment using an Illumina MiSeq platform. The main findings of 

this study were as follows: 1) pradofloxacin significantly altered up to 34% of the faecal 

microbial community and resulted in reduced microbial richness of up to 30%, leading to 

alterations in the predicted abundance of genes in several bacterial metabolic pathways; 2) 

pradofloxacin effectively supressed the abundance of both Gram-negative and Gram-positive 

bacteria, but did not induce proliferation of opportunistic bacteria associated with gut 

dysbiosis and enteritis in rabbits (e.g. Clostridium spp. and coliforms); 3) both single and 

multiple doses of pradofloxacin equally reduced faecal microbial diversity; and 4) following 

pradofloxacin treatment, soft faeces were lower in microbial richness when compared to hard 

faeces, however they still shared many similar microbial taxa.  

To the best of our knowledge, this is the first study to investigate the effect of 

pradofloxacin treatment on the faecal microbiota in any animal species. Significant alterations 

in the faecal microbiota after pradofloxacin treatment confirms the ecological consequences 

associated with administration of antimicrobial agents in the rabbit gastrointestinal tract. As 

reported previously, administration of long term oral meloxicam, a non-steroidal anti-

inflammatory drug (NSAID) for 21 days, did not adversely affect the faecal microbiota of New 

Zealand White rabbits (Eshar and Weese, 2014), in contrast with previous studies involving 

oral administration of several classes of antimicrobial agent (Katz et al., 1978) and our study of 

pradofloxacin. Oral treatment with other members of the fluoroquinolone class has been 

reported to cause a significant reduction in gut microbial richness and evenness in several 

previous studies. Ciprofloxacin, an earlier generation fluoroquinolone with a narrower 

spectrum of activity compared to pradofloxacin, had a significant inhibitory effect on faecal 

microbial diversity in several studies undertaken in humans (Pop et al., 2016; Rashid et al., 

2015; Stewardson et al., 2015) and laboratory animals (Choo et al., 2017).  Another study in 

healthy humans showed that ciprofloxacin affected the abundance of 30% of the bacteria in 

the faecal microbial community (Dethlefsen et al., 2008), while another study on levofloxacin 

showed that microbial richness was reduced by 25%, largely resulting from a decrease of 

Firmicutes and an increase of Bacteroidetes (Panda et al., 2014). In a murine model, 

moxifloxacin, an analogue of pradofloxacin used in human medicine that also has a wide 

spectrum of activity, caused a significant reduction of faecal bacterial 16S rRNA gene copy 

numbers after the first dose was administered, and throughout the 10-day treatment period. 
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However, bacterial populations recovered 2 days after cessation of treatment (Yao et al., 

2016).  

The shifts in the gut microbiota caused by inappropriate diet or selective antibiotic 

administration in rabbits are known to result in proliferation of opportunistic pathogens, 

leading to secondary bacterial enteritis and/or enterotoxemia, especially in young and 

immunocompromised animals (DeCubellis, 2016; DeCubellis and Graham, 2013; Huynh and 

Pignon, 2013). In the present study, we observed no clinical symptoms such as diarrhoea, 

inappetance, gut pain/impaction, or mucoid faeces during the trial.  16S rDNA profiling 

revealed overrepresentation of several bacterial taxa after the pradofloxacin treatment, 

however, proliferation of Clostridium spp. (including C. spiroforme the main agent associated 

with enterotoxaemia in rabbits) and other coliform bacteria was not observed. This may 

indicate that while pradofloxacin caused significant changes in the rabbit faecal microbiota, 

dysbiosis within the specialised caecum, resulting in overproliferation of pathogenic organisms 

likely did not occur. We are currently analysing the rabbit caecal microbiota to confirm this 

hypothesis. A recent study monitored changes in the murine gut microbiota following oral 

treatment with the earlier generation veterinary fluoroquinolone, enrofloxacin, which has a 

predominantly Gram-negative spectrum of activity and does not affect strictly anaerobic 

bacteria. Notable changes in the murine gut microbiota included increased proportions of 

Clostridium spp., Bacteriodetes and Bifidobacterium spp. (Strzepa et al., 2017). This contrasts 

with our study in rabbits where bacterial overgrowth was mainly associated with taxa from 

the families Ruminococcaceae and Lachnospiraceae. This may indicate that pradofloxacin has 

a reduced risk of causing enteritis in rabbits, even compared to the earlier generation 

fluoroquinolones, but it could also indicate host microbiota differences between mice and 

rabbits. 

We showed that a single dose treatment of pradofloxacin caused a very similar 

reduction in microbial diversity compared to multiple dose treatments. The significant 

reduction in faecal microbial diversity in the single dose group may also indicate that 

pradofloxacin may exhibit a prolonged suppressive effect on the faecal microbial community 

after cessation of treatment, a finding supported by studies in healthy humans treated with 

ciprofloxacin (Rashid et al., 2015). A further study incorporating a longer period of sampling 

following cessation of antimicrobial treatment would be required to confirm this. The 

suppressive effect of fluoroquinolones on the faecal microbiota was suggested in another 

study conducted in humans, which might be caused by higher elimination of moxifloxacin in 

faeces (approximately 37-38% of the administered dose) compared to urine with only 2.5% of 
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administered dose (Stass and Kubitza, 1999). Pradofloxacin is eliminated from the body 

viaurine and faeces but the proportion were varied among animals; in dogs at equal parts, in 

cats to a greater extent via the faeces (Bayer, 2004). This may suggest that pradofloxacin is 

also eliminated in high concentrations via rabbit faeces, resulting greater impact on faecal 

microbiota. 

Despite single and multiple dose treatments having a similar effect on microbial 

diversity, we did show that the microbial structure in both treatment groups differed, as 

visualised by PCoA. In line with our study, a study in New Zealand-Californian rabbits indicated 

that in general, hard faeces possessed higher microbial diversity than soft faeces, although no 

significant differences were identified (Michelland et al., 2010). Several bacterial taxa such as 

Ruminococcaceae, and Akkermansia spp. were enriched in soft faeces compared to hard 

faeces in previous comparative studies (Zeng et al., 2015). Although we compared between 

faecal types from the pradofloxacin-treated group only, soft faeces remained enriched with 

Ruminococcaceae which play an important role in the breakdown of complex carbohydrates. 

Ruminococcaceae and Lachnospiraceae were among the main families previously identified in 

rabbit faecal samples (Crowley et al., 2017; Eshar and Weese, 2014), however, the abundance 

of other bacterial taxa has varied considerably between studies. In the present study, 

Bacteriodetes was the second most abundance phyla after Firmicutes, which is in agreement 

with previous work (Crowley et al., 2017) but in contrast with another study describing that 

Verrucomicrobiota was the second most abundant taxa in faecal microbiota after Firmicutes 

(Eshar and Weese, 2014). The differences may reflect differences in diets and/or lack of 

variation in diets that included timothy hay or timothy-based pelleted diet in one study (Eshar 

and Weese, 2014) compared to a wider variety of diets including rabbit muesli, vegetables, 

fruits, willow bark, hay, straw and wild leaves in another study (Crowley et al., 2017).  

The present study has some limitations. Obtaining enough soft faeces samples in both 

groups of rabbits was quite challenging. Not all collars were successful in preventing rabbits 

from ingesting soft faeces each day so the collection of these samples during the trial was 

quite sporadic. As a result, only 11 soft faeces samples were obtained, which did not generate 

enough data to analyse and compare soft faeces over all time points and/or between faecal 

types. Additionally, low quality of sequencing was observed in some samples, resulting in 

reduced library size (OTU number). 

In conclusion, this is the first study describing the impact of pradofloxacin on gut 

microbiota in animals. In rabbits, pradofloxacin treatment affected up to a third of microbial 

community in hard faecal samples with significant adaptive changes, including decreased 
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abundance in a large variety of Gram-positive and -negative bacteria but increased abundance 

in some genera of Gram-positive bacteria. Pradofloxacin did not induce proliferation of 

bacterial taxa associated with enteritis in rabbits, indicating that it can be safely used in 

rabbits for short duration therapy. Furthermore, microbiota profiling of stomach and caecum 

contents together with gross and histological assessment of mucosal tissues could provide 

additional detailed assessment of the safety of pradofloxacin in lagomorphs. Establishing that 

pradofloxacin is safe in rabbits will enable clinical pharmacokinetic trials to be undertaken to 

confirm dose rates to achieve concentrations resulting in bacteriological cure in diseased 

rabbits. 
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Abstract 

Rabbits are known to have a delicately balanced digestive system and microbiota, 

which are highly sensitive to the detrimental effects of certain classes of antibiotic. This study 

aimed to determine the microbial community changes in the rabbit stomach and caecum in 

response to pradofloxacin. Single and multiple doses of pradofloxacin were administered to 

New Zealand crossbred rabbits at a dose rate of 7.5 mg/kg body weight and bacterial 

community changes were assessed by 16S rRNA amplicon sequencing using Illumina MiSeq. 

Here, we demonstrate that a single dose of pradofloxacin only slightly affected the overall 

microbial diversity in the stomach and caecum. A greater effect was observed in the multiple 

doses group with decreased microbial richness of up to 8% and 12% in the stomach and 

caecum, respectively, however, this did not reach significance when compared to the control 

group. Anaeroplasma, Tyzerella and Bacteriodetes were among the most suppressed bacterial 

taxa while the abundance of Akkermansia and several genera from Ruminococcaceae 

significantly increased after pradofloxacin treatment. Significantly, no overproliferation of 

opportunistic bacterial pathogens such as Clostridium spp. and coliform bacteria which may 

cause antibiotic-induced enteritis were detected and no histological changes were detected in 

gut sections. The stomach and caecum shared similar core microbiota which was similar in 

composition to soft faeces (caecotroph) but not hard faeces. Apart from minor impacts on 

gastric and caecal microbiota, our findings suggest that pradofloxacin is a relatively safe 

antimicrobial agent for pet rabbits as we observed no abnormalities in gastrointestinal tract 

and histological appearance. 

Keywords: pradofloxacin; microbiota; rabbit; stomach; caecum. 
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Introduction 

Rabbits are monogastric, hindgut-fermenting herbivores with a unique digestive 

structure and physiology. The rabbit gastrointestinal (GI) tract harbours a complex microbial 

community that effectively processes and digests a plant-based diet and is characterised by 

distinct bacterial populations in each gut compartment (Campbell-Ward, 2012). The GI tract 

occupies a large proportion of the rabbit body cavity with the majority of digestible material 

contained within the stomach and caecum (Halls, 2008). The stomach is very acidic (pH 1-2), 

comprises up to 15% of GI volume and is composed of food, ingested hair and caecal pellets 

with a 3-6 hour gastric transit time (Halls, 2008). The caecum is the largest organ (containing 

approximately 40% of gut contents) where sorting and fermentation of digesta occurs 

(Campbell-Ward, 2012; Davies and Davies, 2003; Halls, 2008). Because the rabbit has a 

delicately balanced GI system, any environmental changes, for example, those induced by the 

diet being too high in energy and/or protein, or following antimicrobial therapy, may result in 

gut microbiota dysbiosis (Meredith, 2010). Although dynamic changes in rabbit gut microbial 

communities varies between individuals and over time, they appear to be largely dependent 

on food intake, coprophagy and overall health (Halls, 2008).  

Gut microbiota dysbiosis in the rabbit is usually characterised by overgrowth of 

opportunistic autochthonous organisms such as Clostridium spiriforme and Escherichia coli 

(Carman and Borriello, 1984; Halls, 2005; Oglesbee and Jenkins, 2012; Raw, 2017). Diarrheal 

disease frequently results from dysbiosis, with symptoms ranging from softening of the stools, 

significant enteritis and life-threatening enterotoxemia (Campbell-Ward, 2012; DeCubellis and 

Graham, 2013). Antibiotics most likely to cause enteritis in rabbits include the β-lactams 

(cephalosporins and oral penicillin) and the macrolides (lincomycin, clindamycin, and 

erythromycin) (Carman and Borriello, 1984; Carman and Borriello, 1989; Ritzman, 2014).  

Older generation fluoroquinolones such as enrofloxacin are among the few classes of 

antimicrobial agent that are relatively safe for use in pet rabbits (as opposed to rabbits 

classified as food-producing animals) (DeCubellis and Graham, 2013). However, the latest 

generation of the veterinary fluoroquinolones, pradofloxacin, has a much wider spectrum of 

activity and could be an important therapeutic option for pet rabbits. Pradofloxacin is active 

against Gram-negative, Gram-positive and strictly anaerobic bacteria, as well as Mycoplasma 

and rapid growing Mycobacteria, but it has limited effect against Actinobacteria (Govendir et 

al., 2011). The mechanism of action is dual targeting through inhibition of both DNA gyrase 

and topoisomerase IV in the majority of susceptible bacteria with much lower mutant 
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prevention concentration (MPC) and less chance of developing resistance during therapy 

compared to other fluoroquinolones (Silley et al., 2012; Wetzstein, 2005; Wetzstein and 

Hallenbach, 2011). However, information regarding the effect of pradofloxacin on gut 

microbial communities in animals, particularly in rabbits, is unknown. In previous work we 

analysed the effect of oral pradofloxacin on the rabbit faecal microbiota which suggested that 

pradofloxacin appears to be relatively safe to use in rabbit although overall microbial diversity 

was significantly reduced after treatment (Saputra et al., 2018, in submission). In this study we 

aimed to characterise the changes in the gastric and caecal microbial communities caused by 

pradofloxacin for both single dose and multiple dose treatments through a 16S phylogenetic 

approach, as well as histopathological analysis of the gastrointestinal tract. 

Materials and methods 

Animal experiments. Ethical approval was obtained from of the University of Adelaide 

Animal Ethics Committee (S-2015-165). Twelve healthy New Zealand White crossbred rabbits 

(body weight 2.8-3.5kg) were sourced from the control group of a previous feeding trial, and 

divided into three groups. A single dose of pradofloxacin was given to four female rabbits in 

Day 1 (single dose group) while a single dose of pradofloxacin was given to four male rabbits 

daily for four days in the other treatment group (multiple doses group). Two female and two 

male rabbits remained as untreated controls (control group). All rabbits had been fed a 

commercial pelleted diet (Barastoc) for at least a month prior to the trial. The pelleted diets 

contains crude protein (16.3%), fat (3%) and fibre (21%) with additional minerals (salt, copper, 

selenium, calcium and phosphorus) and vitamin A, D and E. The trial was conducted at the 

Animal Desexing Clinic, 604 Port Rd, Allenby Gardens, Adelaide Australia. Any clinical signs 

related to gastrointestinal tract problems were monitored and recorded. On Day 4, all twelve 

rabbits were anaesthetized using isoflurane gas via a face mask and euthanized by intravenous 

barbiturate overdose (60mg/kg pentobarbitone). Post mortems were conducted 

approximately two hours later. Body condition and GI tract organs of each rabbit were 

recorded. For microbiota profiling, samples of gut contents were aseptically collected from the 

lumen of the caecum and stomach and immediately placed at -800C. Full thickness sections of 

stomach and caecal wall tissue, and liver and kidney were immediately placed in 10% buffered 

formalin. Following fixation, the tissue was trimmed, fixed in wax and 4 µm sections cut using 

a microtome. Sections were mounted on glass slides, stained with Haematoxylin and Eosin 

and examined under a light microscope at 400x magnification.  

Library preparation and sequencing. DNA extraction was performed using 

PowerFecal™ DNA Isolation kit (MO BIO Laboratories, Carlsbad, CA, USA). DNA concentration 
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was standardised to 5ng/μL before amplification of the V3-V4 region of the 16S rRNA was 

performed using Platinum Taq DNA Polymerase High Fidelity (Invitrogen, USA). The primers (F 

5’ACACTGACGACATGGTTCTACACCTACGGGNGGCWGCAG3’ and R 

5’TACGGTAGCAGAGACTTGGTCTGACTACHVGGGTATCTAATCC3’ ) consist of adapter nucleotide 

sequences (CS1 and  CS2  Fluidigm, underlined) and the locus specific sequences  targeting 

conserved  regions  within  the  V3  and  V4 (Klindworth et al., 2013). Metagenomics library 

preparation was performed according to manufacturer’s protocol.  Sequencing was performed 

using the Illumina MiSeq platform in the South Australian Health and Medical Research 

Institute (SAHMRI) Adelaide, Australia. 

Bioinformatics and statistical analysis. Overall sequences were retained after primer 

and quality trimming. Quality trimmed reads were analysed using the Quantitative Insights 

Into Microbial Ecology (QIIME) pipeline soſtware (Caporaso et al., 2010). Sequences were 

clustered into OTUs at a 3% dissimilarity level, and taxonomy was aligned and classified 

against the SILVA reference database (Alfano et al., 2015). All statistical analysis was 

performed in Microbiomeanalyst (Dhariwal et al., 2017). Significance test was performed for 

alpha diversity (Shannon index, Chao1 and observed species) using Mann-Whitney/Kruskal-

Wallis test (P<0.05). Beta diversity was assessed at genus level or higher by unweighted and 

unweighted Analaysis of Group Similarities (ANOSIM) and visualized by Principal Coordinate 

Analysis (PCoA). Differential abundance between sample groups were assessed using 

metagenomeSeq. LDA (Linear Discriminant Analysis) effect size (LEfSe) was performed to 

discover distinct abundance of bacterial taxa in gastric and caecal microbiota. Further, 

annotated 16S rRNA sequencing data were transformed to a taxonomic profile of the 

prokaryotic KEGG (Kyoto Encyclopedia of Genes and Genomes) organisms. Relative abundance 

of each KEGG orthology ID (KO) was produced and then subjected to shotgun data profiling 

(SDP) to predict metabolic potentials of microbial communities. A P-value of <0.05 with a FDR 

(false discovery rate) of <0.05 was considered significant (Korpela et al., 2016).  

Results 

Gross anatomy and histopathology. During the trial, the rabbits showed no clinical 

symptoms such as diarrhoea, inappetance, gut pain/impaction, or mucoid faeces. All rabbits 

appeared normal anatomically on post mortem. All rabbits had a body condition score of four 

out of five and adequate fat covering. The stomach and caeca of all rabbits were full and there 

were no pathological lesions in any organs. Some rabbits in all treatment groups had post 

mortem changes not attributable to the trial, including atelectasis of the lung (most likely due 

to intra-cardiac euthanasia) and necrosis of the stomach adjacent to the oesophagus due to a 
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build-up of acid post mortem. There were no pathological changes or detectable differences 

between the gross appearance of the gastro-intestinal systems of pradofloxacin treated 

groups and the control group. Histological appearance of the liver, kidney, stomach and caecal 

mucosa were identical between the prdofloxacin treated groups and the control group, with 

no abnormal findings. An example of a histological section of the caecal mucosa from a 

control rabbit (rabbit 3) and a rabbit from the multiple doses group (rabbit 10) is provided in 

Fig 1 A-C. 

Figure 1. Anatomy and histology of gastrointestinal tract of rabbit and microbial diversity 
profiles in stomach and caecum. (A) Gross anatomy in post mortem showing no pathological 
lesion in the organs in both control group and treatment group. (B-C) Hematoxylin and eosin 
stain of mid caecum demonstrates no significant difference in histology appearance between 
control rabbit (B) and pradofloxacin treated rabbit (C). (D) Main phylum observed in stomach 
and caecum among all samples. (E-F) Species richness and Shannon diversity index in control 
rabbit and pradofloxacin-treated rabbit, (*) showed significant difference by Man-
Whitney/Kruskal-Wallis (p<0.05) compared to stomach control group. No significant 
difference in observed species between stomach and caecum or treatment groups. Microbial 
diversity in stomach was significantly higher compared to caecum as showed by Shannon 
index. 
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16S rDNA profiling. A total of sequence 1,275,075 were obtained from 23 samples, 

resulting in 294515 reads after data filtering (Table S1). Approximately 2.3% of total reads 

were excluded (not classified) and only 287807 included in the next analysis with 12513 

average counts per sample (range 19258-6263) and 768 OTUs in total. Firmicutes and 

Bacteriodetes were the most dominant phyla across all sample groups, ranged from 59%-83% 

and 15%-40%, respectively (Fig 1 D, table S2). Organisms belonging to the Actinobacteria were 

only detected in stomach samples. Fifteen classes were identified, with Ruminococcaceae and 

Lachnospiraceae being the dominant families, ranging from 25-50% and 20%-32% of the total 

population in the three respective sample groups. 

Microbial community changes in the stomach. The rabbit gastric microbial 

community was dominated by Ruminococcaceae, Lachnospiraceae and Anaeroplasmataceae 

(Fig 2 A, Table S2). After pradofloxacin treatment, a slight decrease of observed species was 

identified in both single dose and multiple dose treatment groups with reductions of 2% and 

8%, respectively, and a 4%-5% decrease in the Shannon index (Table 1 E-F). When examining 

the proportion of the total bacterial abundance at commencement of the trial affected by the 

treatment, suppressed bacterial taxa were observed in 25%-34% of the total abundance in 

both single and multiple dose treatment groups. Concomitantly, population increases in other 

bacterial taxa representing 14%-22% of total abundance were also observed in both single and 

multiple dose treatment groups. For the single dose treatment group, pradofloxacin had a 

negative effect on two main phyla, Tenericutes and Cyanobacteria which were mainly 

comprised of Anaeroplasma spp., Thalassophiria spp., Clostridiales and Bacteriodetes (Fig 2 C-

D). For the multiple dose treatment group, a significant decrease of abundance at the phylum 

level was observed in Tenericutes and Proteobacteria, while Verrucomicrobia (Akkermansia 

spp.) were significantly overrepresented.  

Microbial community changes in the caecum. Surprisingly, based on alpha diversity 

measurement (Shannon index), microbial diversity in the stomach was significantly higher 

(P=0.042) compared to the caecum in the control group (Fig 1 F). The caecal microbiota of all 

groups was dominated by Lachnospiraceae, Bacteroidaceae and Ruminocaoccaceae (Fig 2 A, 

Table S2). In general, the microbial community in the caecum was not affected by  a single 

dose of pradofloxacin but a greater effect was observed in the multiple dose treatment group, 

with 12% loss of observed species, however this loss did not reach significance compared to 

the control group. The single dose treatment affected up to 6% of total abundance, mainly 

due to decreased abundance of Anaeroplasma spp., Bacteriodetes, and Parasuturella spp. A 

similar but greater effect was observed in the multiple dose treatment with a wider range of 
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bacterial taxa affected as presented in Fig 2 E-F. Similar to the stomach, several bacterial taxa 

such as Akkermansia spp. and Ruminococcaceae were more abundant after treatment. In line 

with no observation of antibiotic-induced diarrhoea, overproliferation of bacterial taxa from 

the Clostridiaceae and Enterobacteriaceae in both stomach and caecum samples was not 

detected.  

Figure 2. Heatmap, dendogram and histogram describe significant shift of bacterial taxa in 
each sample group. (A) Euclidean heatmap and clustering analysis of dominant families among 
stomach and caecum samples showing the abundance of bacterial families based on 
treatment types and sample types. (B) Dendogram developed at genus level using Jensen-
Shannon divergence as distance measure, showing that stomach and caecum samples were 
clustered into the same individual rabbit. Bacterial taxa that significantly decreased (C) and 
increased (D) in stomach samples after single dose (A) and multiple doses (B) treatment. 
Bacterial taxa that significantly decreased (E) and increased (F) in caecum samples after single 
dose (A) and multiple doses (B) treatment. Statistical significant obtained from 
metagenomeSeq analysis where P<0.05, FDR p<0.005.  
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Microbial community structure. Based on heatmap clustering and dendogram 

analysis using the Jensen-Shannon distance metric (Fig 2 A-B), we found that stomach and 

caecum samples from the same individual were clustered together, in particular for the 

multiple doses group which indicate the uniqueness of the autochthonous microbial 

community present in each rabbit. In the control group, the stomach was enriched in 

Tenericutes and Firmicutes while the caecum was dominated by Bacteriodia but it was not 

significantly differentiated when analysed using LefSe. Similarly, comparative analysis within 

the same group showed no significant features between stomach and caecal samples. After 

pooling of all samples from both single and multiple dose treatment groups from the same 

rabbits, we found that the stomach was significantly enriched with Actinobacteria and 

Firmicutes while the caecum was enriched with Bacteriodetes (p=<0.001, FDR<0.01). 

Tenericutes were no longer enriched in the stomach due to a significant drop of 

Anaeroplasma spp. after treatment. At the class level, Coriobacteria and Clostridia were 

enriched in the stomach while Bacteroidia was enriched in the caecum (P<0.005, FDR <0.05). 

When LefSe analysis was performed at the genus level, nine enriched genera were 

significantly differentiated (p<0.003, FDR<0.03), including Fusicatenibacter, Collinsella, 

Syntrophococcus, Lachnoclostridium, Lachnospiraceae (n=3) in the stomach while 

Ruminoclostridum 9 and Ruminococcaceae UCG007 were enriched in caecum. 

In contrast with Jensen-Shannon distance metric, analysis using unweighted Unifrac 

distance metric showed that gastric and caecal microbiota from all samples were clustered 

together (ANOSIM R= 0.82507; p-value < 0.001 (Fig 3 A)). Since the unweighted Unifrac 

distance only considers the presence and absence of bacterial taxa, the dissimilarity may be 

influenced by the presence of 14 genera and five genera that were uniquely present in 

stomach and caecum only, respectively. Assessed using weighted Unifrac distance which 

considers the actual abundance, microbial community structure for each sample group did not 

cluster clearly. 

Before the rabbits were euthanized, we collected several faecal samples, including 

hard faeces and soft faeces (Saputra et al., 2018, in submission). Unfortunately, we are unable 

to perform statistical analysis due to low sample number. However, the reduction of microbial 

diversity caused by pradofloxacin in hard faeces was relatively higher (33%) than in the 

stomach (4%) and caecum (12%), when compared to the baseline. Further, using the Jensen-

Shannon distance metric, we observed that the microbiota present in hard faeces was 

clustered differently from gastric, caecal and soft faeces samples (Fig 3C). 
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Figure 3. Principles coordinate analysis (PCoA) showing the dissimilarity between sample 
groups. (A-B) Unweighted ([ANOSIM] R: 0.82507; p-value < 0.001) and weighted ([ANOSIM] R: 
0.5449; p-value < 0.001) Unifrac distance, respectively, showed that stomach and caecum 
were clustered separately among control and pradofloxacin treated samples. (C) Stomach and 
caecum samples were plotted with caecotroph (soft feces) and hard feces from the same 
rabbit, showing separate cluster for hard feces ([ANOSIM] R: 0.6163; p-value < 0.001). (D) Each 
sample from PCoA (C) were represented in dendogram (Jensen-Shannon divergence). 
*Control, control group; A, single dose treatment; B, multiple doses treatment. 

 

Prediction of metabolic potentials. Although generally the caecum harboured lower 

microbial diversity compared to the stomach, prediction of functional diversity showed that 

several metabolic pathways such as thiamine, propanoate and biotin metabolism and folate 

biosynthesis were actually enriched in the caecum. No significant difference in metabolic 

pathways between control and treatment groups were identified in stomach and caecum. The 

most significantly abundant of the metabolic pathways in both stomach and caecum included 

biosynthesis of amino acids, pyruvate metabolism, carbon fixation pathways in prokaryotes, 

and amino sugar, nucleotide sugar, alanine, aspartate and glutamate metabolism (Table S3). 
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Discussion 

This is the first study describing gastric and caecal microbial community changes 

resulting from pradofloxacin administration in animals generally and rabbits specifically. The 

notable findings of this study are 1) pradofloxacin caused minimal changes in the gastric and 

caecal microbiota with no detection of proliferation of bacterial taxa typically associated with 

enteritis in this species; 2) multiple daily doses resulted in greater changes to microbiota 

compared to the single dose treatment, but these differences were not significant when 

compared to the control group; 3) the rabbit stomach harboured surprisingly greater 

microbial diversity compared the caecum, but both compartments shared a similar core 

microbiota.  

The minor effect of pradofloxacin on gastric and caecal microbiota was in contrast 

with several studies that have shown fluoroquinolones, as broad-spectrum, bactericidal 

antimicrobial agents, have a significant effect on some gastrointestinal tract bacterial 

communities. In studies involving ciprofloxacin in humans (Dethlefsen et al., 2008; Pop et al., 

2016; Zaura et al., 2015) and mice (Choo et al., 2017); moxifloxacin in mice (Yao et al., 2016); 

and levofloxacin in humans (Panda et al., 2014); the effect on microbial diversity was much 

more dramatic. However, it is important to note that these studies characterised microbial 

communities in faecal samples only, not in other compartments of the gastrointestinal tract. 

There are only a few studies that have profiled gastric and caecal microbiota in response to 

fluoroquinolone therapy, but several studies have described the effect of other antibiotic 

classes. These have also shown that faecal microbiota is most likely to be markedly affected 

by antibiotics compared to other gastrointestinal tract compartments. For example, a study in 

healthy humans exposed to clindamycin and ciprofloxacin treatment showed significant 

perturbation of the faecal compared the salivary microbial community (Zaura et al., 2015). 

Amoxicillin, ceftriaxone and vancomycin also had significant effects on mouse faecal 

microbiota but bacterial populations in the ileum remained relatively stable (Tulstrup et al., 

2015). Likewise, in the present study, we observed that pradofloxacin had a relatively greater 

effect on faecal compared to gastric and caecal microbiota. The reasons for these contrasting 

results may be due to the differences in resilience of the microbial community against stress 

in different gut compartments such as the caecum which also may include the ability to 

recover from antibiotic exposure as well as differences in gut transit time (Zaura et al., 2015). 

Another possibility is that pradofloxacin may be eliminated in faeces at much higher 

concentrations compared to those present in the stomach and caecum during transit. This has 

been previously observed in rabbits treated with moxifloxacin, an analogue to pradofloxacin. 

This study demonstrated that microbially active moxifloxacin was excreted unchanged 

through a 



146 

trans-epithelial mechanism, contributing 20% to the faecal concentration while the remaining 

80% is excreted via the bile but only a small fraction of this proportion reaches the caecum 

(Musafija et al., 2000). 

This study confirmed that the effect of both single and multiple doses treatment on 

gastric and caecal microbiota did not differ significantly, as demonstrated by alpha and beta 

diversity indices, and it must be remembered that a high concentration of pradofloxacin was 

administered in this study (7.5 mg/kg, the labelled dose recommendation in cats in some 

countries). Generally, pradofloxacin is given orally at a dose of 3-6 mg/kg orally in dogs, with 

label claims (Bayer, 2017) for the treatment of canine staphylococcal pyoderma, urinary tract 

and Mycoplasma infection (Dowers et al., 2009; Hartmann et al., 2008a; Hartmann et al., 

2008b; Papich, 2016). Regardless, of the minor effect on the overall microbial communities 

inhabiting the stomach and caecum, this study did confirm that pradofloxacin effectively kills 

and/or inhibits the growth of several Gram-positive and-negative genera including strict 

anaerobes. The genus of bacteria that were the most significantly killed and/or suppressed by 

pradofloxacin were the Anaeroplasma spp., which are denoted as “anaerobic Mycoplasma” 

within the Mollicutes class (Brown et al., 2015). Furthermore, overrepresentation of 

Clostridiaceae and Enterobacteriaceae which potentially causing enteritis in rabbits was not 

observed. Instead, we observed proliferation of Akkermansia which are regarded as mucin 

degraders (Derrie et al., 2015) and Ruminococcaceae which play an active role in the gut as 

plant cellulose degraders (Biddle et al., 2013). These two taxa were overrepresented after 

pradofloxacin treatment.  Our observations suggest that pradofloxacin rapidly kills specific 

bacterial taxa in these gut compartments, even following a single dose only, but in general, 

pradofloxacin (following single and multiple doses) has minimal effects on the autochthonous 

microbial community. It did not cause severe dysbiosis in the caecum and may have in fact 

benefited some nutritionally important communities.  

Several previous studies undertaken in rabbits have assessed the microbial 

community in faeces and caecum (Abecia et al., 2017; Combes et al., 2013; Crowley et al., 

2017; Eshar and Weese, 2014; Huybens et al., 2013; Michelland et al., 2010; Yang et al., 2016; 

Zeng et al., 2015), but the microbial community in the rabbit stomach remains unexplored. A 

metagenomics study in wild and domesticated rabbits has only described the microbial 

composition in stomach at the phyla level (Crowley et al., 2017) while other studies only 

describe the differences in microbial structure in gastric, caecal and faecal microbiota based 

on DGGE and TRFLP analysis (Skrivanova et al., 2010). In agreement with other studies, we 

showed that the caecal microbiota was dominated by Firmicutes (Ruminococcaceae and 
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Lachnospiraceae) and Bacteriodetes of varied proportions (Abecia et al., 2017; Crowley et al., 

2017).  

It is widely known that the gastric pH of the rabbit is very acidic compared to that of 

other species, and the stomach has previously been regarded as a sterile environment 

(Campbell-Ward, 2012; Davies and Davies, 2003). This statement may not be entirely true as 

our data suggest that the rabbit stomach in fact contains a similar core microbiota as that 

found in the caecum. In addition, using Shannon index for alpha diversity measurement, 

microbial diversity in the rabbit stomach was significantly higher compared to the caecum. 

Further, since the core microbiota in the stomach is also similar to that described in 

caecotrophs as visualised by PCoA in this study and previous studies (Michelland et al., 2010; 

Skrivanova et al., 2010), we hypothesize that the microbial community structure in the rabbit 

stomach is most likely influenced by caecotroph intake which may assist the fermentation 

process. In fact, it is difficult to ensure that the caecotrophs are swallowed without breaking 

the mucin coat within the stomach for at least 6–8 hours after ingestion (Davies and Davies, 

2003).  

In alignment with our functional predictions of microbial community structure, 

metabolic pathways were generally similar among the three rabbit treatment groups. 

However, the metabolic function described in this present study was generated based on 

metagenome predictions which only provide information on general function within the 

microbial community. It is believed that, even without significant effects on microbiota 

composition and general metabolic function, the KEGG orthologous groups might have been 

significantly affected (Zaura et al., 2015). A holistic approach which includes integration of 

metagenomic (V3-V4 16S rRNA gene sequencing) and metabolomic (nuclear magnetic 

resonance, NMR) as well as phenotypic data (culture-based) should be employed to more fully 

understand the consequences of the shift in microbial communities due to antibiotic 

intervention (Choo et al., 2017). The limitations of this study include low numbers of animals 

per treatment group, our inability to obtain matching caeocotroph and faecal samples for all 

time points and the requirement for the trial to be terminated to obtain caecum and stomach 

samples before the autochthonous microbiota could recover post-cessation of antimicrobial 

therapy. To address these, further analysis with a complete set of gastrointestinal 

compartment samples including soft and hard faeces samples is required. 
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In conclusion, this is the first report describing the effect of pradofloxacin on intestinal 

microbiota within the stomach and caecum in animals. The short term exposure of 

pradofloxacin only slightly affected the microbial community in the rabbit stomach and 

caecum. Considering other factors such as no observation of antibiotic-induced diarrhoea, 

toxicoses and/or other abnormalities at the gross post-mortem and histopathological level, 

which was confirmed by microbiota profiling, we suggest that pradofloxacin is a very safe 

short term antimicrobial treatment for use in pet rabbits not destined for human 

consumption.   
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Supplementary information 
Table S1. Clinical records, samples ID and overall read obtained from Illumina sequencing. 

Treatment 
group 

Sample 
type 

Rabbit ID Sex 
Start 

weight 
Euthanasia 

weight 
Dose 

Number of 
dose 

Sample ID 
Total number 

of reads 
Filtered or 

chimeric reads 
Reads in 

OTUs 

Control Caecum 2 F 2.82 2.26 0 0 R2T4C 53435 39975 13460 

Stomach R2T4S 62354 48953 13401 

Caecum 3 F 2.96 2.36 0 0 R3T4C 57846 44078 13768 

Caecum 11 M 3.12 2.5 0 0 R11T4C 55291 41731 13560 

Stomach R11T4S 31287 24773 6514 

Caecum 12 M 3.2 2.56 0 0 R12T4C 45611 34994 10617 

Stomach R12T4S 30357 23690 6667 

A Caecum 1 F 3.25 2.56 0.96 1 R1T4C 77243 57639 19604 

Stomach R1T4S 60917 46857 14060 

Caecum 4 F 3.47 - 1.04 1 R4T4C 63404 47983 15421 

Stomach R4T4S 53468 41850 11618 

Caecum 5 F 2.95 2.36 0.89 1 R5T4C 51816 40615 11201 

Stomach R5T4S 53650 42798 10852 

Caecum 6 F 3 2.4 0.9 1 R6T4C 63451 47980 15471 

Stomach R6T4S 51937 41075 10862 

B Caecum 7 M 3.1 2.48 0.93 4 R7T4C 58012 43867 14145 

Stomach R7T4S 49594 38775 10819 

Caecum 8 M 3.4 2.71 1 4 R8T4C 59667 45544 14123 

Stomach R8T4S 46679 36845 9834 

Caecum 9 M 3.2 2.56 0.96 4 R9T4C 55067 42017 13050 

Stomach R9T4S 69020 52113 16907 

Caecum 10 M 3.13 2.48 0.94 4 R10T4C 63665 49275 14390 

Stomach R10T4S 61304 47133 14171 
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Table S2. Relative abundance of dominant bacterial taxa in control group, single dose (A) and multiple doses (B) treatment groups. 

Kingdom Phylum Class Ordo Family 
Stomach Caecum 

Control A B Control A B 

Arcaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae 0.008 0.004 0.002 0 0.003 0.002 

Bacteria Actinobacteria Coriobacteriia Coriobacteriales Coriobacteriaceae 0.255 0.266 0.152 0.034 0.049 0.018 

Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae 8.844 14.556 12.179 29.278 27.757 16.938 

Bacteroidales S24-7 group 0.439 0.835 3.212 0.358 1.354 5.187 

Porphyromonadaceae 1.018 4.890 3.009 2.561 7.728 4.542 

Rikenellaceae 0.623 1.085 0.925 1.718 1.780 1.019 

Bacteroidetes VC2.1 Bac22 uncul. bacterium uncul. bacterium 1.676 0.002 0.008 2.127 0.015 0.002 

Cyanobacteria Melainabacteria Gastranaerophilales uncul. bacterium 0.889 0.004 0.777 0.334 0.002 0 

uncul. rumen bacterium 4C0d-2 0.008 0.013 0 0.004 0.003 0 

Firmicutes Clostridia Clostridiales Christensenellaceae 0.349 0.054 0.089 0.038 0.012 0.029 

Clostridiales vadinBB60 group 4.132 0.320 0.425 2.225 0.633 0.532 

Eubacteriaceae 1.046 0.333 0.348 0.411 0.338 0.139 

Family XIII 0.059 0.019 0.012 0.004 0.015 0.013 

Lachnospiraceae 27.774 31.519 28.312 31.887 20.004 20.088 

Peptococcaceae 0.047 0.002 0.130 0.030 0.005 0.053 

Ruminococcaceae 33.062 45.597 48.495 24.646 39.569 49.812 

Ruminococcaceae 0 0 0.006 0.002 0.007 0.005 

Erysipelotrichia Erysipelotrichales Erysipelotrichaceae 0.020 0.026 0 0.008 0.045 0 

 unknown 0 0.006 0.002 0 0 0 

Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae 0.078 0.004 0 0.429 0.005 0 

Oxalobacteraceae 0.020 0.026 0 0.094 0.056 0 

Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae 0 0 0 0.024 0.018 0 

Alphaproteobacteria Rhodospirillales Rhodospirillaceae 1.007 0 0.002 0.056 0 0 

Rickettsiales 0.012 0.002 0.016 0 0 0 

Saccharibacteria Unknown Class Unknown Order Unknown Family 0.035 0.048 0.012 0.098 0.059 0.007 

Tenericutes Mollicutes Anaeroplasmatales Anaeroplasmataceae 18.229 0.006 0.008 3.292 0.010 0 

Mollicutes RF9 uncul. bacterium 0.039 0.009 0 0.038 0.013 0 

uncul. rumen bacterium 0.008 0 0 0.004 0 0 

Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae 0.325 0.368 1.870 0.296 0.520 1.608 

 unknown 0 0.004 0.010 0.002 0 0.005 
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Table S3. Prediction of metabolic functional based on Tax4Fun in control group, single dose (A) and multiple doses (B) treatment groups. 

Pathway 

Stomach Caecum 

Control A B Control A B 

Hits Pval FDR Hits Pval FDR Hits Pval FDR Hits Pval FDR Hits Pval FDR Hits Pval FDR 

Biosynthesis of amino acids 115 6.07E-22 8.98E-20 118 2.40E-24 3.56E-22 117 5.70E-25 8.43E-23 116 5.68E-23 8.41E-21 115 3 51E-22 5.19E-20 118 3 54E-24 5.24E-22 

Pyruvate metabolism 39 3.83E-08 2.83E-06 39 2.71E-08 1.34E-06 39 1.12E-08 5.52E-07 36 1.34E-06 6.61E-05 38 1 22E-07 6 02E-06 39 3 05E-08 1.50E-06 

Carbon fixation pathways in prokaryotes 33 1.18E-07 5.80E-06 34 1.98E-08 1.34E-06 34 8.83E-09 5.52E-07 35 4.43E-09 3.28E-07 37 1 83E-10 1 36E-08 36 9 31E-10 6.89E-08 

Amino sugar and nucleotide sugar metabolism 33 8.80E-07 3.26E-05 33 6.62E-07 2.45E-05 32 1.19E-06 4.40E-05 31 8.44E-06 0.000312 30 2 90E-05 0 00086 32 2.61E-06 9.67E-05 

Alanine, aspartate and glutamate metabolism 30 1.49E-05 0 000442 29 3.71E-05 0 000915 29 2.04E-05 0.000605 29 3.86E-05 0.000951 28 0.000123 0.0026 29 4 01E-05 0.000847 

Valine, leucine and isoleucine biosynthesis 11 6.41E-05 0.00158 11 5.72E-05 0.00121 11 4.26E-05 0.000902 11 5.83E-05 0.00123 10 0.000457 0 00752 11 5 94E-05 0.0011 

Carbon metabolism 83 0.00016 0.00338 85 3.06E-05 0 000906 83 3.24E-05 0.000799 86 1.76E-05 0.00052 88 5 55E-06 0.000205 86 1 91E-05 0.000471 

Citrate cycle (TCA cycle) 24 0.000394 0.00646 25 0 000109 0.00201 25 6.49E-05 0.0012 25 0.000113 0.00208 26 3.75E-05 0.000925 27 1 04E-05 0.000309 

Glycine, serine and threonine metabolism 32 0.000414 0.00646 30 0.00179 0.0162 30 0.00108 0.0114 30 0.00185 0 015 28 0 00852 0.0466 29 0 00409 0.0252 

Porphyrin and chlorophyll metabolism 29 0.000478 0.00646 28 0 000961 0.0118 28 0.000582 0.00718 29 0.000402 0.00496 28 0 00106 0.0121 29 0.000416 0.00605 

Selenocompound metabolism 10 0.00048 0.00646 10 0 000435 0.00643 10 0.000336 0.00498 10 0.000442 0.00503 9 0 00263 0.0229 10 0.000449 0.00605 

Glycolysis / Gluconeogenesis 32 0.000707 0.00872 33 0 000237 0.00389 32 0.000324 0.00498 32 0.000591 0.00625 32 0.000635 0.0094 34 0.000101 0.00167 

Cysteine and methionine metabolism 29 0.000841 0.00958 29 0 000688 0.00926 29 0.000408 0.00549 29 0.000712 0.00702 28 0 00179 0.0171 29 0.000736 0.00908 

Starch and sucrose metabolism 27 0.000931 0.00984 26 0.00186 0.0162 25 0.00279 0.0197 26 0.00192 0 015 25 0 00461 0.031 26 0 00198 0.0172 

Histidine metabolism 17 0.00107 0 0105 16 0 0029 0.0211 16 0.0021 0.0179 17 0.00095 0.00879 17 0.000996 0.0121 16 0 00303 0.022 

One carbon pool by folate 13 0.00117 0 0108 13 0.00104 0.0118 13 0.00077 0.00877 14 0.00024 0.00355 14 0 00025 0 00463 13 0 00108 0.0123 

Streptomycin biosynthesis 8 0.00187 0 0163 8 0.00173 0.0162 6 0.0352 0.141 9 0.000225 0.00355 8 0.0018 0.0171 8 0 00177 0.0169 

Pantothenate and CoA biosynthesis 14 0.00317 0 0247 14 0.00283 0.0211 14 0.0021 0.0179 14 0.00288 0.0204 14 0 003 0.0238 14 0 00294 0.022 

Polyketide sugar unit biosynthesis 4 0.00313 0 0247 4 0.00299 0.0211 4 0.00266 0.0197 4 0.00301 0.0204 4 0 00306 0.0238 4 0 00304 0.022 

2-Oxocarboxylic acid metabolism 23 0.00346 0 0256 23 0.00296 0.0211 23 0.00196 0.0179 23 0.00304 0.0204 22 0 00734 0.0434 23 0 00312 0.022 

Peptidoglycan biosynthesis 8 0.00387 0 0264 8 0.00358 0.023 8 0.00293 0.0197 8 0.00362 0.0224 8 0 00372 0.0262 8 0 00367 0.0236 

Phenylalanine, tyrosine and tryptophan bios. 25 0.00393 0 0264 25 0.00333 0.0224 25 0.00217 0.0179 25 0.00343 0.0221 25 0 00362 0.0262 25 0 00352 0.0236 

Fructose and mannose metabolism 18 0.00791 0 0496 18 0.00697 0.0397 16 0.0274 0.113 17 0.0167 0.0798 16 0.0366 0.139 

Lipopolysaccharide biosynthesis 9 0.00839 0 0496 10 0.00177 0.0162 8 0.0232 0.104 11 0.00033 0.00443 10 0 00185 0.0171 10 0 00182 0.0169 

Pentose and glucuronate interconversions 17 0.00834 0 0496 16 0 0177 0.0821 16 0.0134 0.0756 15 0.0395 0.158 15 0.0407 0.157 16 0.0184 0.0851 

Thiamine metabolism 11 0.00954 0 0543 11 0.00872 0.0461 11 0.0069 0.0444 11 0.00885 0.0468 11 0 00912 0.0466 11 0 00898 0.0492 

Propanoate metabolism 21 0 0107 0 0589 22 0.00412 0.0254 22 0.00279 0.0197 21 0.00959 0 049 24 0.000704 0 00947 23 0 00178 0.0169 

Cyanoamino acid metabolism 6 0 0149 0.079 6 0 0141 0.072 6 0.0122 0.075 6 0.0142 0.0703 6 0.0145 0.0716 6 0.0144 0.076 

Fatty acid biosynthesis 12 0.019 0 0971 12 0 0174 0.0821 12 0.0138 0.0756 13 0.00617 0.0351 12 0.0182 0.0866 12 0.0179 0.0851 

Biotin metabolism 9 0 0201 0 0992 10 0.00529 0.0313 9 0.0154 0.0816 11 0.00126 0 011 10 0 00552 0.0341 10 0 00544 0.031 

C5-Branched dibasic acid metabolism 6 0 0264 0.122 6 0.0217 0.104 7 0.0051 0.0302 7 0 00522 0.0336 7 0 00516 0.0306 

Folate biosynthesis 12 0 0257 0.122 12 0 0235 0.102 12 0.0188 0.0959 13 0.00884 0.0468 13 0 00914 0.0466 12 0.0242 0.105 

D-Glutamine and D-glutamate metabolism 4 0.031 0.127 4 0 0298 0.116 4 0.0268 0.113 4 0.03 0.123 4 0.0304 0.121 4 0.0302 0.117 

Drug metabolism - other enzymes 9 0 0291 0.127 9 0 0271 0.113 9 0.0225 0.104 9 0.0274 0.121 9 0.0281 0.12 9 0.0277 0.115 

Nitrogen metabolism 8 0 0293 0.127 8 0 0275 0.113 8 0.0232 0.104 8 0.0278 0.121 8 0.0284 0.12 8 0.0281 0.115 

Tetracycline biosynthesis 4 0.031 0.127 4 0 0298 0.116 4 0.0268 0.113 4 0.03 0.123 4 0.0304 0.121 4 0.0302 0.117 

Butanoate metabolism 21 0 0363 0.141 23 0.00796 0.0436 20 0.045 0.171 23 0 00857 0.0466 22 0.0173 0.0851 

Pyrimidine metabolism 45 0.036 0.141 

Carbon fixation in photosynthetic organisms 14 0 0206 0.0924 13 0.0377 0.147 14 0.0209 0.0968 14 0.0216 0.097 14 0.0213 0.0954 

Lipoic acid metabolism 3 0.0425 0.161 3 0 043 0.159 3 0.0427 0.158 

Lysine biosynthesis 16 0 0177 0.0821 16 0.0134 0.0756 16 0.0187 0.0866 16 0.0184 0.0851 

Vitamin B6 metabolism 6 0.0406 0.158 6 0.0414 0.157 
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Chapter 8 

General discussion 
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8.1. General summary 

Antimicrobials are pharmaceutical drugs widely used to treat infections in humans 

and animals, contributing enormously to the modern medicine. Following the broad use of 

these antimicrobials for therapeutic (i.e. treatment, metaphylaxis and prophylaxis) and non-

therapeutic use (i.e. growth promotion), there has been some unintended consequences that 

affect the individual as well as the community. This thesis focuses on two critical 

consequences of antimicrobial use, namely the development and measurement of 

antimicrobial resistance (AMR) and the disruptive effect of antimicrobial agents on gut 

microbiota (dysbiosis).  

Forming a critical aspect of the first nation-wide survey of AMR in Australian animals, 

this thesis provides an important baseline on the current level of AMR among the two major 

groups of companion animal pathogens. In Chapters 2 and 3, frequency of resistance to 16 

antimicrobials was determined among Gram-negative pathogens (E. coli, n=883) and Gram-

positive pathogens (Staphylococcus pseudintermedius n=629 and S. aureus n=117) obtained 

from veterinary diagnostic laboratories throughout Australia. Statistical analysis was 

performed on epidemiological data accompanying the isolates, which revealed that prior 

antimicrobial use and recurrent diseases increase the risk of infection by multidrug-resistant 

(MDR) bacteria, in particular MDR E. coli causing urinary tract infections, while any surgical 

interventions increase the risk of infection by methicillin-resistant S. pseudintermedius 

(MRSP). Comparison with similar studies in other countries (Chapter 4) revealed that generally 

Australia was among the group of countries with comparative low levels of AMR among 

companion animal pathogens.  

Chapter 6 and 7 focused on antimicrobial effect on gut microbial communities in 

rabbits after treatment with pradofloxacin, a new veterinary fluoroquinolone that has a much 

wider spectrum of activity, including anaerobes. Concern was expressed among veterinarians 

as to the safety of pradofloxacin given this much broader spectrum of activity and the fact 

that rabbits are predisposed to antibiotic-induced clostridial enteritis. Microbiota profiling 

revealed that disruption caused by pradofloxacin was far greater in faecal samples than in 

gastric and caecal samples, as indicated by alpha diversity measurement. Considered with 

other parameters, such as the absence of gross post mortem and histological evidence of 

pathology and clinical assessment during the trial, pradofloxacin oral suspension was 

considered safe for use in the rabbit for up to three days of treatment.  
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8.2. Major findings 

8.2.1. Comparative rates of AMR in Australia is low for Gram-negative pathogens but 

moderately high for Gram-positive pathogens 

Since this is the first nationwide survey of AMR in companion animal pathogens 

conducted in Australia, no comparable data are available to conclude whether the frequency 

of AMR is increasing over time or not. Comparisons can be made between Australia and other 

countries for a selected number of resistances, with greatest interest in resistance to third 

generation cephalosporins (3GC), fluoroquinolones (FQN), aminoglycosides (AMG) and 

carbapenems in E. coli and the frequency of methicillin resistance among staphylococci.  In 

most cases, the frequency of AMR reported in each country represents nationwide data, in 

particular for developed countries, while others may represent regional areas or derive their 

data from several veterinary diagnostic laboratory surveys.  

Resistance to carbapenems was not detected while resistance to 3GC, FQN, and AMG 

was comparatively low in Australia, in particular for E. coli isolated from cats and dogs. Data 

on antimicrobial use in companion animals in Australia is limited (Hardefeldt et al., 2017), 

however, the low level of resistance may be attributed to the comparatively restricted use of 

these antimicrobials in Australia compared to other countries. Restricted use of carbapenems 

for exceptional circumstances in Australia resulted in zero frequency of resistance in clinical E. 

coli (AVA, 2017), while in other countries, such as the USA, carbepenem resistance in E. coli 

has been detected at low levels in both dogs (1.3%) and cats (1.8%) (Thungrat et al., 2015). 

Fluoroquinolones have not been registered for use in livestock in Australia, but several 

fluoroquinolones are registered for use in dogs and cats such as enrofloxacin, marbofloxacin, 

orbifloxacin, ibafloxacin and pradofloxacin as last resort antimicrobials (AVA, 2017). As a 

result, fluoroquinolone resistance has not been present or is detected at very low levels in 

food production animals in Australia (both in pathogens and commensals) (Abraham et al., 

2015; APVMA, 2017; Barlow et al., 2015). Amongst animal isolates, resistance to 

fluoroquinolones is only likely to occur in clinical isolates from companion animals with a 

frequency <10% for both coagulase-positive staphylococci (Chapter 2) and E. coli isolates 

(Chapter 3) from dogs, cats and horses. 

Among Gram-positive bacteria, the frequency of MRSP isolated from dogs was 

relatively high in Australia compared with many European countries (Chapter 4). Interestingly, 

a low rate of resistance in Gram-negative isolates but a high rate in Gram-positive isolates 

mirrors the situation in human medicine in Australia (AURA, 2016). In human medicine, the 



154 

frequency of MRSA isolates was higher, with 15%-17% frequency in non-invasive and invasive 

infections, respectively, compared with many developed countries in Europe (AURA, 2016). 

The reasons for the major difference are not clear, but it is likely that the drivers for these 

types of resistance are different between animals and humans. 

8.2.2. High levels of AMR among bacterial isolates from veterinary healthcare-associated 

infections 

It is confirmed that the infection site and prior antimicrobial treatment were strongly 

correlated with MRSP compared to MSSP infection in dogs (Chapter 2). Logistic regression 

analysis showed that surgical site infections were the most significant factor in the likelihood 

of isolation of MRSP with a frequency of 35.7% among clinical isolates from surgical sites. In 

contrast, the proportion of MRSP from other infection sites was significantly lower (p<0.001), 

for instance from urinary tract infections the proportion of MRSP was only 5.7%. Interestingly, 

a similar pattern was observed for other pathogens, i.e. E. coli and S. aureus (Figure 8.1). The 

proportion of isolates resistance to 3GCs (ceftriaxone) in E. coli isolated from skin and soft 

tissue infections in dogs was doubled when compared to urinary tract infection isolates 

(20.5% vs 10.2%) (Chapter 3), but these isolates represented the majority obtained from 

surgical site infections (52.3%). In S. aureus, methicillin-resistant strains were only isolated 

from skin and soft tissue infections, with a higher proportion in surgical sites (33.3%). With a 

total proportion of surgical site isolates representing only 5% of the total (81/1629), the 

proportion of isolates resistant to both 3GCs and FQNs among E. coli, and the proportion of 

isolates that were MRSP and MRSA was high and extremely high, respectively, ranging from 

33.3%-52.3%. By contrast these isolates were underrepresented in other infection sites, being 

only recorded at low to moderate levels (<20%) (Figure 8.1). This phenomenon indicates that 

health care intervention (surgery, particularly orthopaedic surgery) is strongly correlated with 

high incidence of isolation of MDR bacteria, mirroring the situation observed in human 

medicine (Cohen et al., 2017; Dohmen, 2008). Greater attention to biosecurity and infection 

control, for example, swabbing hospital admissions with particular infections, could be a 

viable intervention strategy to keep the frequency of MDR infections low in companion animal 

veterinary practice. Only a small number of isolates were obtained from other health-care 

interventions, for instance isolates from catheter-associated urine in E. coli, with the 

frequency too low to perform any meaningful statistical analysis, although it is noted that 

three out of the five E. coli isolates obtained from catheterised companion animals also 

exhibited resistance to both 3GC and FQN. 
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  Although veterinary HAI cannot be completely eliminated, preventive strategies are 

preferable given that MDR infections can only be treated with a limited range of drugs that 

are often much more expensive and have greater significance in human medicine. 

Implementation of effective infection control practices is crucial, including adherence to 

aseptic principles during surgery, the prudent use of antimicrobial prophylaxis, management 

of the surgical wound in the postoperative period (Nelson, 2011) and continuous education on 

practical infection control training, such as hand disinfection procedures and proper patient 

care (Walther et al., 2017). There is a need for the development of strong policies on antibiotic 

stewardship, antimicrobial surveillance and infection control to help guide empirical antibiotic 

therapy and prevent the spread of MDR bacteria in companion animal medicine (Stull and 

Weese, 2015). 

8.2.3. Resistance to antimicrobials that are critical to human care remains either undetected 

or low among companion animal isolates from Australia 

One of the important results of the AMR survey of companion animal pathogens is 

that pandrug-resistant bacteria were not detected. Pandrug-resistant bacteria are defined as 

having non-susceptibility to all antimicrobial categories/classes. The term is mainly used to 

describe acquired resistance patterns in human isolates (Magiorakos et al., 2012). It should be 

noted that in the present study, only nine and twelve antimicrobial classes were assayed for E. 

coli and CoPS isolates respectively, while the number of antimicrobial categories suggested in 

the standard definition is 17 categories. Nevertheless, infection caused by MDR bacteria is 

most likely treatable, although the options are limited to highly important antimicrobials that 

must be used off-label for individual animals under exceptional circumstances, and confirmed 

as suitable for use by appropriate antimicrobial susceptibility testing. MRSA and MRSP are 

often MDR to other antimicrobial classes, with MRSP most likely to be resistant to more drugs 

than MRSA (Chapter 4). 

It is confirmed that carbapenems (imipenem), aminoglycosides (amikacin and 

gentamicin), rifampin (rifampicin), phenicol (chloramphenicol) and lincosamides (clindamycin) 

are among the antimicrobial classes with the greatest potential for treating MDR bacterial 

infections (Chapter 2 and 3). In the current study, ESBL phenotype and MRSP isolates 

exhibited more co-resistance when compared with MRSA isolates, indicating that these two 

MDR bacteria may have more limitations in regards to viable antimicrobials. A zero rate of 

imipenem resistance in all clinical E. coli isolates indicates that this antimicrobial can be used 

as a last resort for treatment of MDR Gram-negative bacterial infections in dogs and cats 
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(Gibson et al., 2008). Nevertheless, use must be judicious and governed by antimicrobial 

stewardship principles (Abraham et al., 2014). Amikacin and rifampicin are among the 

antimicrobial agents that are also used off-label, with negligible levels of resistance among 

dog and cat isolates, and are therefore effective against ESBL-producing E. coli and MRSP 

infections, respectively. It should be noted however, that gentamicin, another aminoglycoside, 

also showed a low frequency of resistance (<5%) in E. coli isolates reflecting the fact that 

aminoglycosides have limited use in companion animals due to their injectable formulation 

and association with nephrotoxicity and ototoxicity if used for longer than five days. Several 

antimicrobials can be used as alternatives to critically important antimicrobials for the 

treatment of infections in dogs and cats. These include nitrofurantoin and fosfomycin which 

are highly efficacious against ESBL-producing E. coli causing urinary tract infections in dogs 

(Boothe, 2014; Fournier et al., 2013). Since MRSA exhibited less co-resistance, several options 

are available for treatment, including many of the broad-spectrum antimicrobials that  ESBL E. 

coli and MRSP are resistant to, with the addition of chloramphenicol and clindamycin. The 

high co-resistance among ESBL E. coli, MRSP and MRSA to fluoroquinolones (Chapter 3 and 4) 

may indicate that these antimicrobials should not be recommended except as a last resort 

(AVA, 2017) as they have the potential to select for high-level resistant mutations if used 

inappropriately. 

8.2.4. Oral pradofloxacin has different effects on gastric, caecal and faecal microbial 

diversity 

Oral pradofloxacin administration (single and multiple doses) in rabbits did cause a 

significant reduction in microbial richness and diversity in faecal samples (Chapter 6). In 

contrast, after the treatment, gastric and caecal microbiota remained relatively stable in terms 

of microbial diversity (Chapter 7). The different response to pradofloxacin exposure may be 

due to different level of resilience of microbial communities in each gut compartment, which 

is defined as the amount of stress or perturbation that can be tolerated before reaching a 

different equilibrium state (Lozupone et al., 2012). The pharmacokinetic properties of 

pradoflxacin may also play a crucial role in particular its biliary excretion. It is suggested that 

pradofloxacin is eliminated in higher concentrations in faeces rather than in other gut 

compartments, as demonstrated by the similar results obtained for a moxifloxacin study, an 

analogue of pradofloxacin used in human medicine (Stass and Kubitza, 1999). Gastric and 

intestinal transit time could also play a role which can both be influenced by the presence of 

antibiotics (Davies and Davies, 2003). 
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Pradofloxacin has MIC values which are significantly lower than those of the other 

fluoroquinolones for the majority of bacterial pathogens (enrofloxacin, ciprofloxacin, 

marbofloxacin, orbifloxacin, difloxacin and ibafloxacin) (Saputra et al., 2017; Schink et al., 

2013; Silley et al., 2012). Pradofloxacin has an enhanced spectrum of activity against a wide 

range of Gram-positive, Gram-negative, anaerobic and aerobic bacteria. Several opportunistic 

bacteria that were present in normal microbiota of rabbits were supressed after pradofloxacin 

treatment, such as Pseudomonas spp., Anaeroplasma (well known as anaerobic Mycoplasma) 

and Oligella spp. It was interesting to note that several bacterial pathogens which are 

commonly found in the gut microbiota in other animals such as coliforms were not detected in 

either treated group or control group by 16S rDNA analysis. 

8.2.5. Pradofloxacin is safe for use in rabbits 

It is confirmed that pradofloxacin 7.5% oral suspension at a dose of 7.5 mg/kg once 

daily for 3 days appeared to be well tolerated and is safe for rabbits. Several parameters were 

monitored for the evaluation of safety in the present study, including clinical observation, 

anatomical and histological analysis of the gut and microbiota profiling in the gastrointestinal 

tract. The rabbit gastrointestinal tracts is very sensitive to dietary and external changes. 

However, during the trial, no rabbit showed clinical signs of diarrhoea or enteritis, even 

though a higher dose was administered than is recommended for dogs (Chapter 4). A slight 

reduction in body weight was observed amongst all rabbits at post-mortem, which was most 

likely due to a reduction in feed intake during the trial due to the stress of daily handling. The 

stomachs and caecae of all rabbits were full and there were no pathological lesions in any 

organs. Histological analysis of the caecum revealed that there was no difference between the 

treatment and the control group (Chapter 5).  

Clinical safety of pradofloxacin has been widely studied in dogs and cats. Mild 

gastrointestinal signs (diarrhoea and vomiting) were reported but are very rare, which 

suggests they are usually transient and resolved without corrective treatment (Sykes and 

Blondeau, 2014). Microbiota profiling of the stomach, caecum, and hard and soft faeces of 

rabbits following three days of pradofloxacin treatment revealed that a proliferation of 

bacteria causing diarrhoea and enteritis such as Clostridium spp. and E. coli was not detected. 

Additionally, compared with other veterinary fluoroquinolones, pradofloxacin does not cause 

retinal toxicity in cats, even when given at 6 and 10 times the recommended dose. In contrast, 

cats treated with high doses of enrofloxacin (30mg/kg) developed abnormalities suggestive of 
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severe rod and cone dysfunction (Messias et al., 2008) while blindness, has also been 

associated with marbofloxacin administration at high doses (Sykes and Blondeau, 2014). 

8.3. Implication of the findings and future work 

AMR can spread between different populations of humans and animals, developing 

rapidly and thereby increasing the threat to public health globally. It has long been recognised 

that better data on AMR and antimicrobial usage constitute a basis from which to develop 

strategies to combat this growing problem. This thesis reports on the first Australia-wide 

survey of AMR in companion animal pathogens. No comparable Australian data are available, 

thus, it is difficult to determine trends. However, the results allow for comparison between 

Australia and other countries at a baseline level. Ongoing surveys are now required to 

determine if resistance is increasing or decreasing among companion animal pathogens in 

Australia. It is important to bear in mind that results from different countries or laboratories 

may not be directly comparable, unless conducted using a similar methodology and method of 

interpretation. Furthermore, to detect the trend and emergence of AMR, continuous surveys 

on a regular basis with similar schema are very important for future benchmarking. A 

harmonised, standardised procedure for the monitoring program must be implemented to in 

order to compare data over the same time-points and between countries. As mentioned in 

the AURA report (AURA, 2016), effective surveillance systems require not only collections of 

AMR data but also need to provide links between data sources, and appropriate analyses for 

obtaining meaningful and accessible information as a foundation to derive action plans to 

prevent and combat AMR. 

The resistance types of greatest concern focus on Enterobacteriacease that exhibit the 

extended-spectrum ß-lactamases (ESBLs) and plasmid-borne AmpC enzymes +/- 

fluoroquinolone resistance; and methicillin-resistant coagulase-positive staphylococci which 

confer resistance to all beta-lactams and are oftern MDR to other classes of antimicrobials. 

Ultimately, monitoring of the frequency and type of carbapenemases, which give resistance to 

carbapenems and almost all other ß-lactams, is also crucial because a recently published 

Australian study (on which I am a co-author) has identified carbapenem-resistant 

Enterobacteriaceae in a shelter cat (Abraham et al., 2016). 

A body of evidence, based on clinical observation, culture-dependant methods and 

microbiota profiling demonstrates that pradofloxacin is safe for use in rabbits. Several lines of 

evidence based on clinical data suggest that pradofloxacin not only showed a lower risk of 

developing resistance compared with other veterinary fluoroquinolones (Liu et al., 2014) but 
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also successfully treated infections caused by strains resistant to some other 

fluoroquinolones, as predicted by pharmacodynamics and pharmacokinetics data, but 

depending on the specific MIC of the target strain (Lees, 2013). Therefore pradofloxacin 

should commonly be the first in class choice when fluoroquinolones are indicated as the best 

available treatment for an infection.  

This is the first metagenomics study to assess the effect of pradofloxacin on the gut 

microbiota. Interestingly, the microbial community was relatively stable in the stomach and 

caecum but significantly disturbed in faecal samples. The reasons for these different 

responses are unknown and should be addressed in future studies. A potential explanation 

could be related to the pharmacodynamics and pharmacokinetics of pradofloxacin and  the 

resilience level of microbial community (Zaura et al., 2015), biliary excretion during treatment 

(Koppel et al., 2017), combined with gut transit time in the rabbit (Davies and Davies, 2003). 

8.4. Conclusions 

Antimicrobial use is essential to treat life threatening illness in humans and animals 

such as bacterial sepsis. However antimicrobial use has become widespread in human and 

veterinary medicine, for inconsequential infections such as upper respiratory tract infection in 

humans, and in-feed prophylaxis in animals for diseases that can be controlled by effective 

vaccination and good management. Antimicrobial use has forced rapid evolutionary change 

amongst a number of pathogens, the most significant of which (E. coli and Staphylococcus 

spp.) are common inhabitants of the gut and tegument, respectively. This thesis aimed to 

determine the general situation regarding AMR in these major pathogenic bacteria causing 

infections in companion animals in Australia. The body of work constitutes the most 

comprehensive Australian data on resistance to human and veterinary antimicrobials as well 

as risk factors for infection by MDR strains, providing an important benchmark for policy 

recommendations in terms of monitoring the emerge of AMR in companion animals. The data 

produced in this present study have a number implications for future research, not only as a 

baseline that will allow AMR trends to be monitored over time, but also as the basis for an 

action plan and national strategy to combat this growing problem.  

Antimicrobial choices for treating infections in animals are crucial, and ideally chosen 

after considering the risks of developing resistance and the dysbiosis effect on the gut. As part 

of maintaining public health, this thesis stresses the importance of monitoring for AMR and 

advocates the prudent use antibiotics with the final goal of preserving the effectiveness of 
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available antimicrobials for the benefit of future generations of both people and animals. As 

the latest generation of veterinary fluoroquinolones, pradofloxacin is the more rational choice 

than other fluoroquinolones for treating bacterial infections due to the broader spectrum 

activity with lesser risk of developing drug resistance as well as minor disturbance in the 

intestinal microbiota. 
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