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Abstract
The main aim of this thesis was to provide a better understanding of the
epidemiology of canine Staphylococcus pseudintermedius in Atlantic Canada. The patient
characteristics, regional distribution, and trends in antimicrobial resistance (AMR) of this
pathogen, as well as the risk factors associated with methicillin-resistant S.
pseudintermedius (MRSP) were investigated.

Patient data and antimicrobial susceptibility profiles of clinical canine S.
pseudintermedius specimens submitted for culture to a regional veterinary diagnostic
laboratory from 2008 to 2018 were extracted. The patient characteristics, regional
distribution, and AMR profiles of these isolates were described in Chapter 2. Over the
eleven-year study period, a total of 3530 clinical S. pseudintermedius isolates from dogs
were identified, with 3039 and 491 of the isolates confirmed as methicillin-susceptible
Staphylococcus pseudintermedius (MSSP) and MRSP, respectively. Over the study
period, the annual number of MRSP positive samples was shown to increase, with the
majority (97.1%) of isolates being identified by the Atlantic Veterinary College
Diagnostic Services Bacteriology Laboratory (AVC-DSBL) after 2011. Resistance of
MRSP isolates to non-β-lactam antimicrobials ranged from 1.1% to 60.2%, the highest
being to erythromycin (60.2%), clindamycin (58.2%), and antimicrobials of the
fluoroquinolone class (56.9 – 57.7%). Resistance of MRSP to the fluoroquinolones,
marbofloxacin and enrofloxacin, increased in the last six-years of the study period, while
a decrease in trimethoprim-sulfamethoxazole resistance was noted in the last eight-years
of the study period. Resistance of MSSP isolates to non-β-lactam antimicrobials
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remained below 10% (0.2 – 8.5%) for the study period, the highest being to doxycycline
(8.5%), enrofloxacin (8.3%), and erythromycin (7.5%). Resistance to amikacin and
rifampin remained below 2% for both MRSP and MSSP isolates. For MSSP isolates,
penicillin and ampicillin resistance was 61.4%, but resistance remained below 1.5% to
amoxicillin-clavulanate and all cephalosporins tested. MRSP isolates were over
represented in dogs older than 7 years of age and weighing more than 30 kg, accounting
for 46.2% and 33.6% of all isolates, respectively. Of all S. pseudintermedius isolates,
MRSP was most commonly cultured from skin (50.1%) and ear (22.2%) samples, with
the majority being submitted to the laboratory from private veterinary clinics across
Atlantic Canada (83.9%). This study confirms that over the past decade, MRSP has
emerged as and continues to be an important canine pathogen in Atlantic Canada.
Compared to other parts of the world, MRSP isolated from dogs in this region, are less
resistant to non-β-lactam antimicrobials. However, high levels of multi-drug resistance
(MDR) were reported, highlighting the importance of current and future efforts aimed to
prevent and control MRSP infections as well as to reduce the risk of further resistance of
S. pseudintermedius in Atlantic Canada.

In Chapter 3, risk factors associated with the detection of MRSP among S.
pseudintermedius isolated from clinical canine specimens were investigated, and AMR
trends for MRSP and MSSP reported. Between 2008 and 2018, 13.9% of all clinical S.
pseudintermedius isolates (n = 3530) were confirmed as MRSP, with an increase in the
proportion of MRSP being observed over the study duration (P < 0.001). Multivariable
logistic regression identified breed size (P = 0.031), sample site (P < 0.001), patient
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province of residence (P = 0.002), and year of sample submission (P < 0.001) as
significant risk factors associated with a clinical canine S. pseudintermedius isolate being
MRSP. An isolate was more likely to be MRSP if the patient resided in the province of
Newfoundland and Labrador (NL) (odds ratio (OR) = 2.12) or Nova Scotia (NS) (OR =
1.52), as compared to New Brunswick (NB) and if the culture sample was submitted to
the AVC-DSBL in the year 2017 (OR = 1.68) (compared to 2011). Over the study period,
MRSP isolates demonstrated a significant change in resistance to enrofloxacin (P =
0.036) and decreased resistance to trimethoprim-sulfamethoxazole (P < 0.001). Increased
resistance was observed in MSSP isolates to enrofloxacin (P < 0.001), chloramphenicol
(P < 0.001), and trimethoprim-sulfamethoxazole (P = 0.023), as well as a decrease in
resistance to the penicillins (P < 0.001). The risk factors for MRSP identified in this
study may help clinicians in Atlantic Canada determine dogs at risk, allowing early
recognition and implementation of appropriate hospital infection prevention measures. S.
pseudintermedius isolated from dogs in Atlantic Canada have become increasingly
resistant to several antimicrobials commonly recommended for use by veterinarians,
emphasizing the importance of effective infection control practices and antimicrobial
stewardship and surveillance programs.
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1.0 INTRODUCTION
Antimicrobial resistance (AMR) represents one of the most important public
health challenges of the twenty-first century, posing a serious threat to both human and
animal health. The emergence of new resistance mechanisms and increased global spread
of AMR threatens our ability to treat common infectious diseases, leading to lengthened
hospital stays, increased treatment costs, and in some cases, untreatable infections
resulting in death (Giguère et al., 2013). While AMR occurs naturally over time, the use
of antimicrobials is likely accelerating this process.

The dissemination of multi-drug resistance (MDR) in canine staphylococci is of
growing concern – limiting treatment options and complicating efforts to control
resistance. This review focuses predominantly on Staphylococcus pseudintermedius, the
most frequent bacterial pathogen isolated from dogs. Since its widespread occurrence in
the mid-2000s, methicillin-resistant S. pseudintermedius (MRSP) isolates have become
increasingly MDR, demonstrating resistance to many antimicrobial classes.

This review aims to outline the current issues associated with AMR and ways in
which it may be assessed, controlled, and reduced in companion animal veterinary
medicine. Specifically, this review provides justification for further epidemiological
exploration of MRSP isolated from dogs in regions where research is minimal, such as
Atlantic Canada.
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1.1 Antimicrobial use and resistance
An antimicrobial includes any substance of natural, semisynthetic or synthetic
origin that kills or inhibits the growth of a microorganism, while causing minimal or no
harm to the host. In general, antimicrobials are grouped according to the primary
microorganism they target. For instance, antibiotics are used against bacteria, while
antifungals are used against fungi (Giguère et al., 2013). Additionally, they can be
classified according to function. Antimicrobial agents that kill microorganisms are
microbicidal, while those that inhibit their growth are referred to as biostatic (BurnettBoothroyd and McCarthy, 2011).

AMR occurs when a microorganism (i.e. bacterium, fungus, virus, or parasite) is
altered in response to exposure to an antimicrobial drug (i.e. antibiotic, antifungal,
antiviral, antimalarials, or anthemintics) (One Health, 2017). Although AMR was present
in the early stages of antimicrobial use (AMU), the consistent innovation of new
antimicrobials provided alternative treatment options. As a result of scientific, financial,
and educational limitations, this influx of new drugs came to a halt, with the last new
antimicrobial class being discovered in 1987 (Figure 1.1) (Silver, 2011; Theuretzbacher,
2011; Zorzet, 2014). Since then, the discovery, development, and release of new
antimicrobials for widespread clinical use have been in decline. This presents a challenge,
as without new antimicrobial drugs to combat the ever-increasing number of resistant
microorganisms, treatment options are becoming increasingly and rapidly limited (One
Health, 2017).
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1.1.1 The emergence of AMR
Sir Alexander Fleming discovered penicillin in 1928, giving rise to the ‘antibiotic
era’ (Chambers and DeLeo, 2009). Although this discovery was recognized as one of the
greatest advances in therapeutic medicine, the introduction of penicillin to clinical
practice came at a cost. By the 1940s, clinical penicillin-resistant Staphylococcus aureus
isolates were being identified; thus, the first report of AMR was documented (Chambers,
2001). The emergence of AMR has presented a major health challenge, causing
antimicrobials to become less effective for the treatment of infections in both humans and
animals (Giguère et al., 2013).

Today, AMR poses a serious threat to global public health, reducing drug
efficacy, increasing treatment costs, and in some cases, leading to untreatable infections
which may result in death (Giguère et al., 2013; Van Hal et al., 2012). The Council of
Canadian Academics estimates if resistance to first-line antimicrobials remains at current
rates, the proportion of bacterial infections resistant to treatment will increase by
approximately 54% in the next thirty years (26% in 2018 to 40% in 2050) (CCA, 2019).
For instance, since the 1980s, methicillin-susceptible Staphylococcus pseudintermedius
(MSSP), isolated from dogs across Europe and North America, have become increasingly
resistant to penicillin and ampicillin (Moodley et al., 2014). Antimicrobials belonging to
the penicillin class are used to treat a wide range of bacterial infections both in humans
and animals. This highlights the need for AMR surveillance to detect trends in resistance
and potentially perform timeous interventions.
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In addition to reducing our ability to effectively treat bacterial infections, AMR
presents a significant economic challenge to veterinary and human healthcare systems.
As an example, in 2018, problems associated with AMR cost the Canadian healthcare
system nearly $1.4 billion (CCA, 2019). If current resistance rates remain consistent, or
increase to 40% as predicted, it is estimated that the cumulative costs of AMR to the
Canadian healthcare system will approach $7.6 billion and $120 billion by 2050,
respectively (CCA, 2019). Due to increased costs and current lack of new antimicrobial
development, many individuals may experience a decline in their quality of life, with
unequal distribution impacting select socio-demographic groups (e.g. indigenous, lowincome, and homeless individuals) (CCA, 2019).

The United Nations has recognized that AMR will be the single largest threat to
human and animal health in the next 50 years and has encouraged a “One Health”
(animal, human, and environmental) approach to develop prevention and control
measures to reduce the emergence and dissemination of resistant bacteria (One Health,
2017; Smith and Coast, 2002). In response, AMR surveillance programs have been
implemented by several countries, which help identify the extent and temporal evolution
of AMR in both human and veterinary medicine. Today, The Council of Canadian
Academics suggests the most effective way to address AMR is through the use of a
multifaceted approach. This approach involves the integration of several mitigation
strategies such as surveillance, infection prevention and control, stewardship, and
research and innovation (CCA, 2019).
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In order to shed perspective on the complexity of this topic, it is important to
highlight the epidemiology of AMR within the environment. Figure 1.2 illustrates how
antimicrobials used in various sectors (e.g. food animals, aquaculture, companion
animals, etc.) contribute to the emergence and spread of resistant microorganisms in
numerous settings (e.g. farm effluents and manure spreading, bodies of water, animal
feeds). Through either direct or indirect pathways, each sector and setting is
interconnected, emphasizing further, the significance of utilizing a “One Health”
approach for the reduction and control of AMR.

1.1.2 AMR – contributing factors in companion animal veterinary medicine
Following the discovery of penicillin as an effective therapeutic agent for treating
human infections, the advantages of antimicrobials were soon subsequently applied in
veterinary medicine and agriculture, including food animal production, companion
animals, and aquaculture (Teuber, 2001). The inappropriate use of antimicrobials across
all veterinary sectors has created strong selection pressure, resulting in the survival and
persistence of resistant bacterial strains (da Silva et al., 2013). All AMU has the potential
to select for AMR, but the potential for AMR is greater when antimicrobials are used
incorrectly (Llor and Bjerrum, 2014).

There are numerous factors that contribute to AMR in companion animal
veterinary medicine, such as inappropriate antimicrobial use by veterinarians (e.g.
suboptimal dosing regimens and incorrect antimicrobial selection for site of infection),
inadequate infection control practices (e.g. veterinary hospitals and the patient home
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environment), and poor owner compliance with administering the drug as prescribed for
the entire duration (ASHP, 2010; Morris et al., 2017; Onufrak et al., 2016; Subedi et al.,
2015).

1.1.2.1 Inappropriate AMU by veterinarians
Veterinarians are leaders and stewards in preserving the effectiveness of
antimicrobials as therapy for humans and animals. Together with animal owners,
veterinarians can help slow AMR through means of implementing disease prevention
strategies and controlling the use of antimicrobials within the hospital, while still
providing high-quality medical care for their patients (CDC, 2020). One of the biggest
ways in which veterinarians contribute to the spread of AMR is through the inappropriate
prescription of antimicrobials. There are several potential reasons for inappropriate
prescribing, some of which include, demand from pet owners for antimicrobials, time
pressure on veterinarians, and diagnostic uncertainty (Radice et al., 2006; Redding and
Cole, 2019; Smith et al., 2018).

In 2015, the World Health Organization implemented a world antimicrobial
awareness week aimed to improve the awareness and understanding of AMR through
effective communication, education, and training (WHO, 2020). Although global
awareness has increased as a result, many pet owners still remain uninformed on the role
pets play in AMR and overall public health. A recent publication by the University of
Pennsylvania found that in situations where veterinarians did not feel antimicrobial
therapy was necessary, most owners nevertheless wanted and/or expected their pet to
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receive it (Redding and Cole, 2019). In 2015, The American Veterinary Medical
Association Task Force on Antimicrobial Stewardship in Companion Animal Practice
estimated as much as 50% of the antimicrobials prescribed by veterinarians for
companion animal use may not have been necessary (AVMA, 2015). One study
exploring therapeutic AMU patterns in dogs at a veterinary teaching hospital, reported
that 38% (n = 167) of antimicrobials prescribed over a 12-month period were for dogs
with no documented evidence of infection (Wayne et al., 2011).

Many studies have identified an association between overprescribing and a lack of
education surrounding prudent AMU in veterinary clinics (Collignon and McEwen, 2019;
Ekakoro and Okafor, 2019; Redding and Cole, 2019). A recent study exploring AMU
practices and AMR awareness in North America reported that compared to veterinarians
who obtained their veterinary degree between 1970 to 1999, clinicians who graduated
between 2000 and 2009 (odds ratio (OR) = 4.0; P = 0.034) and between 2010 and 2016
(OR = 5.4; P = 0.010) were significantly less concerned about AMR, respectively. This
study also revealed that nearly 60% (n = 62) of veterinary medical students had never
read or rarely read the guidelines for judicious AMU outlined by the American
Veterinary Medical Association and U.S. Food and Drug Administration (Ekakoro and
Okafor, 2019). Although limited in scope, results from this study may suggest there is a
critical need to increase awareness surrounding judicious AMU practices among
veterinarians and increased emphasis about AMR in the present-day veterinary
curriculum in the United States. A report by The Canadian Veterinary Medical
Association is in high agreement, stating that continued education among practicing

7

clinicians is key to effective antimicrobial stewardship in companion animal veterinary
medicine (CVMA, 2016).

In order to protect the effectiveness of antimicrobials, they must be used
appropriately and responsibly. For veterinarians, this means using antimicrobials only
when needed, selecting the most appropriate drug, and administering the correct dose
over the correct length of time (AVMA, 2020). One way veterinarians can aid in
controlling AMR, while improving their patient’s response to treatment, is through the
use of bacterial culture and antimicrobial susceptibility testing (AST) prior to drug
administration. Clinicians often do not perform bacterial culture and AST prior to
prescribing an antimicrobial treatment because of perceived client financial concerns
(Bourély et al., 2018). Instead, the majority of testing is performed after a patient has not
responded (or is believed not to respond) to a prior course of antimicrobial therapy
(Giguère et al., 2013; Schito, 2006). Although AST may not always be feasible for the
client, this testing can determine which antimicrobial(s) will successfully inhibit the
growth of a specific bacterial pathogen, thus decreasing the likelihood that an
antimicrobial will be misused and/or overused (Lagier et al., 2015). Furthermore, without
diagnostic testing, it can be difficult for clinicians to accurately identify the infectious
agent, which could lead to antimicrobial misuse. For instance, using an antibiotic to treat
a viral infection will result in unneeded or incorrect drug use (Boerlin and Reid-Smith,
2008; Wiegand et al., 2008).
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In circumstances when the antimicrobial concentration used is not sufficient to
kill or inhibit bacterial growth, such as suboptimal dosing, the likelihood of bacteria
developing resistance is amplified (ASHP, 2010; Onufrak et al., 2016). Current
guidelines surrounding the judicious therapeutic use of antimicrobials in companion
animals have been made available through several groups, one being the International
Society for Companion Animal Infectious Diseases (ISCAID, 2020). These guidelines
are designed to reduce the development of AMR by assisting veterinarians with
appropriate antimicrobial selection (ISCAID, 2020; Martinez et al., 2012). In addition to
AST and adhering to AMU guidelines, safe and effective therapeutic drug management
may further be achieved by veterinarians through the knowledge and application of
pharmacokinetic and pharmacodynamic principles – refer to section 1.1.3.

1.1.2.2 Inadequate infection control practices
Due to high animal traffic, the risk of patients and/or humans becoming exposed
to pathogenic bacteria (e.g. staphylococci) is ever-present in a veterinary hospital (Morris
et al., 2017). In addition to utilizing current established guidelines and diagnostic testing
to evaluate the need, selection, dose, frequency, and duration of antimicrobials,
veterinarians can further reduce the risk of exposure and transmission of pathogenic
bacteria within the hospital environment. One of the main ways is through means of
routine hospital infection control practices, such as wearing personal protective
equipment (e.g. hospital specific clothing, gloves, etc.), practicing good hand hygiene,
and following environmental cleaning and disinfection protocols in hospital (CDC, 2020;
Lehner et al., 2014; Morris et al., 2017; Stull and Weese, 2015; Weese, 2012).
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Specific environmental sites in a veterinary hospital may act as reservoirs for
pathogens because of the behaviors, housing, and management of companion animals
(Bergström et al., 2012; Frank and Loeffler, 2012; Ishihara et al., 2010). For example,
floors of veterinary hospitals have an increased likelihood of being contaminated with
infectious material (e.g. feces) and because of their exploratory behavior, animals’ noses
and mouths may come into frequent contact with these areas (Murphy et al., 2010).
Although environmental cleaning and disinfection is necessary to control the persistence
and spread of bacteria, some species that have become increasingly MDR have also
demonstrated defense against commonly used disinfectants, such as potassium
monopersulfate (Virkon®) (Frank and Loeffler, 2012; Ishihara et al., 2010; Loeffler et
al., 2010; Murphy et al., 2010; Saab, 2016). For instance, MRSP has shown to persist in
the environment of veterinary hospitals following several cycles of routine cleaning and
disinfection (Saab, 2016; Van Duijkeren et al., 2011). The implementation of effective
infection control practices in a veterinary hospital is essential for controlling the spread of
MDR bacteria.

In the hospital setting, pathogens are mainly spread via direct and indirect
environmental contact; hence, isolation of patients with infectious disease during
hospitalization can be an effective measure for reducing its transmission (Morris et al.,
2017). Isolation wards and intensive care units are among the most prevalent
environments in a veterinary hospital where bacteria have been isolated; therefore,
strongly adhering to cleaning and disinfection protocols in these areas is necessary to
reduce the risk of bacterial contamination and/or infection (Ishihara et al., 2010; Murphy
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et al., 2010). In an effort to slow AMR, further development, standardization, and proper
execution of routine infection control practices by clinic personnel (e.g. veterinarians and
staff) in veterinary hospitals should be emphasized.

To reduce environmental contamination with resistant bacteria within the
animal’s home, it is recommended that pet owners routinely clean/disinfect the
belongings (e.g. toys, food dishes, bedding, etc.) of animal’s with a documented and/or
suspected infection, ensure infection sites are clean and covered (e.g. protective wrap or
bandage), and that people practice good hygiene after direct contact with their infected
pet (e.g. hand washing) (Hanselman et al., 2009; Laarhoven et al., 2011). In households
with multiple animals, enhanced environmental cleaning and physical distancing of “at
risk” animals from infected pets may aid in controlling bacterial transmission (Morris et
al., 2017).

1.1.2.3 Poor owner compliance
Until recently, owner compliance had received little attention as a reason for
treatment failure in veterinary medicine (Gerrard, 2015). Past research has shown that
veterinarians tend to overestimate the likelihood of pet owner compliance with prescribed
treatment (Barter et al., 1996; Chapman, 1996; Verker et al., 2008). One study,
investigating companion animal owner compliance with medication regimes, reported
that nearly half (n = 40) of owners either did not administer the correct dosage or did not
give their pet medication at all (Verker et al., 2008). Today, good owner compliance in
companion animal medicine has been identified as an important factor in increasing
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treatment success, heavily influencing the health outcome of the patient (Wareham et al.,
2018).

In veterinary medicine, compliance is measured by the level of consistency and
accuracy with which a pet owner adheres to, or complies with, treatment
recommendations made by veterinary personnel (e.g. veterinarians and hospital staff)
(Talamonti et al., 2015; Wareham et al., 2018). In addition to prolonging their animal’s
illness, poor owner compliance can increase the likelihood of recurrent infections,
resulting in higher dosing regimens and administration of more potent medications
(Verker et al., 2008). These factors, in addition to incorrect medication administration
(i.e., not administering the drug as prescribed for the entire duration) have the potential to
increase the likelihood of AMR (Gerrard, 2015; Talamonti et al., 2015; Wareham et al.,
2018).

In companion animal medicine, treatment efficacy depends on the degree of
cooperation between both the veterinarian and the animal owner (Talamonti et al., 2015).
There are several reasons which may cause a pet owner to not adhere to treatment
recommendations, such as financial limitations, confusion surrounding appropriate
medication use, and belief that treatment is unnecessary (Lue et al., 2008; Talamonti et
al., 2015). One study aimed at investigating how veterinarians can optimize owner
compliance, reported a significant increase in compliance when the veterinarian repeated
instructions outlining proper administration of medication and provided verbal
explanation on the medication effects (Verker et al., 2008). Together, through means of
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effective communication, instruction, and follow-up, veterinarians can improve overall
owner compliance, aiding in the control and reduction of AMR in companion animals.

1.1.3 Pharmacokinetic and pharmacodynamic principles
In order for an antimicrobial to successfully kill or inhibit a bacterium, three
major events must occur. The antimicrobial must first bind to the target site(s) of the
bacterium. Second, the antimicrobial must occupy an adequate number of binding sites –
an event directly related to its concentration within the bacterium. Finally, for an
antimicrobial to successfully kill or inhibit a bacterium, it must remain at the binding site
for the appropriate amount of time needed to inhibit the bacterium’s metabolic processes
(ASHP, 2010; Quintiliani, 2001). Determining optimal antimicrobial dosing regimens
depends upon the pharmacokinetic (PK) and pharmacodynamic (PD) properties specific
to that antimicrobial. Using optimal dosing regimens can significantly improve a patient’s
treatment response, reducing the occurrence of AMR (ASHP, 2010; Onufrak et al.,
2016).

The four PK principles of absorption, distribution, metabolism, and elimination
determines whether a suitable dose of antimicrobial reaches the site of infection, while
the PD properties of an antimicrobial explains the biochemical and physiologic effects it
will have on a particular bacterium (ASHP, 2010; Jarrell et al., 2015). When an
antimicrobial enters the body, the major killing effect on the bacterial cell is achieved
either by the amount of time it binds to the bacterium (time-dependent) or the
concentration of drug present at the binding site (concentration-dependent) (Onufrak et
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al., 2016). Time-dependent antimicrobials, such as β-lactams (e.g. penicillins and
cephalosporins) can be effective because of their ability to bind to bacteria for an
extensive period of time. These drugs, when used at concentrations exceeding the
minimal inhibitory concentration (MIC) required to kill or inhibit the bacteria, can
produce a significant inhibitory effect (Levison and Levison, 2009). Other antimicrobial
classes, like aminoglycosides (e.g. amikacin and gentamicin) achieve bacterial killing
though high concentrations at the binding site and, hence, these antimicrobials are
referred to as concentration-dependent (Onufrak et al., 2016). These agents possess what
is called a post-antibiotic effect, allowing killing to persist for a period of time after
concentration levels falls below the MIC determined for the bacterial agent (Levison and
Levison, 2009).

In the past, research focused on understanding the PK/PD relationship was
evaluated using steady-state drug concentrations (Martinez et al., 2012; Tam et al., 2007).
Relying solely upon steady-drug concentrations, however, overlooks events in which a
pathogen is exposed to intermittent suboptimal systemic drug concentrations prior to
achieving a steady state. In other words, PK/PD models that ignore time delays
associated with achieving steady-state drug concentrations fail to recognize the changes
taking place before a steady state is reached, such as changes to a bacterium’s
susceptibility that may occur through suboptimal (inadequate) antimicrobial dosing
(Martinez et al., 2012). The importance of this was demonstrated by the Ordway
Research Institute, where resistant bacterial strains were identified only 12 hours after
administrating suboptimal doses of levofloxacin (Jumbe et al., 2003).
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In Canada, the clinical outcomes associated with inadequate dosing were further
highlighted, with one study reporting a rapid emergence in ciprofloxacin resistance after
the use of suboptimal concentrations of this antimicrobial to treat pneumococcal
infections (Adam et al., 2009). Through further development and understanding of the
associations between antimicrobial concentration and their pharmacologic responses,
clinicians are able to apply PK/PD principles when selecting the most appropriate form of
treatment and thereby enhancing therapeutic efficacy, decreasing drug toxicity, and most
importantly, reducing AMR.

1.1.4 Resistance and resistance gene transfer
Bacteria demonstrate two phenotypes when exposed to an antimicrobial –
susceptible or resistant (Giguère et al., 2013). A bacterial strain is described as
susceptible when an antimicrobial is effective against it in vitro (i.e., when bacterial
growth is inhibited by the usually achievable concentration of an antimicrobial agent),
resulting in a high likelihood of treatment success (Rodloff et al., 2008). In contrast, a
bacterial strain is classified as resistant to a select antimicrobial when it is not inhibited in
vitro by a concentration of the drug expected to be achieved in the patient, resulting in
therapeutic uncertainty or failure (Rodloff et al., 2008).

Intrinsic resistance is mediated by inherent structural or functional traits of a
bacterium that normally withstand or evade an antimicrobial’s mechanism of action
(Blair et al., 2015). For example, bacteria in the genus Mycoplasma lack a cell wall,
making them intrinsically resistant to antimicrobials that target cell wall synthesis like β-
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lactams and glycopeptides (Chernova et al., 2016). Acquired resistance occurs when a
bacterium gains the ability to survive in the presence of an antimicrobial that normally
would kill it (Hollenbeck and Rice, 2012). Two ways bacteria can acquire resistance is
through mutation of existing genetic material or the acquisition of new genetic material
from an additional source, such as another bacterium (Lorenzo-Díaz et al., 2017).

Chromosomal mutations occur regularly in bacteria, especially as they reproduce.
Most mutations do not affect the bacteria nor are they detrimental to its survival. Some
mutations, however, may give the bacteria a competitive advantage, especially when
exposed to environmental pressures that compromise their survivability (i.e., exposure to
an antimicrobial). These mutated genes are then vertically transferred directly to the
progeny during asexual replication. When an antimicrobial is introduced, bacterial cells
with non-mutant genes are killed, allowing for mutant cells resistant to the antimicrobial
to grow and flourish; a process facilitated by natural selection (Andersson, 2003). An
example of acquired resistance by mutation is Mycobacterium tuberculosis resistance to
rifamycins, a result of point-mutations in the rifampin-binding region of the rpoB gene
(Heep et al., 2000).

Mutated genes can also be horizontally transferred between individual bacterial
cells of the same or different species by exchanging genetic material (Giguère et al.,
2013). This genetic material is in the form of free bacterial deoxyribonucleic acid (DNA)
in the environment, transposons, or plasmids (Smillie et al., 2010). Often referred to as
‘jumping genes’, transposons are a group of mobile genetic elements able to move within
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or between DNA strands (Partridge et al., 2018). Transposons can be transferred from
plasmid to plasmid, or from a bacterium’s DNA chromosome to a plasmid, or vice versa,
resulting in an interchangeable transmission of AMR genes among bacteria (Babakhani
and Oloomi, 2018). Horizontal transfer of genetic material can occur by three
mechanisms: transformation, transduction, and conjugation (Blair et al., 2015).

Transformation is when a bacterium containing an AMR gene lyses and the
bacterial DNA is released into the external environment. Some bacteria in the
environment can then engulf the naked genetic material, incorporating these genes into its
genome, thus acquiring the resistance gene. (Thomas and Nielsen, 2005). This is a
relatively rare event, but some bacteria are more competent at acquiring environmental
DNA than others. For example, Helicobacter felis, a bacterium colonized in the gastric
mucosa of dogs and cats, is able to incorporate more environmental (free) DNA into its
chromosome compared to most other bacterial species, making H. felis more
transformable (Amorim et al., 2015; Charpentier et al., 2012).

Transduction occurs when bacteriophages, viruses that specifically target bacteria,
infect a bacterium carrying a resistant gene. The phage DNA incorporates into the
bacterial DNA and then replicates, forming new bacteriophages within the bacterium and
then exit the bacterium through lysis. During this process the phage may acquire the
bacterium’s AMR gene. These bacteriophages that acquired the resistant gene from the
bacterial cell, can then spread these genes to other bacterial cells they infect (Kelly et al.,
2009). Transfer of the SCC element SCCmec, between donor methicillin-resistant
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Staphylococcus aureus (MRSA) and recipient methicillin-susceptible S. aureus strains at
a low frequency through bacteriophages is an example of transduction (Scharn et al.,
2013).

Conjugation is the most common mechanism of horizontal gene transfer. During
this process, through direct contact, one bacterium donates genetic material, while
another serves as the recipient (Giguère et al., 2013). This is usually accomplished by the
transfer of plasmids, small circular DNA molecules that are independent from bacterial
chromosomal DNA. The fertility factor, a DNA sequence carried by the donor bacterium,
allows for the production of a thin, tube shaped structure called a pilus. Through the
formation of a pilus, a connection is made between two bacterial cells and genetic
material is replicated and transferred to the recipient bacterium (Martínez, 2008). An
example of plasmid-mediated resistance is the transfer of AmpC β-lactamases in
Escherichia coli, resulting in resistance to virtually all β-lactam antimicrobials (Jacoby,
2009). Another example is sulfonamide resistance in Enterobacteriaceae, which is a
result of sul gene variants acquired via transposons or plasmids encoding a highly
resistant dihydropteroate synthase (Su et al., 2011). When two bacterial cells exchange
genetic material through the process of conjugation, a bacterium can acquire multiple
AMR genes from a single plasmid, resulting in MDR (Cantón and Ruiz-Garbajosa,
2011). For instance, tetracycline resistance genes have shown significant correlations
with genes conferring aminoglycoside and macrolide resistance mediated by single
plasmids isolated from clinical E. coli (Nielsen et al., 2004; Sherley et al., 2004). The
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combined effects of rapid bacterial growth, genetic mutation, and resistant gene
exchange, allow bacteria to expeditiously adapt and evolve leading to AMR.
The pressure from the use of a single antimicrobial can result in MDR. Bacteria
are classified as MDR when resistance is observed to three or more classes of
antimicrobials, unrelated in structure and molecular targeting (Tanwar et al., 2014).
Multi-drug resistant bacteria occur through the acquisition of multiple antimicrobial
resistance genes, that can be co-selected based on selection pressure for another AMR
gene that resides on the same genetic material, such as a plasmid. For example, the
resistance genes ermB to erythromycin and tetM to tetracycline, often co-exist with the
resistance gene vanA to vancomycin, a commonly used antimicrobial to treat MRSA
infections caused by MDR strains (Spigaglia et al., 2007). Frequent use and overuse of
antimicrobial therapy in veterinary medicine has resulted in the selection of pathogenic
bacteria resistant to multiple drugs, limiting treatment options and complicating efforts to
control resistance (Nikaido, 2009).

1.1.5 Resistance mechanisms
Mechanisms of AMR have been identified for all known antimicrobials available
for clinical use in both human and veterinary medicine (Ali et al., 2018). These
mechanisms can be divided into four categories:
(i)

reduced permeability – by reduced penetration of the outer membrane or
cell wall of the bacterial cell, the antimicrobial agent is prevented from
reaching its target. An example is the enzymatic and membrane barriers
(i.e. down-regulation of porins) present in the cell wall of Gram-negative
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bacteria, limiting aminoglycoside active transport under anaerobic
conditions (Ghai and Ghai, 2018; Giguère et al., 2013).
(ii)

active efflux – either non-specific or specific efflux pumps that expel
antimicrobial agents from the cell directly in the outer milieu or
periplasmic space. An example is class A tetracycline efflux pumps,
encoded by tet(A) and tet(A)-1 genes, that are highly prevalent in
Enterobacteriaceae and actively pump tetracycline out of the bacterial
cell, resulting in tetracycline resistance (Wang et al., 2014)

(iii)

agent modification – the antimicrobial agent can be inactivated by
modification or degradation of bacterial enzymes, either before or after
cell penetration. The β-lactamase family of enzymes degrade the β-lactam
ring found in the chemical structure of penicillin and cephalosporins, thus
inactivating it, a common cause of AMR in both Staphylococcus spp. and
Enterobacteriaceae (Black et al., 2009)

(iv)

target modification – modification may occur in both surface-exposed and
intracellular targets rendering drug inactivation. In Staphylococcus
species, such as S. pseudintermedius, methicillin resistance is mediated by
the presence of mecA, a resistant gene located on the staphylococcal
cassette chromosome (SCC). This gene encodes a modified penicillin
binding protein (PBP2’), which significantly decreases methicillin’s
affinity to bind to the PBP targets; thus, binding is prevented, and cell wall
production is not inhibited (Lambert, 2005).
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1.1.6 Antimicrobial susceptibility testing
AST is a laboratory procedure performed by medical laboratory technologists to
determine which antimicrobial(s) will successfully inhibit the growth of a specific
bacterial isolate (Reller et al., 2009). These results aid to guide treatment services
provided by hospitals, clinics and national programs for the control and prevention of
infectious diseases (Bayot and Bragg, 2020). Susceptibility testing guidelines and
standards are periodically reviewed by experts and are updated or revised as required;
hence, it is crucial that laboratory personnel have access to and are aware of the most
recent guidelines so they can make necessary adjustments and ensure they are up to date
with the current testing methods and interpretative guidelines (Silley, 2012). In North
America, the Clinical and Laboratory Standards Institute (CLSI) is the group of experts
that determines and reviews the AST standards for humans and animals using data from a
variety of sources and studies (CLSI, 2018). All CLSI AST methods use interpretative
criteria that correlate with clinical outcomes to classify isolates as susceptible,
intermediate, or resistant.

AST must be conducted under standardized conditions in order to provide
clinically relevant, repeatable, and reproducible results. Antimicrobial treatment
decisions are based on the premise that in vitro AST is predictive of in vivo therapeutic
efficacy (Balouiri et al., 2016). AST methods are based on diffusion (disk or
concentration gradient) or on dilution (agar or broth) techniques. Dilution methods are
considered the gold standard, as they are quantitative and determine the lowest
concentration (µg/mL) of antimicrobial needed to inhibit bacterial growth, reported as the
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MIC. Although cost effective, the disadvantage of diffusion methods is that they only
provide a qualitative outcome, with each antimicrobial agent reported as susceptible,
intermediate, or resistant. In a veterinary diagnostic laboratory, the most commonly used
AST methods are disk diffusion and broth microdilution (Giguère et al., 2013).

Due to its accuracy and wide availability, the most commonly used testing
method for determining an organism’s AMR profile is broth microdilution (Brown-Elliott
et al., 2012) and there are several commercial assays available for clinical and veterinary
use. The Sensititre™ AST System (Thermo Fisher Scientific) is the most common
automated broth microdilution method used in veterinary medicine and it is also used for
national AMR surveillance programs in several countries, including the USA and Canada
(Giguère et al., 2013). The broth microdilution method is performed in 96-well
(microtitre) plates and requires the preparation of two-fold dilutions of antimicrobial
agents in a fluid growth medium. These dilutions should encompass drug concentrations
established in the CLSI standards to be susceptible and resistant for that antimicrobial
(Giguère et al., 2013). A standardized bacterial suspension (e.g. approximately 1.5 x 108
colony-forming units (CFU)/mL, which is equivalent to a 0.5 McFarland) is added to the
microtiter plate. Once inoculated with the bacterial suspension and incubated overnight,
the plate is inspected by laboratory personnel or automated equipment for visible growth
(Brown-Elliott et al., 2012). If the MIC value is equal to or less than the susceptibility
breakpoint, the bacterium is classified as susceptible to the antimicrobial. If the MIC
value is above the susceptibility breakpoint the bacterial isolate is considered to be
intermediate or resistant to an antimicrobial (CLSI, 2018).
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Quantitative results, such as the MIC value, may allow clinicians the ability to
adjust the antimicrobial dose, decreasing cost and potential toxicity (De Boer et al., 2015;
Giguère et al., 2013). Furthermore, calculation of the MIC value at which ≥ 50% (MIC50)
and ≥ 90% (MIC90) of the isolates in a test population are inhibited, can be useful to
guide clinicians when making empirical treatment decisions. MIC90 or MIC50 values are
also used for AMR surveillance programs as they are more accurate indicators of
developing resistance in a population than assessing the percent that are susceptible or
resistant (Giguère et al., 2013; Schwarz et al., 2010).

The disk diffusion susceptibility test, often referred to as the Kirby-Bauer disk
diffusion test after the scientists that developed the assay later standardized by CLSI, is a
qualitative assessment of antimicrobial susceptibility for a bacterial isolate based on its
zone diameter breakpoint to a select antimicrobial (Brown-Elliott et al., 2012). In this
method, a standardized bacterial suspension (e.g. 0.5 McFarland) is used to create a
bacterial lawn on the agar and antimicrobial impregnated filter paper disks are carefully
placed on to the agar surface, allowing for the diffusion of an antimicrobial across the
agar (Swenson et al., 2005). As the antimicrobial diffuses across the agar medium, the
concentration of the antimicrobial decreases as it gets farther from the paper disk. When
the antimicrobial concentration becomes high enough to inhibit the growth of the
bacteria, a zone of inhibition forms around the paper disk. The diameter of the zone of
inhibition (in millimeters) is inversely correlated with the bacterium’s MIC for that same
antimicrobial and is used to determine whether it is susceptible, intermediate, or resistant.
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Simply put, the greater the zone of inhibition, the less drug concentration is needed to
inhibit organism growth (Brown-Elliott et al., 2012).

Although the methodologies differ between disk diffusion and broth
microdilution, comparisons between zone diameters and MIC values, when performed to
in conformance with CLSI standards, show a high degree of agreement (Bala and Gupta,
2005; Khaki et al., 2014; Koeth et al., 2017). AST, either by disk diffusion or broth
microdilution, is a critical step in the selection of an appropriate antimicrobial and its
dose; hence, increasing treatment success and reducing the occurrence of AMR.

1.2 Genus Staphylococcus
Staphylococcus is a genus of Gram-positive bacteria distinguished by its spherical
shape with the cocci forming a “grape-like” cluster appearance under microscopy (Han et
al., 2016). Staphylococcus spp. are facultative anaerobic organisms, making up the
natural skin and mucosal flora of humans and animals (Kościuczuk et al., 2014). Based
on their expression of the coagulase enzyme, Staphylococcus spp. are classified as either
coagulase-negative staphylococci (CoNS) or coagulase-positive staphylococci (CoPS)
(Becker et al., 2014). Historically, CoNS have been classified as minimally or nonpathogenic; however, in recent years their pathogenic ability has been explored and
recognized (Becker et al., 2020; Marchant et al., 2013). The most frequently isolated
CoNS in human clinical specimens is Staphylococcus epidermidis, which is mainly
acquired via indwelling devices such as intra-venous catheters in hospitalized patients
(Argudín et al., 2015).
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CoPS species are considered major pathogens in both humans and animals and
their properties and AMR profiles have been widely explored. S. aureus is the
predominant CoPS isolated from humans and many domestic animals, causing skin, soft
tissue, and upper respiratory tract infections (Tong et al., 2015). Originally thought to be
a single species, molecular characterization has resulted in the creation of the S.
intermedius group, which includes S. intermedius, S. delphini, and S. pseudintermedius
(Bannoehr and Guardabassi, 2012; Ben Zakour et al., 2012). As a result, prior to 2005, S.
pseudintermedius, a pathogen causing superficial bacterial infections in dogs, was
described as S. intermedius, when in actuality, S. intermedius is very infrequently isolated
from companion animals (Devriese et al., 2005; Kawakami et al., 2010).

1.2.1 S. pseudintermedius
S. pseudintermedius, the predominant species in the S. intermedius group, is
found on the dermis and mucous membranes of clinically healthy dogs and is
occasionally isolated from cats and horses (Bannoehr and Guardabassi, 2012; Ben Zakour
et al., 2012; Paul, 2015). This pathogen is considered opportunistic, as it infects animals
that are immunocompromised or that have experienced a disruption in their protective
skin barrier (Nienhoff et al., 2011; Paul, 2015). S. pseudintermedius is the primary cause
of skin, ear, and surgical site infections in dogs (Kjellman et al., 2015; Lehner et al.,
2014; Stull et al., 2014). Historically, S. pseudintermedius isolates were widely
susceptible to penicillinase-stable β-lactam antimicrobials; however, the rapid emergence
of MRSP has presented a therapeutic challenge in veterinary medicine (Beever et al.,
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2014; Perreten et al., 2010; Van Duijkeren et al., 2004; Van Duijkeren et al., 2011;
Werckenthin et al., 2001).

1.2.2 Emergence of meticillin-resistance
In efforts to combat penicillin resistant S. aureus, the semisynthetic penicillinaseresistant β-lactam antimicrobial methicillin was approved for clinical use in the United
States in 1960 (Kong et al., 2010). MRSA strains quickly emerged, with the first human
MRSA infection reported less than one year after the antimicrobial’s release (Waness,
2010). Through binding to penicillin-binding proteins at the β-lactam ring, β-lactam
antimicrobials act by disrupting cell wall synthesis of staphylococci (Kong et al., 2010).
Methicillin resistance is conferred by the mecA gene. Residing on the mobile genetic
element SCC, the mecA gene encodes a modified penicillin-binding protein called PBP2’.
The PBP2’ has a low affinity to all β-lactam antimicrobials; thus, antimicrobial binding is
prevented, and cell wall production is not inhibited (Askari et al., 2012). This mechanism
of target modification confers resistance to virtually all β-lactam antimicrobials (i.e.,
penicillins, cephalosporins, carbapenems, etc.). In addition, methicillin resistant bacteria
can carry additional AMR genes, causing resistance to antimicrobials outside the βlactam class (Huerta et al., 2011).

Based on retrospective data and oxacillin breakpoints, the first phenotypic MRSP
strains were detected in the mid-1980s from healthy dogs and dogs with pyoderma
(Pellerin et al., 1998). It was not until 1999, however, that the first confirmed mecA
positive MRSP strain was cultured from a dog with pyoderma in the United States
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(Gortel et al., 1999). Since the pathogen’s widespread occurrence in the mid-2000s,
MRSP isolates have demonstrated resistance to several antimicrobial classes outside the
β-lactam class, including lincosamides, macrolides, fluoroquinolones, aminoglycosides,
and amphenicols (Grönthal et al., 2017; Nienhoff et al., 2011; Wang et al., 2012) – refer
to section 1.3.3.1.

1.2.3 Laboratory identification of MRSP
Detection of MRSP is typically performed via two in vitro laboratory procedures:
oxacillin disk diffusion or oxacillin broth microdilution (CLSI, 2018). Oxacillin, an
antimicrobial known to have higher in vitro stability compared to methicillin, was
traditionally the antimicrobial used to determine methicillin resistance (Bemis et al.,
2009). Although cefoxitin proves superior to oxacillin for detecting methicillin resistance
for S. aureus and CoNS isolates by disk diffusion, it is less reliable in detecting
methicillin-resistance in S. pseudintermedius (Swenson et al., 2005). In 2009, the CLSI
standards were modified for all veterinary cultured non-S. aureus CoPS, highlighting the
importance for reliable identification of Staphylococcus species and current documents.
These standards recommend methicillin resistance be confirmed using oxacillin zone
diameters and breakpoint values for CoNS (previous: resistant if zone ≤ 10 mm or MIC ≥
4 μg/mL; current: resistant if zone ≤ 17 mm or MIC ≥ 0.5 μg/mL). This change in
breakpoint suggests that previous reports describing the frequency at which MRSP was
isolated, may be underestimated. While widely reported in Europe, most studies
describing MRSP isolated from dogs across North America were performed prior to the
oxacillin breakpoint change (Griffeth et al., 2008; Hartmann et al., 2005; Perreten et al.
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2010; Petersen et al., 2002; Rubin et al., 2011; Rubin and Chirino-Trejo, 2011; Tolar et
al., 2006; Weese et al., 2013). In order to provide a more accurate estimate of canine
MRSP infections, their AMR profiles, and rate of isolation across North America, further
research is warranted.

Apart from the traditional culture methods mentioned above, selective culture
methods, such as staphylococcal enrichment broth or solid medium with or without
oxacillin, have shown to be beneficial screening tools for the rapid identification of
MRSP in clinical specimens (CLSI, 2018). One study, comparing traditional and
selective culture methodology for the detection of MRSP in Atlantic Canada, reported
significant differences in the recovery of MRSP among testing methods. In this region,
culture methods using enrichment broth have shown to more accurately detect MRSP
compared to other selective methods, in patients considered at high risk for MRSP
infection (Saab et al., 2018).

Oxacillin resistant S. pseudintermedius isolates should be further tested using
either a mecA polymerase chain reaction assay or a PBP2’ antigen latex agglutination test
to confirm an isolate as MRSP (CLSI, 2018; Perreten et al., 2010; Weese and van
Duijkeren, 2010). S. pseudintermedius isolates that are oxacillin susceptible, lacking the
mecA gene or PBP2’ antigens, are considered to be MSSP (Moodley et al., 2014).
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1.3 Epidemiology of S. pseudintermedius and MRSP in dogs
In the past decade, MRSP has been isolated from dogs across Europe and North
America at increasing frequencies (Duim et al., 2016; Grönthal et al., 2017; Paul et al.,
2011). As a result, research focused on investigating the epidemiology of MRSP has
grown, predominantly across Europe. Geographical variations in clonal MRSP lineages
have been identified, with ST71 and ST68 being the dominate clones isolated in Europe
and North America, respectively (Perreten et al., 2010). Compared to Atlantic Canada,
the European strain has been identified more frequently among MRSP isolated in Ontario
(Kadlec et al., 2015; Saab et al., 2017). European MRSP strains have shown to be more
resistant (Nienhoff et al., 2011; Osland et al., 2012; Perreten et al., 2010); hence, this
could suggest MRSP isolated from dogs in Atlantic Canada are less resistant compared to
those isolated in other parts of the country. Regardless of their geographical and clonal
origin, MRSP isolated from dogs across Europe and North America have displayed
resistance to the major classes of antimicrobials commonly used in veterinary medicine,
presenting a serious therapeutic challenge (Perreten et al., 2010).

The majority of studies exploring the epidemiology of canine MRSP in North
America, like all studies, have limitations. Some studies may fail to separate clinical and
colonization samples, or focused predominantly on patients with pre-existing superficial
bacterial infections, or were performed prior to the pathogen’s widespread occurrence in
the mid-2000s (Boyen et al., 2012; Griffeth et al., 2008; Hartmann et al., 2005; Perreten
et al. 2010; Petersen et al., 2002; Rubin et al., 2011; Rubin and Chirino-Trejo, 2011;
Tolar et al., 2006; Weese et al., 2013). As a result, it is possible that the MRSP pathogen,
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its frequency of isolation, and resistance profiles may be misrepresented across North
America.

The geographical distribution of MRSP has been investigated in various regions
of the world (Kjellman et al., 2015; Perreten et al., 2010; Pires dos Santos et al., 2016;
Ruscher et al., 2010; Ventrella et al., 2017; Worthing et al., 2018); however, the
proportion of MRSP across these regions (based on the patient’s home address) has not
been reported. Since 2009, the number of methicillin-resistant CoPS isolated from dogs
has increased in Atlantic Canada (Awosile et al., 2018), rationalizing the need for further,
more current investigation into the AMR profiles of these pathogens in the region.
Knowledge of risk factors that contribute to MRSP in Atlantic Canada are highly
relevant, since early identification of high risk patients can assist in execution of infection
control and prevention strategies. As dog ownership in North America increases, efforts
to control AMR in companion animal veterinary medicine are not only essential for the
future of animal health, but also for preserving the effectiveness of antimicrobials for
human infection (Ference et al., 2019; Palma, 2020).

Bacterial colonization is described as the presence, growth, and multiplication of
bacteria on specific or multiple body surfaces without causing disease, as such, animals
who are colonized with a bacterium present no clinical signs (McFall-Ngai et al., 2013).
Due to a bacterium’s opportunistic nature, naïve dogs can become exposed to
S. pseudintermedius through various means. This can occur via direct physical contact
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with a colonized/infected dog, contaminated personnel (e.g, veterinarian), or through
indirect environmental contact (Morris et al., 2017).

Colonized animals are referred to as “carriers” of the bacterium, and S.
pseudintermedius colonization in dogs is ubiquitous, occurring in up to 90% of clinically
healthy dogs (Rubin and Chirino-Trejo, 2011). As part of the normal cutaneous
microflora, this pathogen colonizes the skin, hair follicles/coat, and mucosal sites (the
most frequent being the perineum and mouth) of healthy dogs (Bannoehr and
Guardabassi, 2012; Devriese et al., 2005; Paul et al., 2012; Rubin and Chirino-Trejo,
2011). One study, sampling the nasal mucosa, identified 71% (n = 24) of atopic and 38%
(n = 43) of healthy S. pseudintermedius carriers; however, inclusion of perineal swab
sampling further increased the proportion of canine carriers, to 100% and 94%,
respectively (Fazakerley et al., 2009).

When changes in the host occur, such as lowed immunity or a disruption in the
skin barrier (e.g. wounds), dogs colonized with S. pseudintermedius can become infected.
Once infected, some dogs many develop clinical signs of inflammation which can include
fever, pain, swelling, and purulent discharge (Feßler et al., 2018; Windahl et al., 2016). In
recent years, MRSP has become recognized as the leading cause of canine surgical site
infections and skin disease and is frequently isolated from surgical sites and wounds
(Beck et al., 2012; Bryan et al., 2012; De Lucia et al., 2017; Detwiler et al., 2013; Duim
et al., 2016; Grönthal et al., 2017; Perreten et al., 2010; Siak et al., 2014).
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Many studies describing the distribution of clinical MRSP across patient
signalment (e.g. sex, age, breed, etc.) show an equal distribution across patient sex
(Bryan et al., 2012; Grönthal et al., 2017; Saab, 2016) and age classes (Lehner et al.,
2014; Weese et al., 2012); however, few studies have reported a higher percentage of
isolation in male dogs (Lehner et al., 2014; Weese et al., 2012). In Europe and North
America, MRSP appears to be more common in purebred dogs, compared to mixed
breeds, with Labrador Retrievers and German Shepherds more likely to have MRSP
isolated (Bryan et al., 2012; Lehner et al., 2014; Weese et al., 2012). Research describing
the distribution and epidemiology of MRSP across patient characteristics, can help
veterinarians identify patients at higher risk, allowing early recognition and
implementation of appropriate hospital infection prevention measures.

1.3.1 Risk factors associated with canine MRSP
In companion animals, prior exposure to antimicrobial therapy has been identified
as a significant risk factor associated with MDR bacterial infections (Eckholm et al.,
2013; Lehner et al., 2014). This is true for MRSP as well, as many studies have reported
an increased risk of infection in dogs that were receiving antimicrobial therapy at time of
sampling or were on antimicrobials within one year prior to sampling (Eckholm et al.,
2013; Grönthal et al., 2014; Grönthal et al., 2015; Grönthal et al., 2017; Sasaki et al.,
2007; Weese et al., 2012). Environmental factors, such as patient hospitalization and
frequent clinic visits also significantly increase a dog’s likelihood of becoming colonized
and/or infected with MRSP (Bergström et al., 2012; Eckholm et al., 2013; Grönthal et al.,
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2014; Grönthal et al., 2015; Lehner et al., 2014; Nienhoff et al., 2011; Weese et al.,
2012).

In dogs, the disease condition from which the culture sample was collected has
shown to have a significant effect on whether a S. pseudintermedius isolate is confirmed
as MRSP or MSSP. One study reported that, compared to MSSP, MRSP was
significantly (OR = 5.1; P < 0.001) more likely to be isolated from dogs with pyoderma,
while conversely, MRSP was significantly (OR = 0.5; P < 0.001) less likely to be isolated
from dogs with otitis externa (Duim et al., 2016). In Europe, other sample characteristics,
such as site of infection (e.g. sampling site) and origin (e.g. submitting clinic) have been
found to be significant risk factors associated with canine MRSP infections. A casecontrol study in Germany, was among the first to identify a significant relationship
between sampling site and MRSP, reporting that S. pseudintermedius isolated from the
canine ear were significantly (OR = 0.09; P < 0.001) less likely to be MRSP compared to
MSSP (Lehner et al., 2014). Furthermore, a study aimed at describing the epidemiology
of canine MRSP in Finland, reported that a clinical S. pseudintermedius isolate was
significantly (OR = 1.88; P = 0.003) more likely to be MRSP had the specimen been
submitted to a diagnostic laboratory from a private veterinary clinic, as compared to a
veterinary teaching hospital (Grönthal et al., 2017). However, the association of origin
(submitting clinic) found by this study may be misleading, as numerous clinical canine
specimens originated from private clinics that predominantly treat dermatological
patients (i.e., patients considered to be higher risk for MRSP).
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Research investigating patient signalment as possible risk factors associated with
canine MRSP colonization and/or infection is widespread (Gandolfi-Decristophoris et al.,
2013; Grönthal et al., 2015; Grönthal et al., 2017; Huerta et al., 2011; Lehner et al., 2014;
Nienhoff et al., 2011; Weese et al., 2012). To date, two studies, one Canadian and the
other European, have identified a significant relationship between patient sex and the risk
of a dog becoming infected with MRSP (Grönthal et al., 2017; Weese et al., 2012). An
Ontario, Canada study aimed at comparing factors associated with canine MRSP and
MSSP infections, showed that castrated males (in comparison to spayed females), were
significantly (OR = 3.01; P = 0.020) more likely to be infected with MRSP (Weese et al.,
2012). This relationship was further supported by a more recent publication in Europe,
reporting that clinical S. pseudintermedius isolated from male dogs (in comparison to
females) were significantly (OR = 1.83; P < 0.001) more likely to be MRSP (Grönthal et
al., 2017). Although a number of studies have been performed in Europe, research
investigating potential predictors of canine MRSP infections and/or colonization in North
America is minimal, particularly regionally. Studies aimed at identifying risk factors
associated with this pathogen in areas such as Atlantic Canada may provide insight for
(and identification of) dogs at higher risk of MRSP infections and allow for proper
infection control measures and management.

1.3.2 Trends in the proportion of MRSP
Since the mid-2000s, methicillin resistance among S. pseudintermedius isolated
from dogs across Europe and North America has increased (Griffeth et al., 2008;
Grönthal et al., 2017; Kania et al., 2004; Lehner et al., 2014; Ruscher et al., 2009; Weese
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and van Duijkeren, 2010). As a result of widespread AMR in companion animals, most
veterinary diagnostic laboratories screen all isolates for major resistance mechanisms,
mecA in S. pseudintermedius being one of them (Saab, 2016).

Trends in the past decade have shown an increase in the proportion of S.
pseudintermedius isolates that are MRSP in dogs across countries in Europe (Couto et al.,
2016; Grönthal et al., 2017; Lehner et al., 2014; Ruscher et al., 2009). One study, aimed
at describing the temporal distribution of canine MRSP in the Netherlands, identified a
significant increasing trend in proportion (linear slope = 0.09; P < 0.001), with the annual
cumulative incidence of MRSP among all clinical S. pseudintermedius increasing from
0.9% in 2004 to 7% in 2013 (Duim et al., 2016). Although the breakpoint for oxacillin
changed during this study period, adjustments were implemented according to CLSI
standards.

Research investigating these long-term trends across North America is limited,
with no studies from Canada. Similar to previous reports of prevalence in samples from
clinically ill dogs (Beck et al., 2012; Detwiler et al., 2013; Rubin and Chirino-Trejo,
2011), the estimated true prevalence of MRSP in all canine samples submitted to a
regional veterinary laboratory between February 2013 and April 2014 in Atlantic Canada
was 5.8% (n = 741) (Saab et al., 2018). Research investigating the proportion of MRSP
among all clinical S. pseudintermedius isolated from dogs over a longer study period will
help identify if the proportion of MRSP is increasing in Atlantic Canada.
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1.3.3 AMR profiles and trends

1.3.3.1 MRSP
Across Europe and North America, clinical MRSP isolates have demonstrated
resistance to many antimicrobials commonly used to treat S. pseudintermedius infections,
such as enrofloxacin (24 – 88%), clindamycin (42 – 86%), erythromycin (68 – 86%), and
trimethoprim-sulfamethoxazole (16 – 82%) (Beever et al., 2014; Grönthal et al., 2017;
Saab et al., 2017). Additionally, high levels of MDR have been reported worldwide for
canine MRSP isolates, with one study in Europe reporting all isolates (n = 111) as
resistant to ≥ 3 non-β-lactam antimicrobial agents (Ruscher et al., 2010). Between
January 2010 and December 2012, 98 canine MRSP isolates were collected from a
veterinary diagnostic laboratory in Atlantic Canada. Of these isolates, 71% were MDR
(Saab et al., 2017). Among the 70 MDR isolates, 69% were resistant to trimethoprimsulfamethoxazole, erythromycin, and clindamycin, while 56% were also resistant to
enrofloxacin.

A systematic review investigating temporal changes in AMR in clinical and
commensal MRSP predominantly isolated from dogs in Europe and North America
between 1980 and 2013, identified no significant temporal changes in resistance to nonβ-lactam antimicrobials (Moodley et al., 2014). This review, however, highlights several
inconsistencies between the studies included such as, differences in AST methods and
interpretation criteria, and annual variations in the number of isolates; thus, certain
countries may have been overrepresented in some years and vice versa. Additionally, this
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review did not consider isolate origin, combining both clinical and commensal isolates.
This may have further impacted the analysis, since dogs with superficial bacterial
infections are more likely to have received prior antimicrobial treatment, a known risk
factor for MRSP infections in dogs. Although high levels of resistance to antimicrobials
commonly used by veterinarians to treat MRSP in dogs have been reported in Atlantic
Canada (Awosile et al., 2018), research aimed at identifying long-term trends in
resistance among clinical MRSP isolates is non-existent.

1.3.3.2 MSSP
Compared to MRSP, resistance to non-β-lactam antimicrobials has been reported
less commonly in MSSP isolates (Grönthal et al., 2017; Moodley et al., 2014). However,
some studies have reported high levels of resistance in MSSP isolates to aminoglycosides
(21 – 56%) (Gómez-Sanz et al., 2013; Proietti et al., 2012; Yoon et al., 2010; Youn et al.,
2011) and fluoroquinolones (33 – 93%) (Descloux et al., 2008; Kawakami et al., 2010;
Proietti et al., 2012; Yoo et al., 2010). The majority of S. pseudintermedius described by
these studies were isolated from dogs with clinical cases of otitis externa, an
inflammatory disease of the external ear canal (Bajwa, 2019). This is particularly
important, as two topical products commonly used to treat canine ear infections, contain
gentamicin and enrofloxacin (Bae et al., 2013; Pye, 2018). Enrofloxacin and other
antimicrobials belonging to the fluoroquinolone class, have proven successful for the
treatment of bacterial infections traditionally resistant to first line veterinary treatment
options (Weese et al., 2011). As a result, their use by veterinarians has increased in the
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past decade (Murphy et al., 2012), justifying the need for current research aimed at
monitoring the AMR profiles of S. pseudintermedius.

One study exploring trends in AMR across the United Kingdom over a seven-year
duration (2006 – 2012), identified a significant increase in resistance to amoxicillin,
clindamycin, enrofloxacin, and trimethoprim-sulfamethoxazole in clinical isolates
belonging to the S. intermedius group, the majority presumed to be S. pseudintermedius
isolated from dogs (Beever et al., 2014). Trends in resistance have also been reported for
clinical CoPS isolated from dogs in Atlantic Canada. Over a twenty-year period (1994 –
2013), isolates showed a significant increase in resistance to amoxicillin-clavulanate,
chloramphenicol, cephalexin, cefovecin, doxycycline, erythromycin, enrofloxacin, and
gentamicin (Awosile et al., 2018). Although this study separated isolates according to
species of animal, the increase in resistance, as reported by both studies, may be
misrepresentative since methicillin resistant isolates were included during trend analysis,
accounting for 3.2% (n = 12785) and 4.5% (n = 5259) of all isolates, respectively.

A significant increasing trend in resistance to penicillin and ampicillin has been
reported in MSSP isolates, the likely result of dissemination of the narrow spectrum βlactamase, encoded by the blaZ gene (Kadlec and Schwarz, 2012; Moodley et al., 2014).
Furthermore, over the past decade, resistance to enrofloxacin and chloramphenicol has
shown to slightly increase in clinical MSSP isolated from dogs across Europe and Korea
(Couto et al., 2014; Grönthal et al., 2017; Lee et al., 2018; Yoo et al., 2010). To date, no
significant temporal changes in resistance to non-β-lactam antimicrobials have been
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reported for clinical MSSP isolated from dogs. In order to identify if AMR trends are
increasing in canine MSSP isolates, it is recommended that future studies separate
isolates according to host species as well as exclude or separate those displaying
methicillin resistance during analysis.

1.3.4 Zoonotic transmission and concerns
Given the large degree of dog ownership worldwide and high incidence of canine
S. pseudintermedius colonization, human exposure to this pathogen is likely widespread;
however, current studies suggest human colonization is overall uncommon and transient
(Ference et al., 2019; Van Duijkeren et al., 2011). Previous reports have estimated that
less than 0.5% of pet owners culture positive for MRSP; however, if their animal has an
active S. pseudintermedius infection, the risk of a human culturing positive for MRSP has
been shown to increase to between 4% and 46% (Frank et al., 2009; Guardabassi et al.,
2004; Hanselman et al., 2009; Van Duijkeren et al., 2011). A study exploring CoPS
colonization in humans and their household pets, isolated S. pseudintermedius from the
nose of 4.1% (n = 242) of pet owners, with MRSP being detected in 0.4% and 4.5% (n =
132) of pet owners and dogs, respectively (Hanselman et al., 2009).

S. pseudintermedius is the most frequent bacterial pathogen isolated from dogs,
and as a result canine bite wounds have been reported as a common route of zoonotic
transmission (Abrahamian and Goldstein, 2011; Börjesson et al., 2015; Morris et al.,
2017). While rare, reports of MRSP infections in humans have been documented, the
majority being among veterinary staff, young children, and immunosuppressed
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individuals (Campanile et al., 2007; Kempker et al., 2009; Starlander et al., 2014;
Stegmann et al., 2010). In addition to pet owners, veterinary staff in contact with infected
animals have a higher risk of being colonized and/or infected with this pathogen
(Grönthal et al., 2014; Morris et al., 2010; Van Duijkeren et al., 2008). For instance, in
one study MRSP was isolated from 5% (n = 171) of veterinary dermatology practitioners
and staff across North America (Morris et al., 2010).

AMU in companion animals can contribute to the emergence of resistant bacteria
that can be transferred to humans though direct contact, reducing the effectiveness of
antimicrobials for treating human infections (Palma, 2020). Although this issue has
received much attention in the agricultural sector, the high proportion of dog ownership
in North America, increased frequency of MRSP isolation, and high MDR profiles of
MRSP, highlights how the spread of resistant bacteria between companion animals and
humans may have significant impacts on the future of human health.

1.4 Thesis aims
Although widely explored within the province of Ontario, published research on
the epidemiology of canine MRSP in Atlantic Canada or in other regions across Canada
is limited. In the last two decades the number of canine MRSP isolates identified by a
regional veterinary diagnostic laboratory in Atlantic Canada has increased, with the
majority being isolated after 2009. In addition, MRSP isolated from dogs across this
region have shown high levels of MDR, with greater than 70% (n = 70) of isolates
demonstrating resistance to ≥ 2 non-β-lactam antimicrobial classes (Saab et al., 2017).
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To provide a better understanding of the epidemiology of canine S.
pseudintermedius and MRSP in Atlantic Canada, their pathogenic characteristics,
regional distribution, and AMR patterns were described. The primary focus of this thesis
was to explore temporal trends in proportion and AMR as well as to identify risk factors
associated with the detection of MRSP among clinical S. pseudintermedius canine
specimens submitted to a regional veterinary diagnostic laboratory in Atlantic Canada
over an eleven-year period (2008 – 2018).

This thesis had five aims: first, to explore the temporal distribution of clinical S.
pseudintermedius and MRSP isolated from dogs (Chapter 2); second, to describe patient
characteristics and the geographical distribution of canine S. pseudintermedius and
MRSP across Atlantic Canada (Chapter 2); third, to identify risk factors associated with
the detection of MRSP among clinical canine S. pseudintermedius isolates (Chapter 3);
fourth, to investigate differences in AMR profiles between MRSP and MSSP isolates
(Chapter 2); and lastly, to determine AMR trends in MRSP and MSSP isolates over the
study period (Chapter 3).
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Figure 1.1. Timeline outlining the deployment and first observed resistance among the major antimicrobials and antimicrobial classes
approved for human clinical use. “The discovery void” refers to the period from when the last new antimicrobial class was discovered
in 1987, until today (modified from Clatworthy et al., 2007 and Silver, 2011).
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Figure 1.2. The epidemiology of AMR in the environment as described through the direct or indirect interconnection of sectors
(circles) and settings (squares) (Government of Canada, 2007).
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2.0 CANINE STAPHYLOCOCCUS PSEUDINTERMEDIUS ISOLATED IN
ATLANTIC CANADA FROM 2008 TO 2018: THE DISTRIBUTION,
ANTIMICROBIAL RESISTANCE PROFILES, AND CHARACTERISTICS OF
METHICILLIN-RESISTANT S. PSEUDINTERMEDIUS

Abstract
S. pseudintermedius is the most common pathogen isolated from dogs and the
emergence of MRSP is of growing concern in veterinary medicine. Over the past decade,
MRSP has shown increased resistance to many classes of antimicrobials. The aim of this
study was to describe canine S. pseudintermedius isolates from diagnostic samples
submitted to a veterinary diagnostic laboratory in Atlantic Canada between 2008 and
2018. The objectives were to (i) explore the temporal distribution of clinical S.
pseudintermedius and MRSP isolates from dogs, (ii) compare AMR profiles between
MRSP and MSSP isolates, and (iii) describe patient characteristics and the geographical
distribution of canine MRSP across Atlantic Canada. Patient data and antimicrobial
susceptibility profiles from clinical canine S. pseudintermedius isolates (n = 3530) were
extracted from the Atlantic Veterinary College Diagnostic Services Bacteriology
Laboratory (AVC-DSBL) electronic laboratory management system (LMS) between
2008 to 2018. Of these S. pseudintermedius isolates, 3039 and 491 were confirmed as
MSSP and MRSP, respectively. Over the study period, the annual number of MRSP
positive samples increased, with the majority (97.1%) of isolates identified after 2011.
MRSP resistance to non-β-lactam antimicrobials ranged from 1.1% to 60.2%, the highest
being to erythromycin (60.2%), clindamycin (58.2%), and antimicrobials of the
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fluoroquinolone class (56.9 – 57.7%). MRSP resistance to the fluoroquinolones,
marbofloxacin and enrofloxacin, increased in the last six-years of the study, while a
decrease in trimethoprim-sulfamethoxazole resistance was noted in the last eight-years of
the study. MSSP resistance to non-β-lactam antimicrobials remained below 10.0% (0.2 –
8.5%) for the study period, the highest being to doxycycline (8.5%), enrofloxacin (8.3%),
and erythromycin (7.5%). Resistance to amikacin and rifampin remained below 2.0% for
both MRSP and MSSP isolates. For MSSP isolates, penicillin and ampicillin resistance
was 61.4%, but resistance remained below 1.5% to amoxicillin-clavulanate and all
cephalosporins tested. MRSP isolates were over represented in dogs older than 7 years of
age (46.2%) and weighing more than 30 kg (33.6%). MRSP was most commonly
cultured from canine skin (50.1%) and ear (22.2%) samples, with the majority being
submitted to the laboratory from private veterinary clinics across Atlantic Canada
(83.9%). Over the past decade, the number of canine MRSP isolates confirmed by a
regional veterinary diagnostic laboratory in Atlantic Canada was shown to increase. In
addition, these isolates have demonstrated increased levels of resistance to antimicrobials
commonly used by veterinarians, emphasizing the importance of effective infection
control practices and antimicrobial stewardship and surveillance programs.
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2.1 Introduction
S. pseudintermedius is a CoPS, primarily found on the skin and mucous
membranes of clinically healthy dogs (Kjellman et al., 2015). This pathogen is
opportunistic, generally causing clinical disease in dogs that experience a disruption to
their skin barrier or that are immunocompromised (Paul, 2015). Although S.
pseudintermedius has the potential to infect various areas of the body, soft tissue
infections are most common, specifically skin and ear infections (Detwiler et al., 2013;
Kjellman et al., 2015; Perreten et al., 2010). Dogs are frequently colonized with
S. pseudintermedius, with one study reporting up to 37% of clinically healthy dogs and
88% of dogs with atopic dermatitis being culture positive (Fazakerley et al., 2009).

The rapid emergence of MRSP in dogs since 2006 is a concern worldwide (Couto
et al., 2016; Duim et al., 2016; Grönthal et al., 2017; Kjellman et al., 2015; Lehner et al.,
2014; Ruscher et al., 2010). MRSP isolates have shown resistance to many other
antimicrobial classes besides the β-lactams, including lincosamides, macrolides,
fluoroquinolones, aminoglycosides, and amphenicols (Grönthal et al., 2017; Nienhoff et
al., 2011; Wang et al., 2012). High levels of MDR have been identified in canine MRSP
specimens in Atlantic Canada, with > 70% of isolates demonstrating resistance to ≥ 2
non-β-lactam antimicrobial classes (Saab et al., 2017). Furthermore, since 2009, the
number of methicillin-resistant CoPS isolated from dogs has increased in Atlantic Canada
(Awosile et al., 2018).
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The epidemiology and geographical distribution of MRSP has been investigated
in various regions of the world (Bryan et al., 2012; Grönthal et al., 2017; Lehner et al.,
2014; Nienhoff et al., 2011; Wang et al., 2012), but few of these studies are from North
America. MRSP has been previously investigated in Atlantic Canada but this study was
based on samples collected during a relatively short time frame (15 months) (Saab et al.,
2018). Investigating S. pseudintermedius and MRSP isolated from dogs across Atlantic
Canada over an eleven-year period will provide further insight into important
demographic and AMR changes in this region.

The aim of this study was to describe canine S. pseudintermedius isolates from
diagnostic samples submitted to a veterinary diagnostic laboratory in Atlantic Canada
from 2008 to 2018. The objectives of this study were to (i) explore the temporal
distribution of clinical S. pseudintermedius and MRSP isolates from dogs, (ii) investigate
AMR profiles and differences between MRSP and MSSP isolates over time, and (iii)
describe patient characteristics and the geographical distribution of canine MRSP across
Atlantic Canada.

2.2 Materials and Methods

2.2.1 Study population
Information provided on the veterinary sample submission form (e.g., patient
demographics, specimen details, etc.) as well as AMR susceptibility data for all clinical
canine samples determined positive for S. pseudintermedius between January 1, 2008 and
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December 31, 2018 by the AVC-DSBL were extracted from the electronic LMS.
Extracted data was tabulated using a computerized spreadsheet (Microsoft Excel, 2016;
Microsoft, Redmond, Washington, USA) and each positive sample submission was
individually evaluated for missing data and accuracy. Only samples submitted to the
diagnostic laboratory from veterinary clinics across the four Atlantic Canadian Provinces,
Nova Scotia (NS), New Brunswick (NB), Prince Edward Island (PE), and Newfoundland
and Labrador (NL), were included in this study.

2.2.2 The distribution of isolates
Temporal trends in the distribution of S. pseudintermedius and MRSP isolates
were explored on a yearly (2008 to 2018), seasonal (winter, spring, summer, and fall),
and monthly (January to December) basis. Seasonality was classified as follows: winter
(January to March), spring (April to June), summer (July to September), and fall (October
to December). Six patient factors were explored: sex, age (at time of sampling), breed (by
type and by size), sample site (anatomic location on dog), and submission origin (by
province and by submitting clinic). A patient’s sex was described as either male or
female, while age was reported both continuously (median; range) and categorically (< 2
years, 2 to 7 years, and > 7 years). Breed standards and average adult breed weights
outlined by the American Kennel Club (AKC) were used to classify patient breed type
(purebred and mixed) and breed size (small < 15 kg, medium 15 to 30 kg, and large > 30
kg), respectively (AKC, 2017; AKC, 2020). Sample sites were classified into six distinct
categories: skin, ears, surgical sites, wounds, urinary tract, and other. Other sample sites
included samples classified as other dermatologic (e.g., hair), digestive, hemolymphatic,
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musculo-skeletal, ocular, other infectious sites (e.g., abscess), reproductive, and
respiratory. Information on previous medical history and antimicrobial treatment was not
available from the laboratory database.

2.2.3 Bacterial culture and AST of MRSP and MSSP
Bacteria were isolated and identified using standard microbiological techniques
and routine procedures used in the AVC-DSBL. AST was performed using the disk
diffusion method from 2008 to 2015 and by a commercial broth microdilution method
(Sensititre™, Thermo Fisher Scientific Inc., USA) from 2015 to 2018. Both methods
were performed conforming to the CLSI standards. The AVC-DSBL changed its AST
method for all laboratory submissions in August 2015. Zones of inhibition and MIC
values were interpreted according to the CLSI performance standards that were current at
the time AST was performed.

Susceptibility was determined for twenty antimicrobials belonging to twelve
antimicrobial classes: β-lactamase inhibitor combinations (amoxicillin-clavulanate 2:1
ratio), antistaphylococcal penicillins (oxacillin), penicillins (ampicillin and penicillin),
cephalosporins (cephalexin, cephalothin, cefazolin, cefovecin, ceftiofur, and
cefpodoxime), aminoglycosides (amikacin and gentamicin), amphenicols
(chloramphenicol), lincosamides (clindamycin), macrolides (erythromycin), tetracyclines
(doxycycline), fluoroquinolones (enrofloxacin and marbofloxacin), rifamycins
(rifampin), and potentiated sulfonamides (trimethoprim-sulfamethoxazole). Over the
study period, antimicrobial susceptibilities were obtained using four AST panels: disk
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diffusion panel (2008 to 2015), urinary MIC panel (Sensititre™ Vet Urinary
CMV1BURF Plate, Thermo Fisher Scientific Inc., USA) (2015), companion animal MIC
panel (Sensititre™ Vet Companion Animal COMPAN2F Plate, Thermo Fisher Scientific
Inc., USA) (2015 to 2018), and companion animal Gram-positive MIC panel
(Sensititre™ Vet Companion Animal Gram Positive COMPGP1F Plate, Thermo Fisher
Scientific Inc., USA) (2018).

Since the fall of 2009, the AVC-DSBL began routine screening all CoPS for
methicillin-resistance. In 2009 the oxacillin breakpoint for S. pseudintermedius changed
(previous: resistant if zone ≤ 10 mm or MIC ≥ 4 μg/mL; revised: resistant if zone ≤ 17
mm or MIC ≥ 0.5 μg/mL), and oxacillin resistance was determined using the breakpoint
appropriate to the corresponding year. If the isolate was oxacillin resistant, a PBP2’latex
agglutination test (PBP2’ Latex Agglutination Test; Oxoid Company, Nepean, Canada)
was performed to confirm the isolate as MRSP. S. pseudintermedius isolates that were
susceptible to oxacillin were classified as MSSP. As recommended by the CLSI, the
AVC-DSBL used penicillin as the surrogate to test and interpret the susceptibility of
staphylococci to all penicillinase-labile penicillins (CLSI, 2018). As a result, all S.
pseudintermedius isolates that were resistant to penicillin, were also considered resistant
to ampicillin regardless of the MIC value.

2.2.4 Statistical analysis
S. pseudintermedius samples were not included for analyses if they were
submitted to the AVC-DSBL from another diagnostic laboratory for the sole purpose of
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MRSP confirmation. Additionally, samples were not included if they were from nonclinical sites (i.e., samples from the mouth, nasal, and rectum used to screen for
colonization), unclassifiable, or if susceptibility data were not recorded.

Since there were differing drug concentrations between the three MIC panels used
by the AVC-DSBL, the MIC50 and MIC90 values were calculated using the MIC values
available from the COMPAN2F MIC panel only. Over the eleven-year study period,
antimicrobial susceptibility testing results for S. pseudintermedius isolates were
unavailable for cefazolin, ceftiofur, cephalothin, and rifampin from 2008 to 2012,
cefpodoxime from 2008 to 2013, and marbofloxacin from 2008 to 2011. On the
COMPAN2F MIC panel, the lowest dilution remained above the resistant breakpoint for
doxycycline. As a result, doxycycline susceptibilities were uninterpretable for this panel,
thus doxycycline susceptibility was analysed using susceptibilities obtained from the disk
diffusion and COMPGP1F MIC panels only.

Duplicate records within the database were identified and assessed as follows: if
multiple samples were exact duplicates, only one was kept for analyses. When two AST
methods were performed on one sample, preference was given to AST results obtained by
broth microdilution over disk diffusion. Dogs positive for MRSP on multiple submissions
were identified using patient signalment data and both isolates were included for analyses
only if the samples were recorded 12 months or more apart.
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A computerized spreadsheet (Microsoft Excel, 2016; Microsoft, Redmond,
Washington, USA) was used for all data tabulation and graphical representation, while all
descriptive statistics were performed using Stata 15.1 (Stata Corp, College Station,
Texas, USA). All descriptive statistics were presented as medians, percentages, or as
proportions with respective logit-transformed 95% confidence intervals (CI).

2.3 Results

2.3.1 Distribution of clinical S. pseudintermedius isolates
The distribution of clinical S. pseudintermedius isolates across patient signalment,
anatomic location of sample collection, and origin of submission over an eleven-year
period is outlined in Table 2.1. A total of 11,733 clinical canine samples were submitted
to the AVC-DSBL from January 2008 to December 2018. Over this eleven-year period, a
total of 3530 S. pseudintermedius isolates were cultured from 3508 dogs. Most (87.1%)
S. pseudintermedius samples were submitted to the laboratory for culture from private
veterinary clinics across Atlantic Canada. The majority of clinical specimens were
submitted from dogs residing in NS (1533; 43.4%), followed by NB (905; 25.6%), PE
(761; 21.6%), and NL (331; 9.4%). Of the samples submitted to the laboratory from PE,
43.8% were from the Atlantic Veterinary College Veterinary Teaching Hospital (AVCVTH). S. pseudintermedius isolates were most commonly recovered from the canine ear
(39.7%), followed by skin (25.3%), the urinary tract (17.3%), other sample sites (10.3%),
wounds (3.5%), and surgical sites (2.4%). Other sample sites included samples grouped
according to function: other infectious sites (102), reproductive (74), ocular (66),
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musculoskeletal (49), other dermatologic (45), respiratory (15), digestive (11), and
hemolymphatic (3). Sample site location was not recorded at time of submission for 46
isolates.

S. pseudintermedius was isolated from 51.9% (n = 1833) female dogs and 45.9%
(n = 1619) male dogs, while patient sex was not documented at time of submission for 78
dogs. The median age of dogs from which S. pseudintermedius was isolated was 7.2
years old, ranging from 1 day to 18 years of age, with the majority (85.9%) of patients
being older than 2 years of age. Patient age for 209 dogs was not available in the
database. Records indicated dogs were of 129 distinct breeds, with 2695 (76.3%) dogs
being purebred. The most common purebreds were Shih Tzu (n = 372), Labrador
Retriever (n = 334), Cocker Spaniel (n = 273), and German Shepherd (n = 143). The
remainder of samples were from mixed breeds (n = 678) or from patients whose breed
was unidentified in the database (n = 157). Dog breeds were divided into three categories
according to size, small (< 15kg), medium (15 to 30 kg), and large (> 30kg). The
majority of S. pseudintermedius was isolated from small dogs (38.4%), followed by large
dogs (27.0%), and medium dogs (12.8%). Breed size was unclassifiable for 769 dogs.

2.3.2 Distribution of clinical MRSP isolates
The distribution of clinical MRSP isolates across patient signalment, body site
location of sample, and the provincial origin of submission over an eleven-year period is
outlined in Table 2.1. The geographical distribution of MRSP isolates was similar to all
S. pseudintermedius isolates, with 48.1% of samples submitted from veterinary clinics in
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NS. The majority of samples were from skin (50.1%), followed by ears (22.2%), other
sample sites (11.2%), the urinary tract (6.7%), surgical sites (4.5%), and wounds (4.1%).

Sample submissions from male and female dogs were 51.7% and 45.8%,
respectively. The median age of dogs positive for MRSP was 6.9 years, ranging from 1day old to 17 years of age, and the majority (84.1%) of MRSP positive dogs were > 2
years of age, which were similar to the findings for all S. pseudintermedius. The majority
of samples were from large dogs weighing over 30 kg (33.6%), followed by small dogs
weighing under 15 kg (31.2%), and medium dogs weighing between 15 and 30 kg
(16.5%). Purebred dogs represented 79.8% of submissions that cultured positive for
MRSP with 16.1% being from mixed breeds. The most common purebreds were
Labrador Retriever (9.6%), Cocker Spaniel (7.8%), Shih Tzu (5.8%), and Bulldog
(5.0%).

2.3.3 Temporal trends of S. pseudintermedius and MRSP isolates
Yearly, seasonal, and monthly temporal distribution of canine S.
pseudintermedius and MRSP isolates are presented in Table 2.2, Figure 2.1, Figure 2.2,
and Figure 2.3. Over the study period, the number of canine S. pseudintermedius and
MRSP isolates confirmed by the AVC-DSBL increased, with the total number of isolates
in 2008 and 2018 increasing from 205 to 382 and 1 to 70, respectively. The majority
(97.1%) of S. pseudintermedius samples confirmed to be MRSP were isolated in the last
eight-years of the study. Additionally, from 2013 to 2014, the percentage of S.
pseudintermedius and MRSP isolates was shown to increase from 9.3 to 11.2% (n = 328
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to 394) and 10.4 to 14.1% (n = 51 to 69), respectively (Figure 2.1). No seasonal or
monthly trends in the number of isolates confirmed were observed (Figure 2.2 and Figure
2.3).

2.3.4 AMR profiles of MRSP and MSSP isolates
Out of the total 477 MRSP isolates confirmed after 2011, 11.5% (n = 56) were
susceptible to all non-β-lactam antimicrobials tested (Table 2.3). Additionally, 10.7% (n
= 52) of isolates were resistant to only one non-β-lactam antimicrobial class, while 77.7%
(n = 377) demonstrated MDR to ≥ 2 non-β-lactam antimicrobial classes. Over the study
period, half or more of the isolates were resistant to erythromycin (60.2%), clindamycin
(59.0%), enrofloxacin (57.7%), marbofloxacin (56.9%), trimethoprim-sulfamethoxazole
(50.3%), gentamicin (49.7%), and 32.6% of the isolates were resistant to
chloramphenicol. Less than 2% of isolates demonstrated resistance to amikacin and
rifampin. Of the 377 MDR isolates, 53.3% were resistant to clindamycin, enrofloxacin,
and erythromycin, while 42.4% of those isolates also demonstrated resistance to
gentamicin.

An increase in doxycycline resistance of MRSP isolates of 20.6% in 2014 to
57.1% in 2015 was identified, as well as an increase in chloramphenicol resistance from
21.6 to 37.3% between 2013 and 2014. In the last six-years of this study, resistance to the
fluoroquinolones, marbofloxacin and enrofloxacin, appeared to increase. Resistance to
clindamycin was noted to decrease from 69.2% in 2012 to 47.8% in 2013, while a
decrease in resistance to trimethoprim-sulfamethoxazole was observed in the last eight-
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years of the study, 79.0% in 2011 to 47.1% in 2018 (Table 2.3). In dogs with two or more
MRSP infections identified greater than 12 months apart from each other (n = 25),
increased resistance to gentamicin, doxycycline, and enrofloxacin was seen in the
subsequent cultures compared to the initial cultures from those dogs.

Of the 3039 MSSP isolates identified from 2008 to 2018, resistance remained
below 10% to all non-β-lactam antimicrobials tested, with amikacin and rifampin
demonstrating less than 1% resistance. Over the eleven-year period, no increase and/or
decrease in resistance over time was noted in MSSP isolates to non-β-lactam
antimicrobials, however, an increase in resistance to doxycycline from 3.1% to 11.9%
between 2014 and 2015 was noted (Table 2.3). Among the β-lactam antimicrobials
tested, high levels of resistance to the penicillins (61.4%) was observed, while less than
2% of isolates were resistant to amoxicillin-clavulanate and the cephalosporins. All
isolates were susceptible to cefovecin. In the last three-years of the study, a decrease in
resistance to the penicillins was observed, with the proportion resistant decreasing to
48.9% compared to 67.0% prior to 2016 (Table 2.4).

Due to the high number of uninterpretable susceptibility test results for
doxycycline (n = 743) and an absence of MIC values recorded for cephalexin on the
COMPAN2F MIC panel, the MIC50 and MIC90 values for these two antimicrobials were
not reported. Among the 219 MRSP isolates and 912 MSSP isolates confirmed by the
laboratory between 2015 and 2018, the MIC50 and MIC90 values for amikacin and
rifampin were consistent. Overall, MRSP isolates demonstrated higher MIC50 and MIC90
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values for chloramphenicol, clindamycin, erythromycin, enrofloxacin, gentamicin,
marbofloxacin, and trimethoprim-sulfamethoxazole in comparison to MSSP isolates. The
antimicrobial MIC distribution of clinical canine MRSP and MSSP isolates are presented
in Table 2.6 and Table 2.7, respectively.

2.4 Discussion

2.4.1 Temporal distribution of isolates
The distribution of clinical S. pseudintermedius and MRSP isolates across patient
signalment was in agreement with previously reported estimates for Europe and North
America (Bryan et al., 2012; Grönthal et al., 2017; Hanselman et al., 2008; Lehner et al.,
2014; Saab et al., 2018; Weese et al., 2012). Although the distribution of isolates across
patient sex was relatively uniform, more than 80% of isolates were from dogs 2 years of
age and older. The frequency of S. pseudintermedius isolation increased with increasing
patient age category. This finding was expected, as it corresponds to the rate of health
events associated with increased age, leading to a higher likelihood of clinic visits,
procedures, hospitalization and health problems necessitating culture. Typically, as an
animal increases in age, so does the opportunity for antimicrobial exposure and
dermatologic disease (Kim et al., 2018). This may further explain the similar pattern
observed among MRSP positive dogs, as prior exposure to antimicrobial therapy has
been reported to increase the risk of AMR development (Lehner et al., 2014).
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The Labrador Retriever has been reported across North America as the
predominant breed associated with MRSP colonization and infection (Bryan et al., 2012;
Hanselman et al., 2008; Nazarali et al., 2015; Weese et al., 2012). This is likely a result of
its high breed popularity and a genetic predisposition to atopic skin disease (Miller et al.,
2013; Sture et al., 1995). In regions of North America, as well as countries where the
Labrador Retriever breed is less popular such as Europe, large dogs, weighing greater
than 25 kg, are more frequently associated with MRSP infections (De Lucia et al., 2017;
Grönthal et al., 2017; Kjellman et al., 2015; Lehner et al., 2014; Weese et al., 2012).
Organized by the original work or duty that each breed was developed to perform, dogs
are commonly exhibited, or organized into seven different groups (AKC, 2020).
Although classified under various breed categories, large breed dogs have been identified
as being highly sociable by nature (AKC, 2020; Serpell and Duffy, 2014). To date, no
significant associations between canine behavior and MRSP have been reported.
However, because this pathogen is highly transmissible through direct and/or indirect
environmental contact, dogs who are more sociable could be at greater risk of becoming
colonized or infected with MRSP (Morris et al., 2017). Results from this study and the
literature suggest breed size has a greater influence than breed type on a dog culturing
positive for MRSP.

Predominantly isolated from dermatological sites, such as the skin and ears, S.
pseudintermedius, has been identified as the leading cause of canine superficial bacterial
infections (Beck et al., 2012; Blunt et al., 2013; Bryan et al., 2012; De Lucia et al., 2017;
Siak et al., 2014; Wang et al., 2012). In recent years, the prevalence of canine pyoderma
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associated with MRSP has increased, with isolation estimates ranging from 37.3% to
69.6% (Beck et al., 2012; Bryan et al., 2012; Eckholm et al., 2013; Weese et al., 2012).
One study found that MRSP isolates were significantly more likely to be obtained from
clinical cases of canine pyoderma compared to MSSP isolates (Duim et al., 2016).
Results from this study suggest a similar phenomenon in Atlantic Canada, as compared to
all S. pseudintermedius isolates, MRSP was cultured more frequently from canine skin
(25% verses 50%).

Nova Scotia was found to have the highest number of MSSP and MRSP
submissions compared to the other Atlantic Provinces, a finding consistent with a
previous report of MRSP in Atlantic Canada (Saab et al., 2018). The distribution of
MSSP and MRSP across the provinces corresponds with the distribution of total number
of samples submitted yearly to the AVC-DSBL by these provinces. Private veterinary
clinics in Nova Scotia made up 42.7% and 48.1% of the MSSP and MRSP isolated at the
AVC-DSBL, respectively. Additionally, NS clinics provided almost 50% of the total
canine submissions from Atlantic Canada.

2.4.2 AMR profiles
This study explored canine MRSP and MSSP AMR over time providing
qualitative evidence of trends in the resistance patterns over time. However, the
significance of these trends in AMR cannot be stated without appropriate statistical
analysis. Resistance to non-β-lactam antimicrobials appeared to be higher in MRSP than
MSSP isolates, with the exception of amikacin and rifampin, for which resistance
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remained less than 2% for both. Resistance to these two antimicrobials remained
unchanged in the present study among individual dogs that cultured positive for MRSP
more than 12 months apart from their initial MRSP culture to subsequent culture. This is
important, as many studies have identified an increased risk of MRSP infection in dogs
that were receiving antimicrobial therapy at time of sampling or on antimicrobials within
one year prior to sampling (Eckholm et al., 2013; Grönthal et al., 2014; Grönthal et al.,
2015; Grönthal et al., 2017; Lehner et al., 2014; Sasaki et al., 2007; Weese et al., 2012).
Several previous studies, one from Atlantic Canada, have identified MRSP isolates as 0%
resistant to both amikacin and rifampin; however, in recent years, the use of these
antimicrobials, especially amikacin, to treat canine MRSP infections has increased
(Bryan et al., 2012; De Lucia et al., 2011; Grönthal et al., 2017; Saab et al., 2017). Thus,
this could be an early indication of increasing resistance to these antimicrobials in our
region because of their more frequent use for treating MRSP infections.

Resistance among MSSP isolates remained stable for most non-β-lactam
antimicrobials tested, with overall resistance remaining below 10% for any antimicrobial.
The AMR profiles for MSSP in Atlantic Canada were similar to reported estimates for
methicillin-susceptible CoPS in dogs, presumably S. pseudintermedius in this veterinary
diagnostic laboratory from 1994 to 2013 (Awosile et al., 2018). The high resistance
among MSSP isolates to the penicillin and ampicillin was likely mediated by the
penicillinase blaZ, a narrow spectrum β-lactamase gene, as resistance to amoxicillinclavulanate and all cephalosporins remained below 2% (Moodley et al., 2014; Kadlec and
Schwarz, 2012). In the past thirty years, a significant increase in resistance to the
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penicillinase-labile penicillins amongst MSSP has been recorded (Moodley et al., 2014);
thus, the decrease in resistance observed in this study after 2015, was unexpected. The
timeframe that the decrease was noted does coincide with when the laboratory switched
from disk diffusion to broth microdilution testing. In general, disk diffusion zone of
inhibition and MIC tests have shown to yield similar susceptibility results; however, the
disk diffusion test has been shown to over-estimate the resistance of S. pseudintermedius
to penicillin, ampicillin, and doxycycline (Blunt et al., 2013). This could be related to the
instability of these particular antimicrobials in vitro as well as inconsistencies in
inoculum densities, as denser inocula have shown to produce smaller zone sizes (Blunt et
al., 2013; Gillespie, 1994). Additionally, staphylococci should be tested for β-lactamase
production using a nitrocef-based assay or the penicillin disk zone edge test (CLSI, 2018)
even if it is sensitive to penicillin on MIC or disk diffusion testing. These additional tests
for β-lactamase production were not described in the study by Blunt et al., 2013, nor were
they performed by the AVC-DSBL during this study period. Thus, there is potentially an
underestimation of penicillin resistance in the MSSP isolates reported in this study. Due
to wide-spread resistance to both penicillin and ampicillin globally, these antimicrobials
are no longer routinely recommended for use by veterinarians to treat canine
staphylococcal infections (Moodley et al., 2014). Although the decrease in penicillin
resistance observed in the current study is inconsistent with previous studies, the switch
in AST method or the decrease in the clinical use of antimicrobials belonging to the
penicillin class, could provide a reason behind the observed decrease in resistance among
MSSP isolates to the penicillins during the last three years of this study.
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In recent years, the use of chloramphenicol by veterinarians to treat MDR
bacterial infections, specifically canine pyoderma caused by MRSP has increased (Bryan
et al., 2012; Papich, 2012). However, this antimicrobial has been reported to cause high
incidences of adverse reactions following administration, prompting treatment
discontinuation (Bryan et al., 2012). In addition, exposure to chloramphenicol has been
identified to cause bone marrow suppression in some individuals (both animals and
humans), making its use a potential hazard for veterinary personnel and animal owners
(Singhal et al., 2020). The gradual increase in resistance of MRSP to chloramphenicol
and the fluoroquinolones observed in this study aligns with the increase in resistance
documented worldwide (De Lucia et al., 2011; Grönthal et al., 2017; Kizerwetter-Świda
et al., 2016; Nienhoff et al., 2011; Siak, 2014; Wang et al., 2012). More frequent usage
and inappropriate dosing regimens of these antimicrobials could be contributing to the
increased frequency of resistance to gentamicin, doxycycline, and enrofloxacin observed
in individual dogs in the present study that cultured positive for MRSP more than 12
months apart from their initial MRSP culture to subsequent culture.

Dogs lack the genes necessary to detoxify sulfonamides, putting them at a greater
risk for developing sulfonamide hypersensitivity (Funk‐Keenan et al., 2012). As a result,
the use of sulfonamides and their potentiated formulations (containing trimethoprim or
ormetoprim), especially for canine skin conditions, is limited. Potentiated sulphonamides
have been reported as the least prescribed antimicrobial for the treatment of canine
MRSP, being replaced by other broad-spectrum antimicrobials, such as fluoroquinolones
(Bryan et al., 2012; Murphy et al., 2012). In addition, the International Society for
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Companion Animal Infectious Diseases guidelines suggest potentiated sulphonamides
only be used if local regional susceptibility of S. pseudintermedius is confirmed (Hillier
et al., 2014). This could explain the observed decrease in trimethoprim-sulfamethoxazole
resistance in MSSP isolates, both in this study as well as in CoPS previously isolated
from dogs in Atlantic Canada (Awosile et al., 2018).

In 2015, the doxycycline breakpoint for S. pseudintermedius was revised by
CLSI. With the lowest dilution on the COMPAN2F MIC panel remaining above the new
resistant breakpoint, the laboratory was unable to interpret all doxycycline susceptibility
testing data for S. pseudintermedius between 2015 and 2017. As a result, it is unknown if
the yearly increase (2014 – 2015) in doxycycline resistance observed among both MRSP
and MSSP isolates in the current study was solely due to the breakpoint change or other
factors. Although recent trends have identified a significant increase in doxycycline
resistance among CoPS isolated from dogs across Atlantic Canada (Awosile et al., 2018),
the current study would require additional data from subsequent years to determine if the
observed increase in doxycycline resistance was a result of a change in breakpoint or if
these isolates are truly becoming increasingly resistant to doxycycline in Atlantic Canada.

2.4.3 Considerations and future implications
Since its widespread occurrence in the mid-2000s, MRSP has been isolated from
dogs across the globe at increasing frequencies. Additionally, this pathogen has become
increasingly MDR, demonstrating resistance to many antimicrobial classes. This study
describes a similar phenomenon in Atlantic Canada, rationalizing the need for current and
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future research efforts aimed to better control the resistance of S. pseudintermedius in this
region.

Over the duration of this study, AMR were reported using two different AST
methods, potentially effecting our results from the years 2008 to 2015 (disk diffusion)
and 2015 to 2018 (broth microdilution). This makes comparison with other studies
challenging, as many studies reporting the AMR profiles of MRSP used only one AST
method. In an effort to reduce the risk of reporting inaccurate resistance estimates, it is
highly recommended that all laboratory personnel adhere closely to CLSI standards,
particularly for breakpoint and culture methodology changes. Surveillance to detect
trends in AMR is important to identify increasing resistance of S. pseudintermedius,
especially MRSP, leading to judicious antimicrobial stewardship practices. The
development of such measures requires a thorough understanding of the ecology and
epidemiology of S. pseudintermedius as well as risk factors involved in canine MRSP.
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Table 2.1. Patient demographics and specimen details of S. pseudintermedius and MRSP
isolates collected from all clinical canine specimens submitted to the AVC-DSBL from
2008 to 2018 (N = 11,733).
S. pseudintermedius % (95% CI)1
N = 3530

MRSP % (95% CI)1
N = 491

51.9 (50.3-53.6)
45.9 (44.2-47.5)
2.2 (1.8-2.8)

45.8 (41.5-50.3)
51.7 (47.3-56.1)
2.4 (1.4-4.3)

8.2 (7.4-9.2)
36.6 (35.0-38.2)
49.3 (47.6-50.9)
5.9 (5.2-6.7)

9.8 (7.4-12.7)
37.9 (33.7-42.3)
46.2 (41.9-50.7)
6.1 (4.3-8.6)

76.3 (74.9-77.7)
19.2 (17.9-20.5)
4.4 (3.8-5.2)

79.8 (76.0-83.2)
16.1 (13.1-19.6)
4.1 (2.6-6.2)

38.4 (36.8-40.0)
12.8 (11.7-13.9)
27.0 (25.6-28.5)
21.8 (20.4-23.2)

31.2 (27.2-35.4)
16.5 (13.5-20.1)
33.6 (29.6-37.9)
18.7 (15.5-22.4)

Sample site
Ear
Skin
Surgical sites
Urinary tract
Wounds
Other sample sites
Unknown

39.7 (38.1-41.4)
25.3 (23.9-26.8)
2.4 (2.0-3.0)
17.3 (16.1-18.6)
3.5 (3.0-4.2)
10.3 (9.4-11.4)
1.3 (1.0-1.7)

22.2 (18.7-26.1)
50.1 (45.7-54.5)
4.5 (3.0-6.7)
6.7 (4.8-9.3)
4.1 (2.6-6.2)
11.2 (8.7-14.3)
1.2 (1.0-2.7)

Province of residence
New Brunswick
Newfoundland & Labrador
Nova Scotia
Prince Edward Island

25.6 (24.2-27.1)
9.4 (8.5-10.4)
43.4 (41.8-45.1)
21.6 (20.2-22.9)

21.0 (17.6-24.8)
13.0 (10.3-16.3)
48.1 (43.7-52.5)
17.9 (14.8-21.6)

Submitting clinic
AVC-VTH
Private clinic

12.9 (11.9-14.1)
87.1 (85.9-88.1)

16.1 (13.1-19.6)
83.9 (80.4-86.9)

Factor
Sex
Female
Male
Unknown
Age in years
< 2 years
2 – 7 years
> 7 years
Unknown
Breed2
type
Purebred
Mixed
Unknown
size
Small (< 15 kg)
Medium (15 to 30 kg)
Large (> 30 kg)
Unknown

1proportions

were calculated on total number of isolates within each factor, summing to

100%.
2classification

in accordance to the AKC (AKC, 2017; AKC, 2020).
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Table 2.2. Yearly, seasonal, and monthly distribution of S. pseudintermedius and MRSP
isolates collected from all clinical canine specimens submitted to the AVC-DSBL from
2008 to 2018 (N = 11,733).
Factor

S. pseudintermedius % (95% CI)1
N = 3530

MRSP % (95% CI)1
N = 491

5.8 (5.1-6.6)
6.7 (5.9-7.6)
6.7 (5.9-7.6)
8.5 (7.6-9.4)
8.2 (7.4-9.2)
9.3 (8.4-10.3)
11.2 (10.2-12.2)
10.3 (9.4-11.4)
11.3 (10.3-12.4)
11.2 (10.2-12.2)
10.8 (9.8-11.9)

0.2 (0.03-0.1)
0.8 (0.3-2.2)
1.8 (0.1-3.5)
7.7 (5.7-10.5)
7.9 (5.8-10.7)
10.4 (8.0-13.4)
14.1 (11.2-17.4)
10.6 (8.2-13.6)
15.7 (12.7-19.2)
16.5 (13.5-20.1)
14.3 (11.4-17.6)

23.0 (21.6-24.4)
24.8 (23.4-26.2)
25.7 (24.3-27.2)
26.6 (25.1-28.1)

21.2 (17.8-25.0)
23.6 (20.1-27.6)
27.3 (23.5-31.4)
27.9 (24.1-32.0)

8.0 (7.1-8.9)
7.1 (6.3-7.9)
7.9 (7.1-8.9)
6.9 (6.1-7.7)
8.9 (8.0-9.9)
9.0 (8.1-10.0)
8.8 (7.9-9.8)
8.5 (7.6-9.5)
8.4 (7.5-9.3)
9.6 (8.6-10.6)
9.3 (8.4-10.4)
7.6 (6.8-8.6)

8.6 (6.4-11.4)
5.5 (3.8-7.9)
7.1 (5.2-9.8)
6.3 (4.5-8.8)
7.7 (5.7-10.5)
9.6 (7.3-12.5)
8.8 (6.6-11.6)
9.6 (7.3-12.5)
9.0 (6.7-11.8)
8.4 (6.2-11.2)
11.4 (8.9-14.5)
8.1 (6.0-10.9)

Year
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
Season
Winter
Spring
Summer
Fall
Month
January
February
March
April
May
June
July
August
September
October
November
December
1proportions

were calculated on total number of isolates within each factor, summing to

100%.
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Figure 2.1. Yearly distribution of total clinical S. pseudintermedius isolates (n = 3530)
confirmed by the AVC-DSBL between 2008 and 2018.
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Figure 2.2. Seasonal distribution of total clinical S. pseudintermedius isolates (n = 3530)
confirmed by the AVC-DSBL between 2008 and 2018.
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Figure 2.3. Monthly distribution of total clinical S. pseudintermedius isolates (n = 3530)
confirmed by the AVC-DSBL between 2008 and 2018.
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Table 2.3. Non-β-lactam AMR among clinical canine MRSP isolates (n = 477) confirmed by the AVC-DSBL between 2011 and
2018.
AK

C

CD

DO

E

ENR

GM

MF

RIF

Year

n

%

n

%

n

%

n

%

n

%

n

%

n

%

n

%

2011
2012
2013
2014
2015
2016
2017
2018
Overall

38
39
51
69
52
77
81
52
459

0.0
0.0
2.0
0.0
0.0
2.6
1.2
1.9
1.1

38
39
51
67
52
72
81
70
470

21.1
33.3
21.6
37.3
40.4
30.6
40.7
28.6
32.6

38
39
46
69
51
73
81
69
466

63.2
69.2
47.8
56.5
68.6
53.4
63.0
55.1
59.0

a38

44.7
30.8
24.0
20.6
57.1

38
39
51
69
52
77
81
70
477

68.4
69.2
56.9
55.1
69.2
52.0
65.4
54.3
60.2

38
39
51
69
52
77
81
70
477

47.4
61.5
41.2
52.2
55.8
66.2
64.2
62.9
57.7

38
39
51
69
52
77
81
70
477

47.4
46.2
37.3
49.3
48.1
57.1
55.6
48.6
49.7

22
45
49
22
73
81
68
360

63.6
37.8
55.1
50.0
61.6
59.3
63.2
56.9

a39
a50
a63
a

28

b29

247

58.6
35.2

n

6
23
77
81
70
257

TS
%

n

%

0.0
4.4
1.3
2.5
1.4
1.9

38
39
51
63
52
77
81
70
471

79.0
61.5
49.0
58.7
46.2
39.0
42.0
47.1
50.3

AK – amikacin; C – chloramphenicol; CD – clindamycin; DO – doxycycline; E – erythromycin; ENR – enrofloxacin; GM –
gentamicin; MF –marbofloxacin; RIF – rifampin; TS – trimethoprim-sulfamethoxazole.
n – total number of isolates with interpretable susceptibilities for specific antimicrobial.
% – percent of isolates that were resistant to antimicrobial.
adisk

diffusion panel; bCOMPGP1F MIC panel.
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Table 2.4. Non-β-lactam AMR among clinical canine MSSP isolates (n = 3039) confirmed by the AVC-DSBL between 2008 and
2018.
AK

C

CD

DO

E

ENR

GM

MF

Year

n

%

n

%

n

%

n

%

n

%

n

%

n

%

2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
Overall

204
233
228
261
252
277
325
283
319
313
225
2920

1.0
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.3
0.3
0.4
0.2

204
233
228
261
252
277
320
283
318
313
312
3001

1.0
1.7
1.3
2.3
3.2
4.0
3.4
2.8
5.4
4.2
7.1
3.5

204
233
227
261
252
261
325
283
318
313
304
2981

6.9
5.2
5.7
6.5
6.8
6.9
6.8
7.1
7.2
5.1
7.2
6.5

a201

6.5
3.9
11.5
10.3
9.9
9.0
3.1
11.9

204
233
228
261
252
277
325
283
319
313
312
3007

8.8
6.4
8.3
5.8
6.4
7.9
7.7
8.5
8.8
5.4
9.0
7.5

204
233
228
261
252
277
325
305
320
313
312
3030

5.4
5.2
4.0
6.5
10.3
9.0
5.5
7.9
11.3
13.7
9.9
8.3

204
233
228
261
252
277
324
282
319
313
312
3005

1.5
3.0
3.5
2.3
4.0
4.7
1.9
4.3
4.1
5.8
3.9
3.6

a233
a227
a261
a

252

a277
a325
a193

b115

2084

17.4
8.5

n

162
236
190
178
318
313
303
1700

RIF
%

3.1
4.7
2.6
7.3
5.4
3.5
3.3
4.3

n

82
308
311
311
1012

TS
%

n

%

1.2
0.0
0.0
1.0
0.4

204
233
228
261
251
277
308
312
320
313
312
3019

6.9
3.0
4.0
11.9
6.4
6.1
4.6
5.8
5.9
5.8
6.1
6.0

AK – amikacin; C – chloramphenicol; CD – clindamycin; DO – doxycycline; E – erythromycin; ENR – enrofloxacin; GM –
gentamicin; MF –marbofloxacin; RIF – rifampin; TS – trimethoprim-sulfamethoxazole.
n – total number of isolates with interpretable susceptibilities for specific antimicrobial.
% – percent of isolates that were resistant to antimicrobial.
adisk

diffusion panel; bCOMPGP1F MIC panel.
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Table 2.5. β-lactam AMR among clinical canine MSSP (n = 3039) isolates confirmed by the AVC-DSBL.
P
Year
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
Overall

AM

AUG

CEF

n

%

n

%

n

%

204
233
228
261
252
277
325
284
320
313
312
3009

68.6
61.4
68.4
62.8
67.5
70.0
71.7
65.5
49.4
50.8
46.5
61.4

204
233
228
261
252
277
325
284
320
313
312
3009

68.6
61.4
68.4
62.8
67.5
70.0
71.7
65.5
49.4
50.8
46.5
61.4

204
233
228
261
252
276
325
313
318
313
310
3033

2.9
2.6
0.0
0.0
0.0
0.0
0.3
0.3
0.3
0.0
0.0
0.5

n

113
320
313
196
942

CEP
%

0.0
0.0
0.0
0.0
0.0

n

90
312
313
305
1020

CEX
%

0.0
0.3
0.0
0.7
0.3

CF

n

%

202
233
228
261
252
277
325
197

1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5

5
1980

0.0
0.2

n

14
312
313
303
942

CFZ
%

0.0
0.3
0.3
0.0
0.2

n

90
319
313
312
1034

CVN
%

n

%

0.0
2.2
0.0
2.9
1.5

51
233
183
252
80
259
289
210
312
313
310
2492

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

P – penicillin; AM – ampicillin; AUG – amoxicillin-clavulanate; CEF – ceftiofur; CEP – cephalothin; CEX – cephalexin; CF –
cefpodoxime; CFZ – cefazolin; CVN – cefovecin.
n – total number of isolates with interpretable susceptibilities for specific antimicrobial.
% – percent of isolates that were resistant to antimicrobial.
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Table 2.6. Antimicrobial MIC distribution of clinical canine MRSP isolates (n = 219) from 2015 to 2018.
No. of isolates with MIC values of … (µg/mL)
Antimicrobial
AK
C
CD
E
ENR
GM
MF
RIF
TS

n
219
218
214
219
219
219
201
218
219

≤0.25

≤0.5

0.5

≤1

1

≤2

2

>2

≤4

4

>4

215
76
1
76

87
86

2
1

10
80

51

2
1

20

1

3
9
5

>8

3
63
122
130

3

15
121
4
91

1
56

1

16
2

132

214
119

8

65

>16

>32

MIC50

MIC90

76

1
1

≤4
8
>4
>4
>2
8
>2
≤1
≤0.5

≤4
>16
>4
>4
>2
>8
>2
≤1
>2

The number of isolates inhibited at each concentration are noted in each cell; cells corresponding to CLSI non-susceptible breakpoints
for each antimicrobial are shaded.
AK – amikacin; C – chloramphenicol; CD – clindamycin; E – erythromycin; ENR – enrofloxacin; GM – gentamicin; MF –
marbofloxacin; RIF – rifampin; TS – trimethoprim-sulfamethoxazole.
n – total isolates with interpretable MIC values for specific antimicrobial.
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Table 2.7. Antimicrobial MIC distribution of clinical canine MSSP isolates (n = 912) from 2015 to 2018.
No. of isolates with MIC values of … (µg/mL)
Antimicrobial
AK
AM
AUG
C
CD
CEF
CEP
CF
CFZ
CVN
E
ENR
GM
MF
P
RIF
TS

n
912
883
903
912
902
905
903
825
912
827
912
912
912
833
898
890
912

≤0.06

≤0.12

0.12

≤0.25

0.25

10
1

171
11

≤0.5

0.5

≤1

1

>1

6

4
1

≤2

2

>2

≤4

4

>4

≤8

909
641
889

51
1

658
847
858

2
2

45

902
823
1

897
1

799
6
774

24
835
30

438
429

39

2
7
63

283
95

100

856
1

1

74
110

888
823

36

1

1

1

8

>8

2

1

208

3

52
1
2

5
1
7
6
2
79
1
1

9
1
37

58
1

4

10

20

19

36

7

3

35
1
51

16

>16

40

32

1

>32

1

MIC50

MIC90

≤4
≤0.12
≤0.12
≤4
≤0.5
≤0.25
≤2
≤2
≤1
≤0.25
≤0.5
≤0.25
≤1
≤0.25
0.12
≤1
≤0.5

≤4
0.25
≤0.12
8
≤0.5
≤0.25
≤2
≤2
≤1
≤0.25
≤0.5
1
≤1
1
2
≤1
≤0.5

The number of isolates inhibited at each concentration are noted in each cell; cells corresponding to CLSI non-susceptible breakpoints
for each antimicrobial are shaded.
AK – amikacin; AM – ampicillin; AUG – amoxicillin-clavulanate; C – chloramphenicol; CD – clindamycin; CEF – ceftiofur; CEP –
cephalothin; CF – cefpodoxime; CFZ – cefazolin; CVN – cefovecin; E – erythromycin; ENR – enrofloxacin; GM – gentamicin; MF –
marbofloxacin; P – penicillin; RIF – rifampin; TS – trimethoprim-sulfamethoxazole.
n – total isolates with interpretable MIC values for specific antimicrobial.
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3.0 CLINICAL CANINE STAPHYLOCOCCUS PSEUDINTERMEDIUS IN
ATLANTIC CANADA (2008 – 2018): RISK FACTORS ASSOCIATED WITH
METHICILLIN-RESISTANT STAPHYLOCOCCUS PSEUDINTERMEDIUS AND
TRENDS IN ANTIMICROBIAL RESISTANCE IN S. PSEUDINTERMEDIUS

Abstract
MRSP is a cause of concern in companion animal veterinary medicine, with
limited information available on epidemiology in Atlantic Canada. Identifying predictors
of MRSP are essential for implementation of infection control measures and clinical care.
Knowledge of AMR of MRSP compared to MSSP isolates assists clinicians with
appropriate antimicrobial treatment. The objectives of this study were: (i) to identify risk
factors associated with the detection of MRSP among clinical canine S. pseudintermedius
isolates and (ii) to determine AMR trends in MRSP and MSSP isolated over an elevenyear period (2008 – 2018) from dogs in Atlantic Canada. Overall, 13.9% of 3530 clinical
S. pseudintermedius isolates were MRSP, with an increase in this proportion observed
over the study duration (P < 0.001). Multivariable logistic regression identified breed size
(P = 0.031), sample site (P < 0.001), patient province of residence (P = 0.002), and year
of sample submission (P < 0.001) as significantly associated with a clinical S.
pseudintermedius isolate being MRSP. An isolate was more likely to be MRSP if the
patient resided in the province of NL (OR = 2.12) or NS (OR = 1.52) compared to NB
and if the culture sample was submitted to the AVC-DSBL in the year 2017 (OR = 1.68)
(compared to 2011). Over the study period, MRSP isolates demonstrated a change in
resistance to enrofloxacin (P = 0.036) and decreased resistance to trimethoprim-
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sulfamethoxazole (P < 0.001). MSSP isolates demonstrated increased resistance to
enrofloxacin (P < 0.001), chloramphenicol (P < 0.001), and trimethoprimsulfamethoxazole (P = 0.023) and decreased resistance to the penicillins (P < 0.001).
This study confirms MRSP is an important, and increasingly prevalent canine pathogen
in Atlantic Canada. S. pseudintermedius isolated from dogs across this region have
become increasingly resistant to antimicrobials commonly recommended for use by
veterinarians, emphasizing the importance of antimicrobial stewardship in an attempt to
limit the further progression of AMR.
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3.1 Introduction
S. pseudintermedius is a CoPS belonging to the Staphylococcus intermedius group
(S. intermedius, S. pseudintermedius, and S. delphini). The bacterium is primarily found
on the dermis and mucous membranes of clinically healthy dogs (Bannoehr and
Guardabassi, 2012; Paul, 2015). S. pseudintermedius has been identified worldwide as an
important canine opportunistic pathogen, causing clinical infection when there is
disruption in the intact skin barrier and if the animal is immunocompromised (Beever et
al., 2014; Grönthal et al., 2017; Lehner et al., 2014; Nienhoff et al., 2011; Paul, 2015).
Historically, this pathogen was widely susceptible to penicillinase-stable β-lactam
antimicrobials; however, since the early 2000s, the rapid emergence of MRSP has
presented a therapeutic challenge in veterinary medicine (Beever et al., 2014; Perreten et
al., 2010; Van Duijkeren et al., 2011). Trends in the past two decades have shown an
increase in the proportion of S. pseudintermedius isolates that are MRSP across countries
in Europe (Couto et al., 2016; Duim et al., 2016; Grönthal et al., 2017; Lehner et al.,
2014), with one study reporting a 51% increase in proportion over a seven-year period
(Duim et al., 2016). Published research investigating trends in the proportion of MRSP
across North America is minimal, with no studies from Atlantic Canada.

Methicillin resistance in staphylococci is encoded by the mecA gene, conferring
resistance to all β-lactam antimicrobials, including penicillins, β-lactamase inhibitor
combinations, and cephalosporins (Huerta et al., 2011). Over the past decade, increased
trends in resistance to non-β-lactam antimicrobial classes such as aminoglycosides,
fluoroquinolones, amphenicols, and lincosamides have been reported among MRSP
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isolated worldwide (De Lucia et al., 2011; Grönthal et al., 2017; Kizerwetter-Świda et al.,
2016; Nienhoff et al., 2011; Siak, 2014; Wang et al., 2012). This increase coincides with
recent AMR trends reported for clinical CoPS, the majority of which were S.
pseudintermedius, isolated from dogs in Atlantic Canada (Awosile et al., 2018).
However, AMR trends specific to canine MRSP and MSSP have yet to be reported
within Atlantic Canada. Knowledge of the frequency of S. pseudintermedius, especially
MRSP, and their associated AMR profiles in Atlantic Canada will guide clinicians
towards rational treatment decisions.

Several studies investigating factors associated with MRSP infections have
identified the clinical environment (e.g. hospitalization and surgery), past antimicrobial
exposure, and cohabitation with MRSP positive animals as factors associated with canine
MRSP carriage and infection (Bergström et al., 2012; Han et al., 2016; Lehner et al.,
2014; Nienhoff et al., 2011; Weese et al., 2012). To date, two studies, involving dogs in
Canada and Europe, have identified patient sex as a significant predictor of MRSP in
dogs (Grönthal et al., 2017; Weese et al., 2012). In dogs from Atlantic Canada, research
investigating potential predictors of MRSP has not been performed. As antimicrobial
resistance trends and risk factors can vary geographically (Grönthal et al., 2017; Saab et
al., 2017; Wang et al., 2012; Weese et al., 2012), this research may provide insight for
patients at higher risk of MRSP infections allowing proper infection control measures and
treatment to be instituted.
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This study analyzed data collected from clinical canine samples submitted to a
veterinary diagnostic laboratory in Atlantic Canada where S. pseudintermedius was
isolated. The objectives of this study were twofold: (i) to identify risk factors associated
with the detection of MRSP among clinical canine S. pseudintermedius isolates and (ii) to
determine AMR trends in MRSP and MSSP isolated over an eleven-year period (2008 –
2018) from dogs in Atlantic Canada.

3.2 Materials and Methods

3.2.1 Study population
Information provided on the veterinary sample submission form (e.g., patient
demographics, specimen details, etc.) as well as AMR susceptibility data for all clinical
canine samples determined positive for S. pseudintermedius between January 1, 2008 and
December 31, 2018 by the AVC-DSBL were extracted from the electronic LMS.
Extracted data were tabulated using a computerized spreadsheet (Microsoft Excel, 2016;
Microsoft, Redmond, Washington, USA) and each positive sample submission was
individually evaluated for missing data and accuracy. Only samples submitted to the
diagnostic laboratory from veterinary clinics across the four Atlantic Canadian Provinces
(NS, NB, PE, NL) were included in this study. Further study inclusion criteria are
presented in Chapter 2 of this thesis.

3.2.2 Patient information
Temporal trends in the distribution of isolates were explored on a yearly (2008 –
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2018), seasonal (winter, spring, summer, and fall), and monthly (January to December)
basis. Seasonality was classified as winter (January to March), spring (April to June),
summer (July to September), and fall (October to December). Patient data extracted from
the AVC-DSBL electronic LMS included information on signalment (sex, age, and
breed), sample site (anatomic location on dog), and submission origin (by province and
by submitting clinic). Patient sex (male and female), age (< 2 years, 2 to 7 years, and > 7
years), and breed size (small < 15 kg, medium 15 to 30 kg, and large > 30 kg) were
categorized. Breed size was determined based on breed standards and average adult breed
weights according to the AKC (AKC, 2017). Sample sites were classified into six distinct
categories: skin, ears, surgical sites, wounds, urinary tract, and other. Other sample sites
included samples classified as other dermatologic (e.g., hair), digestive, hemolymphatic,
musculo-skeletal, ocular, other infectious sites (e.g., abscess), reproductive, and
respiratory. Information on previous medical history and antimicrobial treatment was not
available from the laboratory database.

3.2.3 Bacterial culture and AST
S. pseudintermedius isolates were cultured and identified by standard
microbiological techniques and routine testing procedures used in the AVC-DSBL. AST
was performed using the disk diffusion method from 2008 to 2015 and by a commercial
broth microdilution method (Sensititre™, Thermo Fisher Scientific Inc., USA) from 2015
to 2018, conforming to the CLSI standards. The AVC-DSBL changed its AST method
for all laboratory submissions in August 2015. Zones of inhibition and MIC values were
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interpreted according to the CLSI performance standards that were current at the time
AST was performed.

Susceptibility was determined for twenty antimicrobials belonging to twelve
antimicrobial classes: β-lactamase inhibitor combinations (amoxicillin-clavulanate 2:1
ratio), antistaphylococcal penicillins (oxacillin), penicillins (ampicillin and penicillin),
cephalosporins (cephalexin, cephalothin, cefazolin, cefovecin, ceftiofur, and
cefpodoxime), aminoglycosides (amikacin and gentamicin), amphenicols
(chloramphenicol), lincosamides (clindamycin), macrolides (erythromycin), tetracyclines
(doxycycline), fluoroquinolones (enrofloxacin and marbofloxacin), rifamycins
(rifampin), and potentiated sulfonamides (trimethoprim-sulfamethoxazole). Over the
study period, antimicrobial susceptibilities were obtained using four AST panels: disk
diffusion panel (2008 – 2015), urinary MIC panel (Sensititre™ Vet Urinary CMV1BURF
Plate, Thermo Fisher Scientific Inc., USA) (2015), companion animal MIC panel
(Sensititre™ Vet Companion Animal COMPAN2F Plate, Thermo Fisher Scientific Inc.,
USA) (2015 – 2018), and companion animal Gram-positive MIC panel (Sensititre™ Vet
Companion Animal Gram Positive COMPGP1F Plate, Thermo Fisher Scientific Inc.,
USA) (2018).

In the fall of 2009, the AVC-DSBL instituted routine screening of all CoPS for
methicillin resistance using oxacillin. When a S. pseudintermedius isolate was resistant to
oxacillin, a PBP2’ latex agglutination test (PBP2’ Latex Agglutination Test; Oxoid
Company, Nepean, Canada) was performed to confirm the isolate as MRSP. S.
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pseudintermedius isolates that were susceptible to oxacillin were classified as MSSP. As
recommended by the CLSI, the AVC-DSBL used penicillin as the surrogate to test and
interpret the susceptibility of staphylococci to all penicillinase-labile penicillins (CLSI,
2018). As a result, all S. pseudintermedius isolates that were resistant to penicillin, were
also considered resistant to ampicillin regardless of the MIC value.

3.2.4 Statistical analysis
Duplicate records within the database were identified and assessed as previously
described in Chapter 2 of this thesis. A computerized spreadsheet (Microsoft Excel, 2016;
Microsoft, Redmond, Washington, USA) was used for all data tabulation, while all
descriptive statistics, graphical representations, model building, and analyses were
performed using Stata 15.1 (Stata Corp, College Station, Texas, USA). All descriptive
statistics were presented as proportions with respective logit-transformed 95% CIs. The
term proportion was used instead of prevalence for this study as this was a biased sample
(i.e., cultured specimens submitted to the AVC-DSBL) and not a true representation of S.
pseudintermedius and MRSP prevalence from dogs in this region.

3.2.4.1 Patient data analyses
The record for each isolate was assessed for missing predictor variable
observations, and variables that had ≥ 25% of the observations missing were removed
prior to analysis. The linearity assumption for treating year as a continuous variable was
assessed by examining a lowess smoother plot of the log odds of the outcome variable
(MRSP positive) against year, testing the statistical significance of the inclusion of a
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quadratic form for year (i.e., year2), and by dividing year into categorical intervals based
on cut-points corresponding roughly to relevant percentiles. If the relationship was not
linear, year was modelled as a quadratic effect, if appropriate, otherwise year was
modeled as a categorical variable.

Univariable logistic regression was used to identify associations of the following
predictor variables with the outcome variable (MRSP positive): sex, age, breed size,
sample site, submission origin (by province and by submitting clinic), and time of
submission (by year, season, and month). Variables with a P value ≤ 0.20 in the
univariable analysis were eligible for the multivariable model. To assess collinearity
among eligible predictor variables, the variance inflation factor (VIF) statistic was used.
If two variables were determined highly correlated, i.e., VIF value was greater than 10,
only one variable was kept in the model on the basis of biological plausibility and
reliability of measurement (Dohoo et al., 2014). A manual forward stepwise model
building process was used. Predictor variables were individually added to the model,
beginning with the variable with the smallest univariable P value. Variables were kept in
the final model if they remained significant (P < 0.05). Confounding and two-way
interactions among predictors were assessed. A variable was considered a confounder if
its addition changed the coefficient of any predictor variable in the model by 25% or
greater. Variables removed during the forward stepwise selection process were
reintroduced to the initial model to assess confounding. Variables found to be
confounders (as defined above) were retained in the final model. Significant two-way
interactions among all predictor variables in the final model were assessed using the
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Wald chi-squared test for homogeneity (P < 0.05). The Hosmer-Lemeshow goodness of
fit test was used to evaluate how well the final model fit the data. The final model was
evaluated for overall predictive ability and the standardized residuals were examined. For
all predictor variables, an OR with its respective logit-transformed 95% CI and Wald P
value was recorded.

3.2.4.2 AMR trend analyses
All analyses were conducted on data from clinical canine S. pseudintermedius
isolates with AST performed by the AVC-DSBL between 2008 and 2018. To identify
trends in AMR over time among MRSP and MSSP isolates, logistic regression was used.
Year (the predictor) was modeled as a categorical variable, while each antimicrobial of
interest was modeled as the binary outcome (susceptible or non-susceptible). Evaluation
of linearity was performed using methods previously described above. For analysis, both
resistant and intermediate isolates were categorized as non-susceptible. A model was
fitted for each S. pseudintermedius-antimicrobial relationship to identify trends in
resistance over the eleven-year study period. Because of the low number of MRSP
isolates confirmed prior to 2011 (n = 14), trends in resistance for MRSP were explored
over eight years (2011 – 2018) and grouped into four 2-year intervals (2011 – 2012, 2013
– 2014, 2015 – 2016, and 2017 – 2018) to allow more isolates per group. For MSSP
isolates, trends in resistance were explored over eleven years (2008 – 2018) and divided
into the following five groups: 2008 – 2010, 2011 – 2012, 2013 – 2014, 2015 – 2016, and
2017 – 2018. Trends in AMR for specific antimicrobials were not reported if
susceptibility results were unavailable and/or uninterpretable in the database for three or
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more study years, or if ≤ 2 isolates were resistant to an antimicrobial for four or more
consecutive study year groups. If a specific year group was found to be significant (P <
0.05), when compared to the referent year group, an OR was used to identify whether an
increase (OR > 1) or decrease (OR < 1) in resistance was present. For each S.
pseudintermedius-antimicrobial trend, an OR with its respective logit-transformed 95%
CI, and the level of significance (Wald P < 0.05) were reported.

3.3 Results

3.3.1 Clinical S. pseudintermedius isolates
A total of 11,733 clinical canine samples were submitted to the AVC-DSBL
between January 2008 and December 2018. Over this study period, a total of 3530 S.
pseudintermedius isolates were cultured from 3508 dogs, with 491 and 3039 of these
isolates being identified as MRSP and MSSP, respectively. The distribution of clinical S.
pseudintermedius isolates by patient signalment, sample site sampled, patient province of
residence, and origin of submission is presented in Chapter 2 of this thesis.

3.3.2 Predictors of MRSP
Over the study period, MRSP was detected in 13.9% (95% CI; 12.8%–15.1%) of
all clinical canine S. pseudintermedius isolates (n = 3530), with the majority (97.1%) of
samples being identified by the AVC-DSBL between 2011 and 2018. The univariable
results and the final multivariable model are presented in Table 3.1. No confounders or
two-way interactions among predictor variables were identified. Collinearity among

122

predictor variables was minimal, with the mean variance inflation factor being 1.44. One
covariant pattern, belonging to 22 distinct observations showed large positive residuals.
After investigation however, no recording errors were detected nor did eliminating these
observations change the overall results; thus, they were retained for analysis. No
evidence of poor fit was indicated in the final model (Hosmer-Lemeshow P = 0.443).

In the univariable model, a S. pseudintermedius isolate was found more likely to
be identified as MRSP if the patient was male compared to female (OR = 1.33; P =
0.004) and if the sample was submitted to the laboratory from the AVC-VTH compared
to private veterinary clinics (OR = 1.35; P = 0.026). Patient sex and submitting clinic,
however, were not significant predictors for MRSP in the final multivariable model.

Breed size (P = 0.031), sample site (P < 0.001), and patient province of residence
(P = 0.002) were significantly associated with a clinical S. pseudintermedius isolate being
MRSP in the final multivariable model. Small dog breeds (OR = 0.76) had lower odds of
MRSP in comparison to large dog breeds. S. pseudintermedius isolated from the canine
ear (OR = 0.27), urinary tract (OR = 0.18), and other infectious sites (OR = 0.64) were
less likely to be MRSP compared to samples collected from the skin. S.
pseudintermedius isolated from wounds and surgical sites had similar odds of being
MRSP as those isolated from skin samples. Dogs from NL (OR = 2.12) and NS (OR =
1.52) were more likely to have MRSP isolates compared to dogs residing in NB. S.
pseudintermedius isolated from dogs residing in the province of PE had similar odds of
being MRSP as those isolated from dogs residing in NB.
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The year in which a sample was submitted for culture to the AVC-DSBL (P <
0.001) was also significantly associated with a clinical S. pseudintermedius isolate being
MRSP in the final multivariable model. Because of the low number of MRSP isolates
confirmed by the AVC-DSBL prior to 2011 (n = 14), 2011 was used as the referent year.
Compared to 2011, the S. pseudintermedius isolates cultured from samples submitted to
the laboratory in 2008 (OR = 0.05), 2009 (OR = 0.14), and 2010 (OR = 0.37) were less
likely to be MRSP. Univariable analysis showed an increase in the proportion of isolates
that were MRSP in the last three study years (2016 – 2018) compared to 2011, while the
multivariable model confirmed S. pseudintermedius samples submitted to the laboratory
in 2017 (OR = 1.68) were more likely to be MRSP compared to 2011. No significant
seasonal (P = 0.632) or monthly (P = 0.715) associations with the proportion of MRSP
isolates were identified. Yearly, seasonal, and monthly temporal trends in proportion are
shown in Figures 3.1-3.3.

3.3.3 AMR trends in canine MRSP and MSSP
Over the eight-year period, 477 S. pseudintermedius isolates were confirmed to be
MRSP. A significant change in the resistance to enrofloxacin (P = 0.036) was identified
in MRSP isolates. However, because none of the specific 2-year groups were
significantly different from the referent group (2011 – 2012), an overall increase or
decrease in enrofloxacin resistance for specific years was unable to be identified. When
compared to the referent group, an overall decrease in resistance to trimethoprimsulfamethoxazole (P < 0.001) was observed, with decreased resistance being reported in
2013 – 2014 (P = 0.030), 2015 – 2016 (P < 0.001), and 2017 – 2018 (P < 0.001). No
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significant trends in resistance were noted for chloramphenicol, clindamycin,
erythromycin, gentamicin, nor marbofloxacin (Table 3.2).

From all canine S. pseudintermedius isolates submitted for culture to the AVCDSBL over the study period, 3039 isolates were identified as MSSP. Compared to the
referent year group (2008 – 2010), MSSP isolates showed an increase in resistance to
chloramphenicol (P < 0.001) in 2013 – 2014 (P = 0.010), 2015 – 2016 (P = 0.003), and
2017 – 2018 (P < 0.001); to enrofloxacin (P < 0.001) in 2011 – 2012 (P = 0.014), 2015 –
2016 (P = 0.001), and 2017 – 2018 (P < 0.001); and to trimethoprim-sulfamethoxazole (P
= 0.023) in 2011 – 2012 (P = 0.002). In contrast, a decrease in resistance to penicillin (P
< 0.001) and ampicillin (P < 0.001) was observed in 2015 – 2016 (P = 0.001), and 2017 –
2018 (P < 0.001). No significant trends in resistance were noted for clindamycin,
erythromycin, nor gentamicin (Table 3.3).

3.4 Discussion

3.4.1 Trends in the proportion of MRSP and associated risk factors
Over the eleven-year study period, 13.9% (n = 3530) of clinical S.
pseudintermedius isolates from dogs submitted for culture to the AVC-DSBL were
confirmed as MRSP. Although this number is fairly high when compared to other North
American studies (0.5 – 8%) (Griffeth et al., 2008; Petersen et al., 2002), estimates are
consistent with recently published studies across Europe (7.4 – 14%) (Couto et al., 2016;
Duim et al., 2016; Grönthal et al., 2017). Research investigating the proportional trends
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of MRSP across North America is minimal, with this study being the first to report such
findings for Atlantic Canada. Trends in the past decade have shown an increase in the
proportion of S. pseudintermedius isolates that are MRSP, across countries in Europe
(Couto et al., 2016; Duim et al., 2016; Grönthal et al., 2017; Lehner et al., 2014). Results
from this study could suggest a similar occurrence in Atlantic Canada, as the yearly
proportion of MRSP increased from 0.5% in 2008 to 18.3% in 2018. Additionally, the
significant association identified between year of submission and likelihood of MRSP,
shows that since 2011, MRSP has emerged as, and continues to be, an important canine
pathogen in this region.

This study is the first in Atlantic Canada to investigate risk factors associated with
a S. pseudintermedius isolate being MRSP. Patient sex and age were not found to be
significant predictors of canine MRSP in the final multivariable model; though, sex was
significant in the univariable analysis. The trend of MRSP being found in a high
proportion in male dogs is consistent with previous reports in North America and Europe
(Grönthal et al., 2017; Weese et al., 2012). No studies, to our knowledge, have reported
breed size as a risk factor for MRSP in dogs. This study determined that S.
pseudintermedius isolated from large breed dogs (> 30 kg) compared to small breed dogs
(< 15 kg) were more likely to be MRSP. The weight of dog was not recorded on the
laboratory submission; limiting this study’s ability to predict size based on the breed
according to the AKC’s average weight for adults of the respective breed.
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Clinical S. pseudintermedius specimens are predominantly isolated from
superficial sites, such as the skin and ear; however, MRSP has been isolated with
increasing frequency from surgical sites (Beck et al., 2012; Bryan et al., 2012; De Lucia
et al., 2017; Detwiler et al., 2013; Duim et al., 2016; Grönthal et al., 2017; Perreten et al.,
2010; Siak et al., 2014). This finding was supported by the current study, with the highest
proportion of MRSP being from skin and surgical site samples. In the multivariable
model, samples from the ear, urinary tract, and those defined as other body sites had
significantly decreased odds of an isolate being MRSP compared to skin samples.
Findings from this study are consistent with a previous European study (Lehner et al.,
2014) that found S. pseudintermedius isolated from the canine ear were less likely to be
MRSP as compared to MSSP. The disease condition from which the culture sample was
collected may provide some insight, with one study reporting that S. pseudintermedius
isolated from dogs with cases of otitis externa were significantly less likely to be MRSP
as compared to MSSP (Duim et al., 2016).

The geographical distribution of MRSP has been investigated in various regions
of the world (Kjellman et al., 2015; Perreten et al., 2010; Pires dos Santos et al., 2016;
Ruscher et al., 2010; Ventrella et al., 2017; Worthing et al., 2018). However, the
proportion of MRSP across these regions (based on the patient’s home address) has not
been reported. S. pseudintermedius isolates were more likely to be MRSP if the patient
resided in NS and NL in comparison to NB, whereas PE had a similar proportion as NB.
Greater than 50% of the total yearly canine submissions to the AVC-DSBL were from
veterinary clinics in NS, with the least number of samples submitted being from patients
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residing in NL. As a result, the CI surrounding the proportion of MRSP from these
provinces with fewer submissions may have impacted the analysis. The provinces of NS,
NB, and NL have their own provincial veterinary diagnostic laboratories, thus not all
canine submissions from these provinces are submitted to the AVC-DSBL. Whereas the
AVC-DSBL is the provincial veterinary laboratory for PE, thus capturing most of the
cultures on PE. Such differences among provinces may have biased the study results.

The proportion of MRSP among isolates submitted from the AVC-VTH was
higher than those submitted from private veterinary clinics (17.3% versus 13.4%). In the
univariable model, samples submitted from the AVC-VTH were significantly associated
with an increased proportion of S. pseudintermedius being MRSP compared to private
clinics. Although this variable was not retained in the final multivariable model, this may
be due to the relative low number of samples that were submitted to the laboratory from
the AVC-VTH over the study period compared to private clinics. The AVC-VTH is a
regional referral veterinary hospital, thus it is more likely to see unresponsive infections
that have been on chronic antimicrobial treatment, such as patients with dermatological
disease. Also, the referral hospital is more likely to perform invasive surgical procedures
that are more prone to surgical site infections, such as tibial plateau leveling osteotomies,
making the patients at a referral hospital at higher risk of becoming exposed to MRSP on
admission and developing surgical MRSP infections (Grönthal et al., 2014; Grönthal et
al., 2015; Lehner et al., 2014; Nienhoff et al., 2011). Additionally, a referral hospital
potentially has a higher risk of hospital-associated infections because of the higher risk of
having patients with MRSP and a more susceptible population. While, no outbreaks of
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MRSP have been reported in the AVC-VTH to date, in 2012, there was evidence of likely
hospital-acquired MRSP infections (transmission) between two patients during
hospitalization (Saab, 2016). Interestingly, the number of MRSP isolates from AVCVTH patients in 2012 increased by 125% (8 isolates to 18 isolates) compared to the
previous year.

Study results were obtained using retrospective data, limiting the level of
information available to the researcher and increasing the potential for misclassification
bias. As a result, additional risk factors previously reported to increase the likelihood of
MRSP in dogs such as, prior antimicrobial exposure, previous/current hospitalization,
and recurrent clinic visits (Eckholm et al., 2013; Grönthal et al., 2014; Grönthal et al.,
2015; Lehner et al., 2014; Nienhoff et al., 2011; Weese et al., 2012) could not be
examined in this study.

3.4.2 AMR trends in canine MRSP and MSSP
Similar to previous AMR reports in this region, a high frequency of resistance to
the penicillins was observed in canine MSSP isolates (Awosile et al., 2018). Given the
nature of this study, elevated resistance to the penicillins was not surprising as MSSP
commonly produce β-lactamase, which is encoded by the blaZ gene (Ferreira et al.,
2017). As described in Chapter 2 of this thesis, a decrease in clinical use of penicillin and
ampicillin (Moodley et al., 2014) as well as the change in AST method in the diagnostic
lab in 2015, may provide reasoning for the decrease in resistance to these antimicrobials
in MSSP isolates reported in the last four years of the study period. To our knowledge,
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this is the first study to report a temporal decrease in penicillin and ampicillin resistance
for MSSP isolated from dogs.

In the past decade, an increase in chloramphenicol resistance among MSSP
isolates has been documented worldwide, with the percentage of non-susceptible isolates
ranging from 7% to 15% (Griffeth et al. 2008; Grönthal et al., 2017; Vanni et al., 2009).
One study, aimed at comparing treatment outcomes of dogs with MRSP pyoderma in
North America, identified chloramphenicol as the most commonly prescribed
antimicrobial, accounting for 52.6% (n = 93) of cases. In addition, adverse effects were
frequently associated with chloramphenicol administration, prompting treatment
discontinuation in 53% (n = 51) of dogs with MRSP infections (Bryan et al., 2012).
Shortened treatment as well as the increase in the use of chloramphenicol by
veterinarians described in recent years, could explain the increase in resistance among
MSSP isolates reported in this study as well as in CoPS previously isolated from dogs in
Atlantic Canada (Awosile et al., 2018).

An increase in enrofloxacin resistance among clinical canine MSSP isolates that
we found in this study is consistent with other publications, with resistance ranging from
0% to 2.6% (Grönthal et al., 2017; Yoo et al., 2010) over the past decade. Additionally,
these results correspond with the increase in enrofloxacin resistance reported among
clinical canine CoPS isolates in Atlantic Canada (Awosile et al., 2018). Enrofloxacin, and
other antimicrobials belonging to the fluoroquinolone class, have proven successful for
the treatment of bacterial infections traditionally resistant to first-line veterinary treatment
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options (Weese et al., 2011). Fluoroquinolones have become widely used in veterinary
medicine to treat bacterial infections, especially those with MDR (Hillier et al., 2014).
The MDR profiles seen in MRSP isolates has likely resulted in an increased use of
fluoroquinolones for the treatment of confirmed or suspected MRSP infections,
consequently leading to this trend of increased fluoroquinolone resistance. A study from
Germany reported dogs that received fluoroquinolone treatment within six months prior
to S. pseudintermedius isolation had increased odds of an MRSP infection (Lehner et al.,
2014). Such findings suggest a decrease in the effectiveness of fluoroquinolones,
particularly enrofloxacin, for the treatment of canine S. pseudintermedius; further its use
may increase the risk of MRSP infections.

Prior to 2010, greater than 85% resistance to trimethoprim-sulfamethoxazole
among clinical canine MRSP isolates have been reported in other studies (Boyen et al.,
2012; Descloux et al., 2008; Nienhoff et al., 2011; Perreten et al., 2010; Youn et al.,
2011). However, a recent study from Europe reported lower levels of resistance, with
47.5% (n = 266) of MRSP isolates being non-susceptible to trimethoprimsulfamethoxazole (Grönthal et al., 2017). Over the past decade the use of trimethoprimsulfamethoxazole to treat S. pseudintermedius infections in dogs has been in decline
(Bryan et al., 2012; Hillier et al., 2014; Murphy et al., 2012). This may provide reasoning
for the decreasing trend in resistance to trimethoprim-sulfamethoxazole in clinical MRSP
isolates identified in the current study. Although there has been a decrease in potentiated
sulfonamides resistance in MRSP isolates in Atlantic Canada, the resistance is still
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relatively high and thus this antimicrobial should not be used prior to antimicrobial
sensitivity testing.

3.4.3 Conclusion(s)
The increasing trend in proportion of S. pseudintermedius isolates that were
methicillin-resistant confirms MRSP is an important, and increasingly prevalent canine
pathogen in Atlantic Canada. Identification of patient factors associated with increased
odds of MRSP may help clinicians identify dogs at higher risk of becoming colonized or
infected with this pathogen – ideally allowing for early recognition and incorporation of
appropriate hospital infection prevention measures. It is important to keep in mind that
samples submitted for culture to a veterinary diagnostic laboratory are generally more
likely to have increased antimicrobial resistance, as culture and AST is often not
performed until initial antimicrobial treatment has failed or an infection reoccurs. Thus,
the true prevalence of canine MRSP in Atlantic Canada is likely lower than reported in
this study. Findings suggest that S. pseudintermedius, isolated from dogs across Atlantic
Canada, have become increasingly resistant to antimicrobials commonly recommended
for use by veterinarians, emphasizing the importance of antimicrobial stewardship
awareness and training in an attempt to limit the further progression of AMR in this
region.
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Table 3.1. Proportional, univariable and multivariable analysis of putative risk factor variables associated with the detection of MRSP
among clinical S. pseudintermedius isolates submitted to the AVC-DSBL from 2008 to 2018.
Univariable logistic regression
Factor

Sex

n

Proportion MRSP %
(95% CI)

Unadjusted OR
(95% CI)

Female
Male

N = 3452
1833
1619

12.3 (10.9-13.9)
15.7 (14.0-17.5)

Referent
1.33 (1.10-1.61)

Age in years
< 2 years
2 – 7 years
> 7 years

N = 3321
291
1295
1739

16.5 (12.7-21.2)
14.4 (12.6-16.4)
13.1 (11.6-14.7)

Referent
0.85 (0.60-1.20)
0.76 (0.54-1.07)

Breed sizea
Small (< 15 kg)
Medium (15 to 30 kg)
Large (> 30 kg)

N = 2761
1356
451
954

11.3 (9.7-13.1)
18.0 (14.7-21.8)
17.3 (15.0-19.8)

0.61 (0.48-0.77)
1.05 (0.78-1.40)
Referent

Sample site
Skin
Ear
Surgical sites
Urinary tract
Wounds
Other infectious sites

N = 3484
894
1403
86
611
125
365

27.5 (24.7-30.5)
7.8 (6.5-9.3)
25.6 (17.5-35.8)
5.4 (3.9-7.5)
16.0 (11.0-24.0)
15.1 (11.8-19.1)

Referent
0.22 (0.17-0.28)
0.91 (0.55-1.50)
0.15 (0.10-0.22)
0.50 (0.30-0.83)
0.47 (0.34-0.64)

P-value

Multivariable logistic regression
Adjusted OR
(95% CI)

P-value

0.004
0.004
0.235
0.365
0.113
<0.001
<0.001
0.760

0.76 (0.58-0.98)
1.10 (0.81-1.50)

<0.001
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<0.001
0.701
<0.001
0.007
<0.001

0.031
0.036
0.547

<0.001
0.27 (0.20-0.35)
0.83 (0.46-1.50)
0.18 (0.11-0.28)
0.63 (0.35-1.12)
0.64 (0.45-0.92)

<0.001
0.530
<0.001
0.113
0.014

Province of residence
NB
NL
NS
PE

N = 3530
905
331
1533
761

11.4 (9.5-13.6)
19.3 (15.4-24.0)
15.4 (13.7-17.3)
11.6 (9.5-14.0)

Referent
1.87 (1.33-2.63)
1.42 (1.11-1.81)
1.02 (0.75-1.38)

Submitting clinic
Private clinic
AVC-VTH

N = 3530
3073
457

13.4 (12.3-14.7)
17.3 (14.1-21.0)

Referent
1.35 (1.04-1.76)

Year

N = 3530
205
237
237
299
291
328
394
365
398
394
382

0.5 (0.1-3.4)
1.7 (0.6-4.4)
3.8 (2.0-7.1)
12.7 (9.4-17.0)
13.4 (10.0-17.8)
15.6 (12.0-19.9)
17.5 (14.1-21.6)
14.3 (11.0-18.2)
19.4 (15.8-23.5)
20.6 (16.9-24.8)
18.3 (14.8-22.5)

0.03 (0.01-0.25)
0.12 (0.04-0.34)
0.27 (0.13-0.57)
Referent
1.06 (0.66-1.72)
1.26 (0.80-2.00)
1.46 (0.95-2.24)
1.14 (0.73-1.79)
1.65 (1.08-2.51)
1.78 (1.17-2.70)
1.54 (1.00-2.36)

Seasonb
Winter
Spring
Summer
Fall

N = 2851
653
707
729
762

15.8 (13.2-18.8)
16.0 (13.5-18.9)
18.1 (15.5-21.1)
16.9 (14.4-19.8)

Referent
1.02 (0.76-1.36)
1.18 (0.89-1.57)
1.09 (0.82-1.44)

Monthb
January
February

N = 2851
232
196

18.1 (13.7-23.6)
13.8 (9.6-19.4)

Referent
0.72 (0.43-1.22)

2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

0.003
<0.001
0.006
0.907

0.002
2.12 (1.41-3.17)
1.52 (1.13-2.05)
1.34 (0.94-1.90)

<0.001
0.005
0.106

<0.001
0.001
<0.001
0.001

0.05 (0.01-0.37)
0.14 (0.04-0.46)
0.37 (0.16-0.84)

<0.001
0.004
0.001
0.017

0.803
0.310
0.084
0.565
0.020
0.007
0.048

1.05 (0.59-1.86)
1.26 (0.74-2.16)
1.54 (0.93-2.56)
1.17 (0.69-1.99)
1.51 (0.91-2.51)
1.68 (1.01-2.79)
1.37 (0.82-2.31)

0.877
0.394
0.095
0.561
0.114
0.046
0.232

0.026
0.026

0.632
0.916
0.249
0.558
0.715
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0.226

March
April
May
June
July
August
September
October
November
December

225
205
249
253
243
249
237
279
275
208

15.1 (11.0-20.4)
14.6 (10.4-20.2)
14.9 (11.0-19.8)
18.2 (13.9-23.4)
17.3 (13.0-22.6)
18.5 (14.1-23.8)
18.6 (14.1-24.0)
14.0 (10.4-18.6)
19.6 (15.4-24.8)
17.3 (12.8-23.1)

0.81 (0.49-1.32)
0.78 (0.46-1.29)
0.79 (0.49-1.28)
1.01 (0.63-1.60)
0.95 (0.59-1.51)
1.03 (0.65-1.63)
1.03 (0.65-1.65)
0.74 (0.46-1.18)
1.11 (0.71-1.73)
0.95 (0.58-1.55)

0.391
0.330
0.338
0.982
0.815
0.916
0.897
0.205
0.661
0.827

n refers to the total number of dogs positive for S. pseudintermedius with factor in question.
univariable P values in bold indicate variables included in multivariable analysis (P ≤ 0.2), while multivariable P values in bold
indicate variables. significantly associated with MRSP in the final model (P ≤ 0.05).
aclassification
bvariables

in accordance to the AKC (AKC, 2017).

that were analyzed using only isolates submitted to the laboratory between 2011 and 2018.
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Figure 3.1. Eleven-year temporal trend in proportion positive MRSP isolates (n = 491),
with 95% CIs, from clinical canine S. pseudintermedius specimens (n = 3530) submitted
to the AVC DSBL between 2008 and 2018.

Figure 3.2. Seasonal temporal trend in proportion positive MRSP isolates (n = 477), with
95% CIs, from clinical canine S. pseudintermedius specimens (n = 2851) submitted to the
AVC DSBL between 2011 and 2018.
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Figure 3.3. Monthly temporal trend in proportion positive MRSP isolates (n = 477), with
95% CIs, from clinical canine S. pseudintermedius specimens (n = 2851) submitted to the
AVC DSBL between 2011 and 2018.
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Table 3.2. Antimicrobial resistant trends in MRSP (n = 477) among canine clinical S. pseudintermedius isolates (n = 2851) submitted
to the AVC DSBL from 2011 to 2018.
Odds ratio [95% CI] (P value)
Antimicrobial (P value)

n

%

2011 – 2012

2013 – 2014

2015 – 2016

2017 – 2018

Chloramphenicol (0.587)

470

32.6

Referent

Clindamycin (0.334)

466

59.0

Enrofloxacin (0.036)

477

57.7

Erythromycin (0.321)

477

60.2

Gentamicin (0.408)

477

49.7

Marbofloxacin (0.139)

360

56.9

Trimethoprimsulfamethoxazole (<0.001)

471

50.3

1.171 [0.620-2.212]
(0.627)
0.576 [0.318-1.047]
(0.070)
0.754 [0.425-1.339]
(0.335)
0.572 [0.314-1.045]
(0.069)
0.901 [0.507-1.600]
(0.722)
0.503 [0.193-1.311]
(0.160)
0.508 [0.276-0.936]
(0.030)

1.416 [0.759-2.640]
(0.274)
0.755 [0.417-1.365]
(0.352)
1.361 [0.768-2.412]
(0.292)
0.649 [0.358-1.179]
(0.156)
1.310 [0.744-2.306]
(0.350)
0.821 [0.314-2.143]
(0.686)
0.307 [0.168-0.559]
(<0.001)

1.442 [0.789-2.635]
(0.234)
0.744 [0.419-1.320]
(0.312)
1.455 [0.833-2.541]
(0.188)
0.687 [0.384-1.229]
(0.206)
1.250 [0.721-2.166]
(0.427)
0.897 [0.354-2.270]
(0.818)
0.340 [0.189-0.609]
(<0.001)

n – total number of isolates with interpretable susceptibilities for specific antimicrobial, while % refers to the percent of MRSP
isolates that were non-susceptible to said antimicrobial.
Bold – significant trend.
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Table 3.3. Antimicrobial resistant trends in MSSP (n = 3039) among canine clinical S. pseudintermedius isolates (n = 3530) submitted
to the AVC DSBL from 2008 to 2018.
Odds ratio [95% CI] (P value)
n

%

2008 – 2010

2011 – 2012

2013 – 2014

2015 – 2016

2017 – 2018

Penicillin (<0.001)

3008

61.4

Referent

Ampicillin (<0.001)

3008

61.4

Chloramphenicol (<0.001)

3001

3.5

Clindamycin (0.896)

2981

6.5

Enrofloxacin (<0.001)

3030

8.3

Erythromycin (0.558)

3007

7.6

Gentamicin (0.263)

3005

3.6

Trimethoprimsulfamethoxazole (0.023)

3019

6.0

0.961 [0.754-1.224]
(0.745)
0.961 [0.754-1.224]
(0.745)
2.045 [0.878-4.763]
(0.097)
1.138 [0.707-1.829]
(0.595)
1.810 [1.128-2.904]
(0.014)
0.758 [0.478-1.202]
(0.239)
1.157 [0.584-2.292]
(0.676)
2.139 [1.332-3.435]
(0.002)

1.246 [0.982-1.581]
(0.070)
1.246 [0.982-1.581]
(0.070)
2.789 [1.274-6.105]
(0.010)
1.174 [0.744-1.852]
(0.490)
1.522 [0.950-2.438]
(0.081)
0.998 [0.662-1.506]
(0.994)
1.173 [0.610-2.258]
(0.632)
1.184 [0.708-1.982]
(0.519)

0.684 [0.545-0.858]
(0.001)
0.684 [0.545-0.858]
(0.001)
3.164 [1.465-6.833]
(0.003)
1.235 [0.789-1.933]
(0.356)
2.101 [1.348-3.274]
(0.001)
1.115 [0.746-1.665]
(0.596)
1.560 [0.842-2.889]
(0.157)
1.316 [0.803-2.158]
(0.276)

0.488 [0.390-0.610]
(<0.001)
0.488 [0.390-0.610]
(<0.001)
4.324 [2.061-9.071]
(<0.001)
1.052 [0.663-1.667]
(0.830)
2.657 [1.723-4.084]
(<0.001)
0.915 [0.604-1.385]
(0.673)
1.812 [1.000-3.285]
(0.050)
1.332 [0.812-2.184]
(0.256)

Antimicrobial (P value)

n – total number of isolates with interpretable susceptibilities for specific antimicrobial, while % refers to the percent of MSSP isolates
that were non-susceptible to said antimicrobial.
Bold – significant trend.
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4.0 GENERAL DISCUSSION
The main aims of this thesis were to describe the epidemiology and AMR patterns
of S. pseudintermedius and MRSP isolated from clinical canine specimens submitted to a
regional veterinary diagnostic laboratory in Atlantic Canada. The temporal and
geographical distribution of clinical S. pseudintermedius and MRSP isolates was
described (Chapter 2). The distribution of S. pseudintermedius and MRSP isolates across
patient characteristics were described (Chapter 2) and risk factors associated with the
detection of MRSP among clinical canine S. pseudintermedius isolates were identified
(Chapter 3). Differences in AMR profiles between MRSP and MSSP isolates were
investigated (Chapter 2) and trends in AMR over time were reported (Chapter 3).

4.1 Characteristics of clinical S. pseudintermedius and MRSP isolated from dogs in
Atlantic Canada
The patient characteristics, sample details, and geographical distribution of
clinical S. pseudintermedius and MRSP isolated from dogs in Atlantic Canada were
described (Chapter 2). The distribution of clinical S. pseudintermedius and MRSP
isolates across patient signalment (sex, age, and breed) were generally in agreement with
previously reported regional and global estimates. As a patient aged, the frequency of
MRSP isolation was observed to increase. This finding was expected, as it corresponds to
the rate of health events associated with increased age, leading to a higher likelihood of
clinic visits, procedures, hospitalization, and opportunity for antimicrobial exposure.
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The findings presented in Chapter 2, as well as within the literature (De Lucia et
al., 2017; Grönthal et al., 2017; Kjellman et al., 2015; Lehner et al., 2014; Weese et al.,
2012), may suggest that breed size has a greater influence than breed type on a dog
culturing positive for MRSP. In regions in and outside of North America, large dogs,
weighing greater than 25 kg, are more frequently determined to have MRSP (De Lucia et
al., 2017; Grönthal et al., 2017; Kjellman et al., 2015; Lehner et al., 2014; Weese et al.,
2012). To date, no significant associations between canine behavior and MRSP have been
reported. However, because this pathogen is highly transmissible through direct and/or
indirect environmental contact, dogs who are more sociable (i.e., large dog breeds), could
be at greater risk of becoming colonized or infected with MRSP (Morris et al., 2017).

In recent years, the prevalence of canine pyoderma-associated MRSP has
increased in North America (Beck et al., 2012; Eckholm et al., 2013; Weese et al., 2012).
A similar phenomenon was found in Atlantic Canada: as compared to all S.
pseudintermedius isolates, MRSP was cultured more frequently from canine skin
specimens.

The geographical distribution of MRSP isolates by patient province of residence
corresponds with the distribution of total number of samples submitted to the AVCDSBL by each of the Atlantic provinces. Greater than 50% of the total yearly canine
submissions to the AVC-DSBL were from veterinary clinics in NS, with the least number
of samples submitted from patients residing in NL. Additionally, the majority of canine
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specimens were submitted to the laboratory from private veterinary clinics, and these
findings are consistent with previous reports in Atlantic Canada (Saab et al., 2018).

4.2 The temporal distribution and proportion of MRSP compared to all S.
pseudintermedius isolated from dogs in Atlantic Canada
The temporal distribution of clinical S. pseudintermedius and MRSP isolated from
dogs in Atlantic Canada was explored (Chapter 2). A recent study, aimed at investigating
AMR patterns and trends in bacteria, isolated from companion animals in Atlantic
Canada over a twenty-year period (1994 – 2013), reported that since 2009, the number of
methicillin-resistant CoPS isolated from dogs had increased (Awosile et al., 2018). The
findings presented in Chapter 2 further confirms this report, as MRSP has been isolated at
increased frequencies in the AVC-DSBL, with the majority being identified after 2011
(97.1%).

The overall proportion of MRSP among all S. pseudintermedius isolates from
clinical specimens from dogs in Atlantic Canada was reported (Chapter 3). MRSP was
detected in a total of 13.9% (n = 3530) of all S. pseudintermedius isolated from clinical
samples from dogs submitted to the AVC-DSBL. It is important to mention that samples
submitted for culture to a veterinary diagnostic laboratory are generally biased to be more
resistant, as the majority of samples were likely collected only after empirical treatment
failed to resolve the infection, thus the true prevalence of canine MRSP in Atlantic
Canada is likely lower than reported in this thesis. Although fairly high in comparison to
other North American studies, the proportion of MRSP described in this thesis is similar
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to recent estimates in Europe (Couto et al., 2016; Duim et al., 2016), with one study
reporting a proportion of nearly 14% (Grönthal et al., 2017).

Research investigating the proportion of MRSP over time in North America is
minimal, with this thesis being the first to report such findings for Atlantic Canada
(Chapter 3). Trends in the past decade have shown an increase in the proportion of S.
pseudintermedius isolates that are MRSP, across countries in Europe (Couto et al., 2016;
Duim et al., 2016; Grönthal et al., 2017; Lehner et al., 2014). The results described in
Chapter 3 of this thesis indicate a similar occurrence in Atlantic Canada, as the yearly
proportion of MRSP increased from 0.5% in 2008 to 18.3% in 2018. Thus, to better
control the resistance of S. pseudintermedius in this region, current and future research
efforts, along with awareness and training on antimicrobial stewardship are warranted.

4.3 Risk factors associated with the detection of MRSP among clinical canine S.
pseudintermedius specimens submitted to a veterinary diagnostic laboratory in
Atlantic Canada
Several studies investigating the risk factors of MRSP in dogs have been
performed in Europe, yet research in North America is minimal, particularly in this
region of Canada. This thesis is the first in Atlantic Canada to investigate risk factors
associated with a S. pseudintermedius isolate being MRSP (Chapter 3). Patient sex and
age were not found to be significant predictors of canine MRSP in the final multivariable
model presented in Chapter 3; though, sex was significant in the univariable analysis. The
analyses described in this thesis classified a patient’s sex as either male or female.
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However, the significant association between castrated male dogs and MRSP reported by
one study in Ontario, Canada (Weese et al., 2012), could suggest that a more in-depth
classification of sex by reproductive status may be necessary when investigating patient
sex as a potential risk factor of MRSP in Atlantic Canada.

This thesis, to our knowledge, is the first to report breed size as a risk factor for
MRSP in dogs. S. pseudintermedius isolated from small dog breeds, weighing < 15 kg,
had decreased odds of being MRSP, in comparison to large dog breeds, weighing > 25
kg. Patient weight was not recorded on the laboratory sample submission form; therefore,
limiting this thesis’s ability to predict size based on the breed according to the AKC’s
average weight for adults of the respective breed.

MRSP has been most frequently isolated from the canine skin and surgical sites in
previous reports (Beck et al., 2012; Detwiler et al., 2013; Duim et al., 2016; Turk et al.,
2015). Results presented in Chapter 3 show a similar pattern in Atlantic Canada, as S.
pseudintermedius isolated from the skin and surgical sites yielded the highest proportion
of MRSP. In dogs, the disease condition from which the culture sample was collected has
shown to have a significant effect on whether a S. pseudintermedius isolate is confirmed
as MRSP or MSSP (Duim et al., 2016). Although this information was not indicated on
the laboratory sample submission form, this could provide reason as to why a S.
pseudintermedius isolated from the canine ear, compared to the skin, was found less
likely to be MRSP in both Chapter 3 and within the literature (Lehner et al., 2014).
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Although the genetic diversity of MRSP has been explored in Europe and North
America, both by country (Perreten et al., 2010; Pires dos Santos et al., 2016; Ruscher et
al., 2010) and by region (Kjellman et al., 2015; Ventrella et al., 2017; Saab et al., 2017;
Wang et al., 2012); this thesis is the first to report the proportion of MRSP among clinical
S. pseudintermedius isolates in Atlantic Canada. The province in which a dog resides was
identified as a significant risk factor for the detection of MRSP. S. pseudintermedius
isolated from dogs residing in NS and NL had increased odds of being MRSP compared
to dogs residing in NB. The provinces of NS, NB, and NL have their own provincial
veterinary diagnostic laboratories, thus submissions to the AVC-DSBL may not be
representative of all diagnostic submissions from these provinces and have the potential
to bias the results found in Chapter 3.

Samples submitted to a referral veterinary hospital have an increased potential to
be more resistant, hence, justifying the higher proportion of MRSP reported in S.
pseudintermedius samples submitted to the laboratory from the AVC-VTH (a regional
referral veterinary hospital in PE), compared to private veterinary clinic submissions.
This finding was significant in the univariable analysis, but was not maintained in the
final multivariable model presented in Chapter 3.

In comparison to samples submitted to the laboratory in 2011, the S.
pseudintermedius isolates cultured from samples submitted in 2008, 2009, and 2010 were
significantly less likely to be MRSP. Univariable analysis showed an increasing trend in
the proportion of isolates that were MRSP in the last three study years (2016 – 2018).
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The multivariable model confirmed S. pseudintermedius samples were more likely to be
MRSP in future years, with 2017 showing a significantly higher proportion than found in
2011. The significant association identified in Chapter 3 between year of submission and
likelihood of MRSP, shows that since 2011, MRSP has emerged as, and continues to be,
an important canine pathogen in Atlantic Canada.

4.4 AMR of MRSP and MSSP isolated from dogs in Atlantic Canada
The use of retrospective susceptibility data to explore patterns in AMR can
provide some insight; however, there is an increased potential for bias. This is
specifically true for susceptibility data obtained from diagnostic laboratory submissions,
as these samples have an increased likelihood of being from patients that did not respond
to initial treatment, or whose owners agreed to pay for bacteriology diagnostics. Thus, the
results from this study need to be interpreted with caution when compared to studies that
did prospective culture and sensitivity testing for S. pseudintermedius.

Adopting new AST guidelines or changes in breakpoints can have an important
effect on the outcome and implications of AMR surveillance (Hombach et al., 2012). In
an effort to improve detection and reporting of AMR, susceptibility testing guidelines and
standards are periodically reviewed, updated, and revised by the CLSI. Over the elevenyear study period of this thesis, S. pseudintermedius breakpoints for oxacillin (2009),
doxycycline (2015), and cefovecin (2018) were revised by CLSI. With the lowest dilution
on the COMPAN2F MIC panel remaining above the new resistant breakpoint, the
majority of doxycycline susceptibility data for S. pseudintermedius was uninterpretable
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between the years of 2015 and 2017. Consequently, the ability to report trends in
resistance for doxycycline, in Chapter 3, was limited.

Over the study duration of this thesis, AMR was reported using two different AST
methods. In general, disk diffusion and broth microdilution methods have shown to yield
similar susceptibility results and both methods have standardized procedures established
by CLSI. However, the disk diffusion test has been shown to over-estimate the resistance
of S. pseudintermedius to penicillin, ampicillin, and doxycycline (Blunt et al., 2013). As a
result, there is potential that the susceptibilities reported in this thesis for the years 2008 –
2015 (disk diffusion) and 2015 – 2018 (broth microdilution) may have been affected by
the change in AST protocol in the laboratory. Future studies aimed at exploring the AMR
profiles and trends in resistance over time for S. pseudintermedius in Atlantic Canada,
should report results using susceptibility data obtained by one AST method, allowing for
easier comparison of study results.

4.4.1 AMR profiles
The resistance profiles of MRSP and MSSP reported in Chapter 2 were similar to
previous reports in Atlantic Canada (Saab et al., 2017; Awosile et al., 2018). However, in
comparison to MRSP isolates from dogs in other part of the world, isolates in this region
are less resistant to non-β-lactam antimicrobials. Less than 60% of the isolates described
in this thesis were resistant to clindamycin and erythromycin, while in Europe (Nienhoff
et al., 2011) and China (Wang et al., 2012) 100% of canine isolates were resistant to both
clindamycin and erythromycin. Similarly, 50% of MRSP isolates from Atlantic Canada
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were resistant to gentamicin, while > 80% of MRSP isolates tested at a diagnostic
laboratory in Australia were resistant to gentamicin (Siak et al., 2014).

Similar to other reports (Moodley et al., 2014) resistance to non-β-lactam
antimicrobials was higher in MRSP than MSSP isolates in Atlantic Canada, with the
exception of amikacin and rifampin, for which resistance remained less than 2% for both
MRSP and MSSP. Earlier studies, including one from Atlantic Canada, have identified
MRSP isolates as 100% susceptible to amikacin and rifampin (Grönthal et al., 2017; Saab
et al., 2017). The increased use of these antimicrobials, especially amikacin, to treat
canine MRSP infections has likely resulted in increasing MRSP resistance to these drugs
(Bryan et al., 2012). The slightly elevated resistance to amikacin and rifampin could be
an early indication of increasing resistance to these antimicrobials in Atlantic Canada,
thus their resistance should continue to be monitored.

MDR has been frequently reported in MRSP isolated from canine specimens, and
the results described in Chapter 2 show a similar occurrence in Atlantic Canada. Of the
MRSP isolates studied in this thesis, greater than 75% were resistant to ≥ 2 non-β-lactam
antimicrobial classes. Similar to what has been previously reported in Atlantic Canada
(Saab et al., 2017), greater than 50% of the MDR isolates were resistant to clindamycin,
enrofloxacin, and erythromycin. Although MRSP isolated from dogs in Atlantic Canada
have displayed high levels of MDR, isolates in this region show less resistance than
studies from other parts of the world (Grönthal et al., 2017; Nienhoff et al., 2011; Siak et
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al., 2014; Wang et al., 2012). This could be explained by geographical variations in
clonal MRSP lineages reported globally (Perreten et al., 2010).

4.4.2 Trends in AMR
This thesis is the first to describe trends in AMR over time, specifically for
clinical MRSP and MSSP isolated from dogs in Atlantic Canada (Chapter 3).
Fluoroquinolones have become widely used in veterinary medicine to treat bacterial
infections, including S. pseudintermedius infections that do not respond to first line
treatment. In addition, a dog’s previous exposure to fluoroquinolones, prior to infection
of S. pseudintermedius, has shown to increase the odds of this infection caused by MRSP
(Lehner et al., 2014). This is consistent with the finding of increased resistance to
enrofloxacin in MSSP isolates in this thesis, as well as a previous report for CoPS
isolated from dogs in Atlantic Canada (Awosile et al., 2018). This may suggest a
decrease in effectiveness of fluoroquinolones, particularly enrofloxacin, for the treatment
of canine S. pseudintermedius in Atlantic Canada.

In recent years, chloramphenicol use by veterinarians has increased, particularly
for the treatment of canine bacterial infections displaying high levels of MDR (Bryan et
al., 2012; Papich, 2012). Consequently, in the past decade, an increase in
chloramphenicol resistance among MSSP isolates has been documented worldwide
(Griffeth et al. 2008; Grönthal et al., 2017; Vanni et al., 2009). This could explain the
increase in chloramphenicol resistance identified in MSSP isolates, both in this thesis as
well as in CoPS previously isolated from dogs in Atlantic Canada (Awosile et al., 2018).
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To our knowledge, this thesis is the first to report of a decrease in penicillin and
ampicillin resistance over time for canine MSSP isolates. In the past thirty years, a
significant increase in resistance to the penicillinase-labile penicillins amongst MSSP has
been recorded (Moodley et al., 2014); thus, the decrease in resistance observed in isolates
after 2015, was unexpected. The timeframe that the decrease was noted, however,
coincides with when the laboratory switched from disk diffusion to broth microdilution.
Compared to broth microdilution assays, the disk diffusion test has been shown to overestimate penicillin and ampicillin resistance in clinical canine MSSP isolates (Blunt et al.,
2013). This could be related to the instability of these particular antimicrobials in vitro as
well as inconsistencies in inoculum densities, as denser inocula have shown to produce
smaller zone sizes (Blunt et al., 2013; Gillespie, 1994). Due to the wide-spread resistance
to both penicillin and ampicillin reported globally, these antimicrobials are no longer
routinely recommended for use by veterinarians to treat canine staphylococcal infections
(Moodley et al., 2014). Decreased clinical use of penicillin and ampicillin, as well as
changes in AST methodology, may be the reason for the decrease in resistance for MSSP
isolates to these antimicrobials reported in Chapter 3.

In approximately the past thirty years, potentiated sulfonamide use in small
animal veterinary medicine has been replaced by newer broad-spectrum antimicrobials,
such as fluoroquinolones and cephalosporins (Murphy et al., 2012). This may provide
reasoning for the decreasing trend in resistance to trimethoprim-sulfamethoxazole among
clinical MRSP isolates found in this thesis. Although potentiated sulfonamide resistance
in MRSP has shown to decrease in Atlantic Canada, resistance levels remain relatively
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high, and thus this antimicrobial should not be used prior to obtaining culture
susceptibility results.

4.5 Conclusions
•

The distribution of clinical S. pseudintermedius and MRSP isolates across patient
and sample characteristics was similar to previous studies (Chapter 2).

•

Since 2008, MRSP has been isolated from dogs across Atlantic Canada at
increasing frequencies, with the majority of isolates (97.1%) being identified after
2011 (Chapter 2).

•

MDR in MRSP isolates is common, but resistance to non-β-lactam antimicrobials
remains considerably lower in Atlantic Canada than reported elsewhere (Chapter
2).

•

MSSP isolates displayed similar resistance profiles to regional and global reports,
with resistance to all non-β-lactam antimicrobials remaining < 10% (Chapter 2).

•

From 2008 to 2011, an increase in the proportion of MRSP among all clinical S.
pseudintermedius isolated from dogs in Atlantic Canada was identified. The
overall proportion of MRSP (13.9%) was higher than previously reported in North
America, however estimates were consistent with recently published studies
across Europe (Chapter 3).

•

Four risk factors were identified to be significantly associated with a clinical
canine S. pseudintermedius isolate being MRSP: larger breed size, body site of
sample collection (skin and surgical sites), patient province of residence (greater
in NS and NL), and year of sample submission (Chapter 3).
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•

Trends in resistance for MRSP isolates were similar to global reports, with an
increase in resistance to enrofloxacin and decrease in resistance to trimethoprimsulfamethoxazole being reported (Chapter 3)

•

Trends in resistance for MSSP isolates were similar to previous reports for CoPS
in Atlantic Canada, with an increase in resistance to chloramphenicol and
enrofloxacin being identified (Chapter 3).

•

This was the first study to report a significant decrease in resistance to penicillin
and ampicillin in clinical MSSP isolated from dogs (Chapter 3).

4.6 Future directions
The majority of studies exploring the epidemiology of canine MRSP in North
America, including this thesis, have limitations. Some studies may fail to separate clinical
and colonization samples, or focus predominantly on patients with pre-existing
superficial bacterial infections, or were performed prior to the pathogen’s widespread
occurrence in the mid-2000s. As a result, the frequency of MRSP isolation and its
resistance profiles may not be accurately reflected. Results in this thesis show that since
2011, MRSP has emerged as, and continues to be, an important canine pathogen in
Atlantic Canada, justifying further research investigating other aspects critical to this
pathogen’s epidemiology.

In an effort to better understand the epidemiology of S. pseudintermedius in
Atlantic Canada, this thesis focused on isolates recovered from clinical canine specimens
submitted to a regional veterinary diagnostic laboratory. However, studies including S.
pseudintermedius isolated from healthy dogs may be more indicative of isolates involved
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in first-time community-associated infections than those of diagnostic samples (Rubin
and Chirino-Trejo, 2011). Since S. pseudintermedius is found on the dermis and mucous
membranes of clinically healthy dogs, most become infected with strains residing on their
body surfaces. Colonization has been identified as a risk factor for S. pseudintermedius
infections, including MRSP (Fazakerley et al., 2010; Pinchbeck et al., 2006; Sasaki et al.,
2005). The close relationship between colonization and infection is supported by the
higher frequencies of carriage observed in dogs with atopic dermatitis compared to
healthy dogs (Fazakerley et al., 2009).

Knowledge of S. pseudintermedius colonization is not only essential for
conducting surveillance studies, but failing to sample relevant sites may result in falsenegatives and an underestimation of prevalence (Rubin and Chirino-Trejo, 2011).
Research investigating the prevalence, sites of colonization, and antimicrobial resistance
among S. pseudintermedius isolated from healthy dogs in North America is minimal, with
none being from Atlantic Canada. In an effort to further understand the ecology and
epidemiology of S. pseudintermedius in Atlantic Canada, future research investigating the
longitudinal carriage of this pathogen is warranted. In addition, exploring the relationship
between colonization and S. pseudintermedius infections could provide additional insight
when investigating other risk factors of MRSP in this region.

The study results described in this thesis were obtained using retrospective data,
limiting the level of information available to the researcher. As a result, some risk factors
previously reported to increase the likelihood of MRSP in dogs were unable to be
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examined in Chapter 3. In an effort to identify additional risk factors of MRSP in Atlantic
Canada, it is recommended future prospective studies investigate those factors related to
a patient’s clinical history, such as prior antimicrobial exposure. In addition, future
research aimed at identifying underlying aetiologies of certain conditions, such as atopic
dermatitis associated with canine pyoderma, may aid in the control of these conditions,
resulting in fewer secondary infections and hence, less antimicrobial usage.

In Chapter 3, patient province of residence was identified to have a significant
effect on whether a S. pseudintermedius isolate was confirmed to be MRSP. Although
this was found to be true for isolates submitted to a regional veterinary diagnostic
laboratory in Atlantic Canada, submissions to the AVC-DSBL may not be representative
of all diagnostic submissions in this region. In an effort to obtain a more accurate
representation of the distribution, risk factors, and true prevalence of canine MRSP
infections in Atlantic Canada, future studies should consider all clinical S.
pseudintermedius isolates confirmed to be MRSP, both by the AVC-DSBL as well as by
all other provincial and commercial veterinary diagnostic laboratories serving the region.

The increasing trends in resistance, identified in Chapter 3, warrants judicious
antimicrobial use by veterinarians when treating canine S. pseudintermedius infections in
Atlantic Canada. This is especially recommended for antimicrobials commonly
recommended for use by veterinarians to treat this pathogen and for those that have
shown a potential decrease in treatment effectiveness, such as the fluoroquinolones.
Additionally, in an effort to minimize AMR, clinicians practicing in Atlantic Canada are
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encouraged to perform culture and AST prior to treating a dog that is likely to have a S.
pseudintermedius infection, such as a pyoderma. This is particularly recommended for
antimicrobials that display relatively high levels of resistance to this pathogen. Continued
surveillance of AMR among S. pseudintermedius is required in order to monitor the
emergence and dissemination of resistance. This is especially important for
antimicrobials exhibiting a potential early increase in resistance and for antimicrobials
that are more frequently used to treat canine S. pseudintermedius infections within the
Atlantic region.
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