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In this study, we aimed to investigate the molecular epidemiology of methicillin-resistant
Staphylococcus  aureus  (MRSA) and  methicillin-resistant ~ Staphylococcus
pseudintermedius (MRSP) clinical and colonizing isolates of dogs and cats to profile
contributing factors associated with their isolation. Nasal and rectal samples were
collected from dogs and cats between 2015 and 2017 to identify colonizing isolates.
Clinical isolates collected between 2003 and 2016 were retrieved from a Queensland
university veterinary diagnostic laboratory. All isolates were identified using standard
microbiological and molecular methods and were characterized by whole genome
sequencing. Phylogenetic relationships and differences in epidemiological factors were
investigated. Seventy-two MRSP isolates out of 1,460 colonizing samples and nine
MRSP clinical isolates were identified. No MRSA was isolated. ST496 and ST749 were
the most commonly isolated sequence types with different SCCmec types. ST496
clones spread both along the coast and more inland where ST749 was more centered
in Brisbane. The resistance and virulence factors differed significantly between the
two sequence types. ST496 colonizing and clinical isolates were similarly multidrug
resistant. The virulence genes of ST749 colonizing and clinical isolates were similar as
both contained the gene nanB for sialidase. There were no differences in the individual
and clinical factors between predominant sequence types. High levels of antimicrobial
resistance occurred in the majority of isolates, which is of potential concern to human
and veterinary health. The phylogenetic clustering of isolates from this study and others
previously identified in countries, particularly New Zealand, with which Australia has
high volume of pet movements could suggest the importation of clones, which needs
further investigation.

Keywords: virulence, resistance, methicillin resistant Staphylococcus aureus, methicillin resistant Staphylococcus
pseudintermedius, molecular epidemiology, colonized
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INTRODUCTION

Methicillin-resistant Staphylococcus pseudintermedius (MRSP)
and methicillin-resistant Staphylococcus aureus (MRSA) are
concerning zoonotic opportunistic pathogens in veterinary
medicine and public health. MRSP is predominately found
in dogs but has been isolated from cats and humans (1,
2). In contrast, MRSA is a major human pathogen but has
been identified in companion animals (3). Methicillin-resistant
staphylococci (MRSs) are often multidrug resistant, which
can result in infections challenging to treat. The mecA gene
is responsible for methicillin resistance and confers reduced
affinity for B-lactam antimicrobials. The gene is carried on
the staphylococcal chromosomal cassette mec (SCCmec) that
provides potential for transfer of resistance to other non-f-
lactam antimicrobials genes between susceptible and resistant
strains (4). The combination of multidrug resistance, zoonotic
capabilities, and nosocomial transmission contributes to the
public health concern surrounding these bacteria.

The literature has highlighted MRSA and MRSP as the
most concerning multidrug-resistant staphylococci in veterinary
medicine (3). There have been increasing reports of clinical
and colonizing MRSP prevalence with high multidrug resistance
in companion animals globally (5-7). While awareness of
MRSA in companion animals has increased, this species is less
commonly isolated in companion animals than MRSP (7-9).
Molecular analysis has revealed that the global MRSP population
is very diverse and has been identified in companion animals
worldwide. Using multilocus sequence typing (MLST), studies
have demonstrated between country variations in common
sequence types (STs) including ST71/ST258 predominant in
Europe, ST45/ST112 in Asia, and ST68 in the United States (10).
All of these, with the exception of ST112, have been identified
in Australian dogs and cats (6, 7). Only a few instances of
MRSP colonization or infection in humans have been reported
(11, 12). MRSA molecular epidemiology seems to be more clonal
where major STs ST5, ST8, and ST22 have been isolated in
people around the globe. Companion animals generally carry
predominately human strains; ST22 and ST5 have been identified
in cats and dogs from Europe, North America, and Australia,
where ST8 has been identified in horses from North America
and Australia (9, 13). An animal-specific strain, ST398, is more
often isolated in livestock but has been identified in companion
animals (13). Companion animals can act as reservoirs for MRSA
and MRSP and facilitate the transmission between animals,
humans, and their environments.

Both MRSA and MRSP can cause severe infections when
given the opportunity. The severity of MRS infections can
be directly affected by pathogen virulence factors, indirectly
affected by antimicrobial resistance as infections become more
difficult to treat, and by the hosts immune system ability to
fight the agent. MRSA and MRSP have similar virulence factors
such as coagulase, cell wall components, and various toxins
(14, 15). Some differ, such as the leukocidin toxins. A number
of S. aureus—specific leukocidin toxins have been isolated,
including the bicomponent Panton-Valentine leukocidin, which
is generally identified in the more virulent strains (16). The

leukocidin toxin identified in MRSP does not seem to be
highly associated with disease and is usually isolated in all S.
pseudintermedius isolates (17). Both MRSA and MRSP display
resistance to P-lactam and many non-p-lactam antimicrobial
classes, such as fluoroquinolones, aminoglycosides, tetracyclines,
sulfonamides, macrolides, and lincosamides (18-22). However,
MRSP isolates from companion animals have been reported
to be more multidrug-resistant than MRSA (23). A recent
study has revealed that many clinical MRSP multidrug-resistant
clones have emerged through multiple independent, horizontal
acquisition of resistance determinants and frequent genetic
exchange that disseminate DNA to the broader population (24).
It is crucial to have close epidemiological and microbiological
surveillance on MRSP in companion animals in place to
determine their burden to companion animals and infection
control in veterinary hospitals and whether they have potential
to be a threat to public health.

While the molecular epidemiology of MRSA and MRSP in
small animals has been explored extensively globally, very few
have combined the assessment of both clinical and carriage
isolates (17, 25-27). This study analyzes the relationship
between the molecular population structure, including virulence
and resistance genes of clinical and colonizing isolates and
any associated epidemiological risk factors. The identification
of epidemiological (i.e., demographic, clinical, and genetic)
characteristics of major clones associated with colonization can
assist with surveillance efforts toward the potential for emergence
of these strains as clinical pathogens to companion animals
and humans.

This research aimed to investigate the molecular
epidemiological characteristics of MRSA and MRSP isolated
in a population of dogs, cats, and horses that presented to
veterinary clinics and shelters in South East Queensland (SE
QLD), Australia. Specific objectives included a comparison
between colonizing and clinical isolates with respect to their
demographic and clinical characteristics, resistance and
virulence genes, and where they genetically fit in the global
phylogeography of S. pseudintermedius.

MATERIALS AND METHODS

Sample Population and Attribute Data

This research was approved by the Animal Ethics Unit from the
University of Queensland (the University of Queensland Animal
Ethics SVS/487/15/KIBBLE). To obtain MRS colonizing isolates,
nasal and rectal samples were collected between November
2015 and December 2017, with owner’s written consent, from
dogs and cats that presented to five veterinary clinics and were
housed in three shelter facilities. Animals were sampled at
clinics if they had not been hospitalized for more than 24h to
minimize the likelihood of isolating hospital-associated strains.
Animal demographic and clinical history data [date of sampling
(day/month/year), signalment, household geographical location,
consultation types, and previous antimicrobial and corticosteroid
use] up to 12 months prior to sampling were extracted from each
animal’s medical record.
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Data from the University of Queenslands veterinary
diagnostic laboratory collection was searched between 2003
and 2016 to identify clinical samples of MRSs. Demographic
or clinical history data were only available for some cases. The
populations from which colonizing and clinical isolates were
obtained were similar as both were from SE QLD, and majority
were from dogs.

Sample Processing

After sample collection, the transport media swabs were
stored at 4°C and transported to the laboratory for processing
within 5 days from collection. Swabs were incubated in
Mueller Hinton Broth containing 6.5% NaCl (wt/vol)
(Thermo Fisher Scientific, Thebarton, South Australia,
Australia) aerobically overnight. Clinical samples that were
previously identified as MRSA or MRSP were retrieved
from the —80°C freezer and incubated in the Mueller-
Hinton broth aerobically. Staphylococcus isolation and
identification were achieved using routine microbiological
tests including selective MRSA 2 Brilliance™ agar (Thermo
Fisher Scientific), Gram staining, and catalase and coagulase
testing. Clinical isolates also underwent Staphytect Plus
(Oxo0id) and other biochemical tests (Voges-Proskauer
and Ortho-nitrophenyl-b-D-galactopyranoside).

Susceptibility testing was performed on 13 antimicrobials
[amikacin (AMK), clindamycin (CLI), chloramphenicol
(CHL), enrofloxacin (ENR), erythromycin (ERY), gentamicin
(GEN), imipenem (IPM), mupirocin (MUP), penicillin
(PEN), tetracycline (TET), trimethoprim/sulfamethoxazole
(SXT), vancomycin (VAN), cefoxitin (FOX), and oxacillin
(OXA)] using the disc diffusion method as per the Clinical
and Laboratory Standards Institute guidelines (28, 29). If
an isolate was not susceptible to at least one agent in at
least three antimicrobial categories, then it was considered
multidrug-resistant (30).

Detection of mecA and Molecular

Characterization
OXA- and FOX-resistant isolates were subjected to a multiplex
polymerase chain reaction to identify the mecA gene and to
distinguish between MRSA and MRSP (31, 32). All mecA-
positive isolates were submitted for Illumina sequencing at
Murdoch University in Australia. Paired-end sequencing
libraries were prepared using the Illumina Nextera XT Library
Preparation kit. Whole genome sequencing (WGS) was
performed on the Nextseq 500 platform (150-bp paired-
end). Raw Illumina sequencing data was quality filtered
(trimmomatic version 0.36) (33) to remove Illumina adaptor
sequences, low-quality bases (phred quality <10), and
reads shorter than 50 bp. Quality filtered Illumina reads
were assembled de novo using SPAdes v3.12.0 (34) with
default parameters.

Species identification was confirmed with WGS data.
In silico sequence typing (ST) was performed using SRST2
(35) and the S. pseudintermedius typing scheme available

from PubMLST!. Novel STs were submitted to the MLST
database curator (vincent.perreten@vetsuisse.vbi.unibe.ch).
SCCmec typing was performed using de novo assembled
contig sequences for each isolate and SCCmecFinder (https://
cge.cbs.dtu.dk/services/SCCmecFinder) (37). Resistance gene
profiling was performed by screening Illumina sequence
reads against the NCBI Bacterial Antimicrobial Resistance
Reference Gene Database (38) using SRST2 version 0.2.0 (35).
All isolates were screened for mutations in the topoisomerase
I (gyrA) and IV genes (grlA) associated with decreased
susceptibility to fluoroquinolones. Virulence gene profiling
was performed by screening Illumina sequence reads against
a customized Virulence Factor Database (39), modified
to include S. pseudintermedius virulence factors, using
SRST2. Spa gene homologs (spsP and spsQ) were manually
identified using Artemis Comparison Tool (40) to compare
assembled contigs with the spa locus (between SPSE_0038
and spsL) from the S. pseudintermedius strain ED99 reference
genome (accession no. CP002478).

A phylogenetic tree was constructed using a core SNP
alignment following the removal of recombinant regions.
Draft genomes were aligned using Parsnp v1.237 (41), one
of which was randomly selected to act as a reference,
generating a core genome alignment. Recombinant regions
were predicted and removed using Gubbins v2.1.038 (42).
The phylogenetic tree was generated using RAxML v8.2.939
(43) using a general-time reversible nucleotide substitution
model with a GAMMA correction for site variation. The
phylogenetic tree was rooted using a Staphylococcus delphini
genome (www.ncbi.nlm.nih.gov; accession no. NZ_LR134263)
and visualized as a cladogram using FigTree v1.4.2 (44)
and Evolview v2 (45). A second global tree was created
using both the MRSP isolates from this study and all
other S. pseudintermedius available in GenBank (accessed
February 3, 2020).

Statistical Analyses

Fisher exact tests were used (due to small sample sizes) to
quantify pairwise differences in the proportions of common
MRSP clones with particular animal [ie., sex, age, neuter
status, species (dog or cat), sampling location (clinics A, B,
C, and an animal shelter), antimicrobial and corticosteroid
use in the year prior to sampling, consultation type] and
genotypic attribute data (i.e., resistance and virulence genes)
(Supplementary Table 1). The resistance genes were classified
into three groups according to their resistance to first-line,
second-line, third-line, and important human antimicrobials
(Supplementary Table 2) (46). Virulence genes were grouped
into six categories based on the similarity of virulence gene
profiles (Supplementary Table 2). MRSP clones were categorized
according to their shared multilocus STs and SCCmec types.

'PubMLST. This publication made use of the PubMLST website (https://pubmlst.
org/) developed by Keith Jolley (Jolley et al. (36) Wellcome Open Res 2018 3:124
[version 1; referees: 2 approved]) and sited at the University of Oxford. The
development of that website was funded by the Wellcome Trust.
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To quantify pairwise differences between the common MRSP
clones and the clinical isolates in regard to their resistance and
virulence genes, we used the Fisher exact test with an adjusted
significance p-value of 0.025 (to account for a total of two
comparisons) (47).

Mapping Local and Global Isolates

We generated a map showing the geographical distribution
of common MRSP clones in the study area and a map of
the worldwide distribution of shared STs of genetically related
S. pseudintermedius (both methicillin-resistant and susceptible)
using ArcMap version 10.6.1. Study isolates and isolates from the
worldwide S. pseudintermedius GenBank database were grouped
together by their clusters in the phylogenetic tree. Not all isolates
had STs available, and so if they clustered with a known ST in the
phylogenetic tree, they were grouped together.

RESULTS
Prevalence of MRS in Our Study Sample

A total of 1,460 samples were collected from 678 participating
animals (Supplementary Table 3). No MRSA was isolated in cats
or dogs. There were 51 MRSP colonizing isolates in 34 of 409
dogs (8%) from the population presenting to the clinics. Sixteen
of the isolates were from 11/255 dogs (4%) sampled at clinic A;
24 isolates were from 14/102 dogs (14%) from clinic B, and 11
isolates were from 9/30 dogs (30%) sampled at clinic C were
positive for MRSP. No MRS was isolated from animals presenting
to other clinics. Twenty-one MRSP isolates were from shelter
animals. Nine isolates were isolated in 7/61 dogs (11%) and 12
isolates from 9/127 cats (7%). All the positive animals were from
the same shelter. A total of 95 clinical staphylococcal isolates were
identified, and nine of these were identified as MRSP. Eight of
these isolates were sampled from eight dogs at veterinary clinics:
one in 2007, another in 2009, three in 2013, and another three
in 2016. The ninth isolate was isolated from a dog in a shelter in
2017. In total, there were 81 MRSP isolates.

Antimicrobial Susceptibility

Majority of the MRSP isolates were phenotypically resistant to
TET (colonizing: 72%, clinical: 67%), SXT (colonizing: 68%,
clinical: 78%), CHL (colonizing: 63%, clinical: 78%), ENR
(colonizing: 69%, clinical: 56%), ERY (colonizing: 70%, clinical:
100%), and CLI (colonizing: 55%, clinical: 100%) (Table 1). The
most commonly detected profile in colonizing (40%) and clinical
(44%) isolates included resistance to TET, SXT, CHL, ENR, ERY,
and CLI, with the addition of GEN in clinical isolates.

Molecular Characteristics of MRSP

Eleven different STs were identified, two of which were novel
(ST1399 and ST1400) (Table 2). The most common ST in the
colonizing isolates included ST496 (n = 43) and ST749 (n
= 13). All the ST496 isolates carried a subtype of SCCmec
type V (5C2&5), and the ST749 isolates carried SCCmec type
IVg (2B). The majority of clinical isolates were ST316-III (3A)
(n = 5). Ninety-seven percent to 100% of isolates harbored
genes conferring resistance to P-lactams (blaZ, mecA); no

isolates carried the mecC gene. Ninety-seven percent to 100%
of isolates contained the following genes and displayed the
corresponding phenotypic resistance; cat-pC221, catA7 (CHL),
ermB, ermC (macrolides and lincosamides), tetM (TETs), dfrG
(sulphonamides), and mutations in their grlA and gyrA genes
(fluoroquinolones). Only 25% of isolates carrying the resistance
genes for aminoglycosides (aac6-aph2, ant6-Ia, aph3-III, and
aadD) conferred resistance to GEN, and no isolates were
phenotypically resistant to AMK.

The most common virulence genes identified included toxins
[[ukF-P, hlgB (gamma hemolysin component B)], exfoliative
toxin [siet (Staphylococcus intermedius gene for exfoliative
toxin), speta (exfoliative toxin A)], accessory gene regulators
[srrA (staph respiratory response protein), sarA (staphylococcal
accessory regulator A), sarR (transcriptional regulator), sarZ
(transcriptional regulator)], cell wall anchored proteins [ebpS
(elastin-binding protein), spsC, spsE, spsH, spsK, spsA, spsB, spsG,
spsl, spsM, spsN, spsQ, and spsR (S. pseudintermedius surface
proteins)], exoenzymes [nanB (putative sialidase toxin), coa
(staphylocoagulase), hrtA (heme efflux system ATPase HrtA),
lip (triacylglycerol lipase)], clpX [ATP-dependent protease ATP-
binding subunit ClpX], and a protease clpP. nanB was only
present in four STs (ST84, ST153, ST316, and ST749); spsI
was only present in three STs (ST316, ST749, and ST1399);
and expB (exfoliative toxin B) was identified in a single ST749
isolate. The spa gene ortholog spsQ was identified in ST71,
ST283, ST316, ST496, and ST1399 isolates. In ST496, spsQ was
deleted in 658bUQ and 344aUQ. The homologous spsP gene
(encoded immediately upstream of spsQ) was present in ST316
and ST1399 isolates, but carried a frameshift in ST71 isolates,
and a 5 deletion in ST283 isolates. In ST496 isolates, spsP was
truncated at the 5 end in the majority of cases or deleted entirely
in the ST496 subclade that includes 724aUQ and 307bUQ2.
MRSP that lacked the spa locus exhibited either a 4.5-kb deletion
between SPSE_0039 and SPSE_0044 (ST84 and ST276) or a 7.8-
kb deletion between SPSE_0039 and spsL (ST749 and ST1400).

Phylogeny of MRSP and Associated
Metadata

From the annotated phylogenetic tree (Figure 1), it is evident that
there was more diversity in MLST-SCCmec clonal types isolated
from clinic A (seven clones) and clinic B (nine clones), followed
by clinic C (four clones) and shelter A (three clones). The isolates
at shelter A all belonged to ST496. There was no pattern identified
in terms of sampling dates.

In total, the global tree had 35 different STs and 133
isolates with unidentified STs (Supplementary Figure 1). The
isolates were collected from 20 different countries (United States,
the Netherlands, Australia, New Zealand, Canada, Sri Lanka,
Botswana, Denmark, South Korea, Japan, United Kingdom,
Argentina, Belgium, Czech Republic, Germany, Grenada, Hong
Kong, Ireland, Israel, Spain, and Sweden). There were isolates
from 202 dogs, 11 humans, 7 environmental, 5 horses, and 3
cats, and one was of unknown origin. These included 162 clinical
samples and 46 colonizing samples; clinical or colonization status
was not specified for 14 isolates. The majority of the isolates
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TABLE 1 | The percentage of all methicillin-resistant Staphylococcus pseudintermedius (MRSP) isolates from this study that displayed phenotypic resistance to 11
antimicrobials.

Groups TET SXT CHL ENR ERY CLI GEN AMK VAN IPM MUP MDR
Colonizing isolates 72 68 63 69 70 55 4 0 0 0 1 73
Clinical isolates 67 78 78 56 100 100 67 0 0 0 0 100

All isolates were resistant to penicillin (10 units) and oxacillin. Oxacillin (OXA 1 \w.g) antimicrobial susceptibility was determined for all suspected S. pseudintermedius isolates (28, 48).
All isolates resistant to oxacillin were assumed resistant to all currently available B-lactam antimicrobial agents, with the exception of the newer cephalosporins with anti MRSA activity,
in accordance with the CLSI guidelines. Resistance included isolates that were intermediately resistant. TET, tetracycline (30 wg); SXT, trimethoprim-sulfamethoxazole (1.25/23.75 ng);
CHL, chloramphenicol (30 ng); ENR, enrofloxacin (5 ng); ERY, erythromycin (15 ng); CLI, clindamycin (2 wg); GEN, gentamicin (10 ng); AMK, amikacin (30 ng); VAN, vancomycin (30

wg); IPM, imipenem (10 w.g); MUR mupirocin (200 w.g); MDR, multidrug resistant.

from this study, particularly ST496, ST749, and ST316, clustered
closely with other clinical and colonizing isolates from Australian
and New Zealand dogs. The global map of different STs indicated
that Australia shared STs from different countries (Figure 2).
Australia and New Zealand shared more STs than other countries
(ST496, ST71, ST749, ST498, and ST64). This is followed by
Canada (ST71, ST45/282, and ST498), the Netherlands (ST71,
ST45/282, and ST497), and the United States (ST71, ST64,
and ST45/282).

Epidemiological and Genomic Differences
Between Common MRSP Colonizing
Clones

The majority of MRSP clones were recovered from dogs
compared to cats, and ST749 clone was exclusively isolated from
dogs (Supplementary Table 1). The geographic distribution of
the two common clones in SE QLD indicated that ST496 isolates
were dispersed throughout the landscape of SE QLD, whereas
ST749 isolates were mainly aggregated around the Brisbane
metropolitan area (Figure 3).

Sampling location was significantly different between ST496
and ST749 isolates (p = 0.001) (Table 3). The resistance and
virulence genes were significantly different between ST749 and
ST496 isolates (p < 0.001).

Comparison of ST membership and colonization of
antimicrobial resistance genes indicated that between ST749
isolates and the nine clinical isolates the resistance gene profile
was significantly different (p < 0.001), but virulence genes
were not (Table 3). Further, our results also indicated that the
virulence genes of ST496 were significantly different from that
of clinical isolates (p < 0.001). There were not enough data
to do meaningful comparisons between clinical isolates and
epidemiological factors.

DISCUSSION

This study demonstrated a similar prevalence of MRSP
colonization in dogs sampled at the five clinics (8%) and dogs
sampled in the three shelter environments (11%). No cats
sampled in clinics were MRS positive, but 7% of shelter cats
sampled were positive for MRSP. These colonization rates fall
within the range reported in the broader literature, 3-34% in
dogs and 4-19% in cats (7, 49-54). No MRSA was isolated

from companion animals in this study; this result is expected as
colonization has been reported to range between 0.5 and 9% in
dogs and 0 and 4% in cats (55-59).

The MRSP isolates in our study population belonged to 11
different STs, two of which were novel (ST1399 and ST1400).
The most common colonizing ST included ST496 and ST749,
both of which have been described recently in Australia (6, 7).
The distribution of ST496 clones in our study was widespread
compared to ST749, which was more centered around Brisbane.
ST496 was first reported in Australia from isolates sampled in
2013 and was also the predominant clone in a dog population
from Sydney, New South Wales (6, 7). This differs to the rest
of the world where ST71/ST258 is often reported in Europe,
ST45/ST112 in Asia, and ST68 in the United States (10). ST71
was reported in six of our colonizing isolates, and only one was
ST258; none of the other major STs were isolated. In contrast,
a previous Australian study reported that the most common
ST identified in their MRSP clinical isolates belonged to ST71;
however, the majority of them came from Victoria (6). The same
study also reported a few isolates with ST45 and a single ST258.
This could suggest the expansion of a local Australian clone and
possible clustering of different clones in the different states as
described by Worthing et al. (6). ST496 has also been described
in New Zealand and France, and ST749 has been described in
New Zealand (60, 61). ST496 could be an emerging major ST that
could replace others, as ST258 and ST551 have replaced ST71 in
France and Poland (60, 62).

The diverse global population structures of .
pseudintermedius are evident in the world map comparing
shared STs. ST71 is still present and dominant in a number of
countries, especially in Europe. Although ST45 was previously
described as a predominately Asian clone, it is now present
in the United States, Canada, the Netherlands, Sri Lanka, and
Australia. ST749 is unique to Australia and New Zealand. ST496
also seems to be unique to these two countries, although we
know it has also been reported in France (60). We suggest that
pet migration between SE QLD, Australia, and other countries,
particularly New Zealand, is likely to play an important role
in the clone profile observed in this study. This hypothesis is
supported by data from the Australian Government Department
of Agriculture, Water and Environment as the majority of cat
and dog imports and exports to and from Australia were linked
to New Zealand (63, 64). Between 2015 and 2019, 25-30% of
cats and dogs exported from Australia were to New Zealand, and
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TABLE 2 | The molecular characteristics of both clinical and colonizing methicillin-resistant Staphylococcus pseudintermedius.

MLST Colonizing or clinical SCCmec type Resistance genes? Phenotypic resistance (including
intermediate resistance)®
71(n=06) Colonizing (n = 3) Clinical (n = 1) NBA) (n=4) aac6-aph2, aadD (n = 1), SXT, CHL (n = 2), ENR, ERY, CLI, GEN (n =
ant6-la, aph3-Ill, sat4A, blaZ, 3), MUP (n = 1), OXA
mecA, ermB, ermC (n = 1),
cat-pC221 (n = 2), dfrG, griA,
gyrA
Colonizing V(5C2) (n=1) aadD, ant6-la, aph3-Ill, sat4A, SXT, ENR, ERY, CLI, GEN, OXA
blaZ, mecA, ermB, ermC,
cat-pC221, dfrG, grlA, gyrA
Colonizing V(5C285)|subtype aac6-aph2, ant6-la, aph3-Iil, SXT, ENR, ERY, CLI, GEN, OXA
Ve(5C28&5) (n = 1) sat4A, blaZ, mecA, ermB,
dfrG, grlA, gyrA
84 (n=23) Colonizing Va(5C2) ant6-la, aph3-Ill, sat4A, blaZ, TET, ERY, CLI, OXA
mecA, ermB, tetM (n = 2)
158 (n=1) Colonizing Va(5C2) ant6-la, aph3-Ill, sat4A, blaZ, TET, ERY, CLI, OXA
mecA, ermB, tetM
258 (n=1) Colonizing IVg(2B) ant6-la, aph3-Ill, sat4A, blaZ, TET, SXT, OXA
mecA, tetM, dfrG
276 (n=1) Colonizing Va(5C2) blaZ, mecA OXA
283 (n=2) Clinical Va(5C2) ant6-la, aph3-Ill, sat4A, blaZ, ERY, CLI, OXA
mecA, ermB, grlA (n = 1)
316(n=n=29) Colonizing II2A) (n = 1) aac6-aph2, ant6-la, aph3-Iil, TET, SXT, CHL, ENR, ERY, CLI, GEN, OXA
sat4A, blaZ, mecA, ermB,
cat-pC221, tetM, dfrG, gyrA
Clinical BA) (n=5) aac6-aph2, ant6-la, aph3-Ill, TET, SXT, CHL, ENR, ERY, CLI, GEN, OXA
sat4A, blaZ, mecA, ermB,
cat-pC221, tetM, dfrG, grlA (n
=1), gyA
Colonizing Va(5C2) (n = 2) aac6-aph2, ant6-la, aph3-Iil, TET, SXT, CHL, ENR, ERY, CLI, GEN, OXA
sat4A, blaZ, mecA, ermB,
cat-pC221, tetM, dfrG, gyrA
496 (n = 43) Colonizing (n = 42) Clinical (n = 1) V(5C285) subtype aac6-aph2 (n = 36), ant6-la, TET (n = 42), SXT (n = 42), CHL (n = 42),
aph3-Ill, sat4A, blaZ, mecA, ENR (n = 42), ERY (n = 42), CLI (h = 37),
ermB, cat-pC221 (n = 38), GEN (n = 3), OXA
tetM, dfrG, grlA, gyrA
749 (n=13) Colonizing Vg(2B) blaZ, mecA OXA
1,399 (h=2) Colonizing IVg(2B) blaZ, mecA, tetM TET, OXA
1,400 (n=1) Colonizing IVg(2B) blaZ, mecA OXA

agriA and gyrA refer to a mutation in these two genes that confer resistance to fluoroquinolones. PAll isolates were resistant to penicillin. All MRSP isolates were resistant to oxacillin.
Resistance included isolates that were intermediately resistant. TET, tetracycline; SXT, trimethoprim-sulfamethoxazole; CHL, chloramphenicol; ENR, enrofloxacin; ERY, erythromycin;
CLlI, clindamycin; GEN, gentamicin;, AMK, amikacin; VAN, vancomycin, IPM, imipenem; MUP, mupirocin.

between 2016 and 2019, 34-36% of dogs and cats imported into
Australia were from New Zealand. The United Kingdom and
the United States were next with imports and exports ranging
between 11 and 16% for both countries. Future research could
consider investigation of potential links between pet movements
into Australia from different countries and the molecular
epidemiology of specific MRSP clones and the biosecurity
implications of this.

ST496 was first described in Australian clinical MRSP isolates
from companion animals in 2018 (6). It was later identified in
clinical isolates from dogs in France and New Zealand (60, 61).
Although these studies did not report SCCmec types, they did
report multidrug resistance, which is consistent with our data. A
Sydney study that focused on MRS colonization in companion

animals identified ST496 clones with SCCmec types Vt, which
could suggest the presence of geographically localized clones (7).
SCCmec carried by the ST496 isolates in this study was also
similar to SCCmec type Vt (MRSA strain PM1 NCBI assembly
accession no. GCA_000308895.1), which is a representative of
type V (5C2&5) (65). Examination of the contigs encoding
the SCCmec element within ST496 isolates revealed that the
J1 junction region encodes a subtype IIIA CRISPR locus and
therefore differs from other type V (5C2&5) SCCmec in the
SCCmecFinder database. This type V (5C2&5) variant has been
previously reported in Staphylococcus capitis CRO1 as part of a
composite element (66) and is found in a number of publicly
available staphylococcal genomes including S. pseudintermedius
strains AI14 (CP031604) and AP20 (CP031561). Indeed, there
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FIGURE 1 | The phylogenetic tree of all methicillin-resistant Staphylococcus pseudintermedius (MRSP) isolates and associated metadata. The colors behind the
isolate names represent the multilocus sequence types (MLST). The isolates highlighted in pink are MRSP isolated from cats. The rest of the isolates are isolated from
dogs. The isolates highlighted in red are clinical isolates. The column labeled A = MRSP clones with the same MLST and SCCmec types; B = the sampling location,
C = the date of sampling. The colors used in column C indicate a different sampling date (i.e., same day = same color). Samples 425 and 172 were isolated from the
same dog.

seemed to be geographical-related differences between the ST496  different days from clinic A, three different days from clinic
and ST749 isolates. ST496 was isolated in significantly different B, and on a single day from clinic C. All of the shelter
locations to ST749. All ST749 samples were isolated on seven  animal isolates were an ST496; however, ST496 clones were

Frontiers in Veterinary Science | www.frontiersin.org 7 April 2021 | Volume 8 | Article 620491


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Rynhoud et al.

Epidemiology of Staphylococci in Companion Animals

ST clusters P

d
N\
[ st
[ sT496
I sT497
I sT45/282
[ |sT316
[ |sT749
[ sT49s
I s7258
I sT261
[ sT283
[ sTe4
B stes

Number
of STs
shared
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pointed out with an arrow. Pie chart sizes reflect the number of isolates from each country (i.e., a bigger chart reflects a larger number of isolates).
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TABLE 3 | Epidemiological differences between most common colonizing methicillin-resistant Staphylococcus pseudintermedius clones and between these and nine
clinical isolates using Fisher exact test; results are expressed as p-values for each pairwise comparison.

Clone Sex'! Species? Age® Neuter status® Sampling Antimicrobial Corticoid use’ Consult type® Resistance®  Virulence®
combinations location® use®

496 vs. 749 0.063 0.173 0.255 0.710 0.0012 0.219 1 0.007 <0.0012 <0.0012
496 vs. clinical 0.173 <0.001°
749 vs. clinical <0.001° 0.083

ap < 0.005 and Pp < 0.025 are significant.

1 = Female or male; 2 = dog or cat; 3 = age category (<1, 1-4, 4-7, 7-, and >10 years); 4 = neutered or entire; 5 = shelter, clinic A, clinic B, or clinic C; 6 = whether antimicrobials
were used within year prior to sampling; 7 = whether glucocorticoids were used within year prior to sampling; 8 = general practice, internal medicine, dermatology, surgery or shelter
animals; 9 = six categories according to resistance genes; 10 = six categories according to virulence genes.

also present in dogs outside of the shelter. ST496 isolates from
the shelter animals were isolated on three separate days. This
suggests possible community transmission events, although we
do not have enough data to determine whether the animals
were in contact with another or whether the environment was
contaminated. MRSP has been isolated from environmental
samples before; however, a recent study could not identify any
in Australian veterinary hospitals (7, 19). It is also possible that
veterinary personnel could be acting as carriers that transmit
the bacteria between animals that they handle, or pet owners

who interact with other dogs in the community such as dog
parks. Future work should aim to investigate prevalence of MRS
in the environment and people interacting with the animals
in order to analyze transmission dynamics of MRSP. The
distribution of the ST496 clones was widespread both along
the coast and more inland where ST749 was more centered
in Brisbane.

Our results demonstrate that ST496 isolates were very
similar in their multiresistance pattern with resistance to
aminoglycosides (ac6-aph2, ant6-Ia, aph3-III), streptothricin
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FIGURE 3 | A map showing the distribution of sampled animals and common methicillin-resistant Staphylococcus pseudintermedius clones. The two maps with
sampled points correspond to the green area highlighted in the map of Australia, within the Queensland (QLD) border.
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(sat4A), B-lactams (blaZ, mecA), macrolides (ermB), CHL (cat-
pC221), TET (tetM), and trimethoprim (dfrG). The presence
of these genes was well-correlated with phenotypic sensitivity
results; however, very few ST496 isolates that carried ac6-
aph2 conferring resistance to GEN were phenotypically resistant
to GEN. These genes were reported in the other studies on
ST496 strains, suggesting that their multidrug resistance could
have contributed to their widespread dissemination compared
to other STs (6, 60, 61). However, our study shows that the
resistant genes of ST749 isolates were significantly different
to that of ST496 isolates. They were much less resistant and
only harbored B-lactam resistance genes (blaZ, mecA), which
may account for the fact that these clones are often found
in healthy dogs (7). The ST749 isolates were phylogenetically
clustered with two novel STs (ST1399 and ST1400), which had
similar resistomes and the same SCCmec types, and were isolated
from the same sampling location (clinic A). This could suggest
possible transfer of the SCCmec element between MRSP isolates.
It was interesting to see that some animals harbored different
clones simultaneously. Further longitudinal investigations are
needed to ascertain whether one clone predisposes an animal to
have another.

The majority of clinical and colonizing isolates belonging
to the predominant clones carried a similar range of virulence
genes. These included genes encoding for cytotoxic toxins ([ukF-
B, higB), exfoliative toxins (siet, speta), accessory gene regulators
(srrA, sarA, sarR, and sarZ), cell wall anchored proteins (ebpS,
spsC, spsE, spsH, spsK, spsA, spsB, spsG, spsl, spsM, spsN, spsP,
spsQ, and spsR), and exoenzymes (nanB, coa, hrtA, lip, clpX, and
clpP) (60, 67-70). There were statistically significant differences
in virulence genes between ST496 and ST749 isolates, and

between ST496 colonizing isolates and the nine clinical isolates.
The variances in virulence genes between these three groups
were subtle, with the obvious difference being the presence of
nanB in ST749 isolates, which was also isolated in five of the
nine clinical samples. The nanB gene for sialidase may contribute
to host colonization by providing a carbon source for growth,
contributing to biofilm formation, or by enhancing adherence
by exposing receptors on the host cell (69). Sialidase enzymes
help regulate sialic acid on cell surfaces, which are important
determinants of eukaryotic cell-cell interactions (71). Perhaps
this virulence gene has played a role in the success of this ST.
The two exfoliative toxins identified included S. pseudintermedius
exfoliative toxin (SIET) and SPETA. There is conflicting evidence
regarding the role of SIET in canine pyoderma as a previous
study that injected SIET into dogs showed an association with
clinical signs seen in canine pyoderma (erythema, exfoliation,
and crusting) where another reported a lack of association (34).
SPETA was identified as an exfoliative toxin due to its high
amino acid similarity to existing exfoliative toxins SHETA from
Staphylococcus hyicus and ETA from S. aureus; however, its
functionality as an exfoliative toxin is yet to be determined (69,
72). Both of these toxins are often reported in S. pseudintermedius
isolates, including more than 89% of isolates in this study, so
future studies investigating their roles in disease processes are
warranted. The staphylococcal protein A (spa) homolog, spsQ,
was present in the majority of isolates in this study. The spa
region in S. pseudintermedius encodes another spa homolog,
spsP, tandemly arranged upstream of spsQ. In most isolates,
spsP was deleted or contained a frameshift mutation, with some
STs lacking both spa genes due to deletions. These results are
consistent with a recent report highlighting the spa locus as
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a hotspot for deletion and recombination (73). Protein A has
been associated with diseased dogs in previous studies (74). The
virulence genes were similar in most isolates and bar the presence
of nanB, expB, and spsQ, and so it is not clear whether some STs
were more virulent than others.

The results of this study need to be interpreted in light of
its limitations, which indicate important directions for future
work in a number of areas. While our analyses revealed
differences between clinical and colonizing isolates in terms
of their resistance and virulence, our clinical isolate data were
not sufficient to make meaningful comparisons between the
two groups. More research is warranted in this area as it can
be beneficial to determine whether certain factors increase the
probability of colonizing isolates causing infections. Our analysis
comparing S. pseudintermedius isolates from different countries
is limited to the availability of isolates in the GenBank database.
Although some of the STs identified in this study have also been
isolated in other countries, such as ST496 in France (60), the lack
of publicly available WGS data prevented the inclusion of such
isolates in this study.

CONCLUSIONS

Our study demonstrates that a sample population of healthy
pets from SE QLD is primarily carriers of ST496 and ST749
MRSP clones, and these STs differ significantly in their resistance
and virulence patterns. Their success could be partly explained
by our findings that ST496 was found to harbor high levels
of resistance and that ST749 had similar virulence genes to
clinical MRSP isolates such as the presence of the nanB gene,
which might help with colonization. Because of the high levels
of resistance reported in the majority of clinical and colonizing
isolates, veterinarians treating MRSP infections will most likely
come across MDR isolates, which could hinder treatment. ST496
is widely distributed across SE QLD, and both strain types, as
well as others, have similarities to clones previously identified in
New Zealand and other countries with which Australia has high
volume of pet movements. Importation of highly resistant strains
could lead to infections that are difficult to treat. The biosecurity
implications of these findings need further investigation.
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