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Abstract: Staphylococcus pseudintermedius is an opportunistic pathogen that is frequently isolated from
canines. It is of escalating interest because of its increasing antimicrobial resistance and zoonotic
potential. Although many published articles are available that describe isolates obtained from
diseased dogs and humans, this study focused on isolates obtained from healthy dogs and their
owners who presented at clinics for routine veterinary care and utilized whole genome sequencing-
based analyses for strain comparisons. A total of 25 humans and 27 canines were sampled at
multiple sites, yielding 47 and 45 isolates, respectively. Whole genome sequence analysis was
performed. We detected mostly new sequence types (STs) and a high diversity. Strains carried few
antimicrobial resistance genes and plasmids, albeit three MRSP strains were found that belonged to
two internationally distributed STs. The virulence content did not provide insights toward a tendency
to colonization of humans but supported that there may be differences in the surface proteins between
carrier strains and those causing pyoderma. We identified 13 cases in which humans were infected
with strains from the dog they owned.

Keywords: Staphylococcus pseudintermedius; methicillin-resistant; diversity; virulence; dog; human;
comparative genomics

1. Introduction

Staphylococci are opportunistic organisms that can cause infections in humans and an-
imals [1]. This genus is mainly investigated for its molecular epidemiology, virulence [2,3],
and antimicrobial resistance [4,5]. The current study focused on Staphylococcus pseudinter-
medius, which commonly causes pyogenic soft tissue infections, otitis externa, sinusitis,
osteomyelitis, endocarditis, and post-operative abscesses [6-8]. 5. pseudintermedius regularly
colonizes dogs and cats at multiple sites such as the skin and mucous membranes [9,10]
but may also be isolated from horses [11] and humans [12].

Dogs are of particular interest since up to 90% of dogs have been shown to carry this
bacterium [13]. Additionally, different strains of S. pseudintermedius can inhabit different
sites of a dog at the same time, which has vast implications for diagnostic testing and the
determination of antimicrobial sensitivity [14]. This organism can be zoonotic because
it can be transferred from pet dogs to their human owners, and there is the potential for
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S. pseudintermedius to cause infections in humans, particularly in immunocompromised
individuals [15]. Although carriage of S. pseudintermedius may be short-term and sporadic
in healthy humans, dogs can be carriers for extended periods of time [13].

Antimicrobial resistance in S. pseudintermedius is of growing concern, especially the
methicillin-resistant S. pseudintermedius (MRSP) strains [16-19]. Like methicillin-resistant
Staphylococcus aureus (MRSA), MRSP has evolved via the horizontal transfer, acquisition,
and insertion of the staphylococcal cassette chromosome (SCC), which carries a mec gene
(mecA or C) as well as other genes encoding virulence characteristics, other resistance
genes, and metal resistances [20]. The mecA gene encodes an alternative penicillin-binding
protein (PBP2a) that has a low affinity for 3-lactam antibiotics [21], leading to resistance to
these commonly used antibiotics. MRSP strains have also been associated with resistance
to multiple classes of antimicrobials and hence are termed multidrug-resistant (MDR).
The occurrence of these antimicrobial-resistant strains is unsettling because it limits the
options for therapeutic management of infections and has a grave impact on morbidity and
mortality [6].

Recently, there has been increasing evidence of the role of MRSP in causing infections
in canines as well as humans [22], including the transmission of Staphylococcus pseudin-
termedius between humans [23,24]. This is mainly due to the advancement in the tech-
niques used to identify the Staphylococcus species, which include matrix-assisted laser
desorption/ionization—time of flight (MALDI-TOF) mass spectrometry and the combina-
tion of molecular subtyping and sequencing techniques that aid in increasing the accuracy
of identifying S. pseudintermedius infections [13]. As a result, there is a rapidly growing
pool of genomic data available regarding S. pseudintermedius. Most of the data involve
MRSP, which displays a rather a clonal population structure [4]. Although there are many
different sequence types, a geographical pattern of distribution was observed by Perreten
et al. in 2010 [25], when ST71 was the major clone observed in Europe and ST68 was the
major clone observed in the USA. Recent studies published in 2022 indicated that ST71 is
currently the major MRSP clone observed globally [4,26,27].

There is an increasing interest in identifying and comparing the various virulence fac-
tors and colonization capacities possessed by the various sequence types of both MRSP and
methicillin-susceptible S. pseudintermedius (MSSP) to determine if there are any associations
with in vivo virulence. Thus far, there are indications that the surface proteins (spsD/F/P/Q)
that are involved in colonization might be predominant in those isolates that cause pyo-
derma in dogs [28], indicating that these isolates may exhibit a higher pathogenicity. The
genes encoding for spsL and spsD have been associated with host specificity; however,
further research is required for confirmation because these genes show a high sequence
variation [29].

The objectives of this study were to elucidate the clonal types of S. pseudintermedius
present in Trinidad and Tobago and to determine the zoonotic potential and specific
characteristics of the accessory genome of strains isolated from healthy dogs and their
owners using genome sequencing.

2. Results
2.1. Strains

Seventy-two strains were included in this study. They originated from 27 apparently
healthy dogs and 25 owners of these dogs, representing 25 human-dog pairs and 2 dogs for
which their owner was negative. Forty-five strains originated from dogs, and twenty-seven
were from humans. Of the dog strains, 17 were isolated from the nose, 18 were from the
mouth, and 10 were from the skin of the abdomen. Of the human strains, 8 were isolated
from the nose, 5 were from the mouth, and 14 were from the hands (Table 1).

2.2. MLST

Only seven previously identified STs (ST1709, ST1097, ST373, ST758, ST71, ST45,
and ST192) representing 12 strains were found amongst the 72 strains. All other isolates
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presented novel sequence types, as shown in Figure 1. One strain could not be typed due to
absence of the pta gene. An eBURST analysis demonstrated that the strains were singletons.

Table 1. Origin of the strains investigated.

Animal Number of Isolates Isolation Site
Nose Mouth Abdomen (Dog)
(n) (n) Hand (Human) (n)
Dog (n=27) 45 17 18 10
Human (n = 25) 27 8 5 14
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NISBHHL Hand  Human 2314
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W1S10M Mouth Dog 2349
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E2550M Mouth  Dog 2306
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Figure 1. SNP-based phylogenetic tree and accessory genome of the analyzed S. pseudintermedius
strains. New sequence types all had STs higher than 2300. Virulence genes are shown in brown,
and resistance genes are all in purple. Samples are named according to their origin; the last letters
signify whether the strain originated from a dog (D) or human (H) sampling site with N for nose,
H for hand, B for abdomenal skin, and M for mouth. Strains with the same prefix were from the same
dog—owner combination. The strain named reference 1-44876 was the S. pseudintermedius reference
genome ATCC 49051.

2.3. Phylogeny

In all cases, not a single dog—-human combination contained exactly the same strain,
with all showing at least one SNP difference (Table S1 in the Supplementary Materials).
In 13 cases, the SNP differences were between 1 and 12, indicating that both isolates
represented the same clone or strain. A second group of two cases could be identified with
the number of SNPs between 12 and 50, and finally a third group with more than 50 SNPs
included nine cases. In the latter group, no transfer of the strain could be demonstrated,
while in the second group, it was unclear whether these strains represented the same clone
and transmission had occurred. However, multiple strains colonizing the same dog (as
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well as multiple strains in a human in a few cases) were observed. In one dog, two identical
strains were isolated from different sampling sites (Figure 1).

We isolated S. pseudintermedius at multiple sites on dogs (nose, mouth, and ventral
abdomen) and obtained several isolates from the same dog. We obtained multiple strains
(two to four strains) from 15 dogs; in 5 of the cases the isolates represented the same strain
(Iess than 12 SNPs), and in 10 cases, the isolates were different strains.

In contrast, although we sampled multiple anatomical sites in humans (nose, mouth
and hands), we isolated significantly (chi-squared; p = 0.008) fewer strains from different
sites from a single human than from dogs. We obtained two isolates from five people, and
in four of those cases, the isolates represented different strains (more than 12 SNPs). In one
single case, the same strain was isolated twice.

2.4. Antimicrobial Resistance (AMR) Genes

It is important to note that the isolates utilized in this study were not independent
because we isolated them from owners and dogs in the same household as well as multiple
clones from one dog. As such, there was a bias in the dataset for duplicates. Seventeen
strains were fully susceptible, and a few strains carried multiple resistance genes. Forty-five
out of seventy-two strains carried a blaZ, and three MRSPs were identified: two ST71s
from a dog and his owner and one ST45 from the nose of a dog. The mecA gene in the
ST71 strain was located in the SCCmec type III(3A), while the SCCmec element of the ST45
strain was non-typeable as commonly noted in CC45 strains [25]. A BLASTN analysis of
the formerly described non-categorized pSCCmecsy395 revealed a 100% identity with this
element; when using easyfig [30], the structure was shown to be the same. Thirty strains
were tet(M)-positive, and two strains (the MRSP ST72) carried the tet(K) gene. Fifteen
strains carried the dfrG gene. All other AMR genes were only carried by between one and
six strains. Resistance to quaternary ammonium compounds mediated by the gacG gene
was carried by ten strains (Figure 1).

2.5. Plasmids

Few strains carried plasmids, and even fewer carried more than one. A total of
17 strains carried one or more plasmid replicons. One strain carried two plasmids, and the
MRSP strain ST45 carried four plasmids. The most common plasmid replicon found was
the repUS43 replicon, which was carried by 15 strains. The second most common was the
rep7a replicon, which was carried by four strains, of which two also carried the repUS43
replicon. The additional replicons found (repUS12 and rep13) were carried by the ST45
MRSP that also carried the other two replicons.

2.6. Virulence Genes

S. pseudintermedius virulence genes were found in all strains (Figure 1). Using the
VFDBins, only a few enterotoxins (sea, sec, sell, selK, and selg) were found in a few strains.
Using the S. pseudintermedius database to compare these strains, it was found that all strains
contained the enterotoxin-encoding genes (seaR and seaS), all but three contained the se-int,
and only few contained the sec-canine. The accessory gene regulator genes (agrA and agrD)
were found in all strains, while the agrB gene was frequently absent. All four described
types of agrD were detected. The most common type was type III with 22 strains that
were positive. Types I and IV were found in 17 strains, and type II was found in 14 strains.
Other virulence gene regulators present in all strains were the global regulator (rot, srrA,
and sigB), and the traP and sarA genes were detected in all but one strain. All strains also
contained genes encoding leukotoxins (lukF-I and lukS-I), proteases (cIpP and clpX), the
elastin binding protein gene (ebpS), f-hemolysin (k/b), and all but one surface protease
(htrA). While all strains contained the exfoliative toxin gene (siet), all but one contained
the speta gene, few contained the exfoliative toxin genes exi (10) and expB (9), and none the
expA gene. Most of the strains had the capacity to form biofilms since they contained the
icaA/B/C/D genes (63/72). All but two strains contained the nuclease gen nucC, and slightly
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more than half contained the coagulase gene coa. The sialidase encoding gene nanB was
found in 13 strains. Several staphylococcal surface proteins were present, of which some
were in all strains while others were in fewer strains. The sps], spsO, and spsP genes were
not detected.

2.7. Prophages

All strains carried prophages, of which some were only incomplete phages. Due to
the multitude of incomplete phages, it was not possible to make concise comparisons.
However, similar-sized phages were found in the dog—owner pairs as well as similar sizes
of incomplete phages. There was certainly a great variety of different sizes of prophages
amongst the strains within the same ST and between the different STs.

3. Discussion

In contrast to most other studies that focused on MRSP, we sequenced a collection
of colonizing strains that included the strains that also infected the owner of the dog. To
our knowledge, there is only one study that used WGS and thus unambiguously showed
transmission [23]. We studied apparently healthy animals that came to veterinary clinics
for routine checkups or vaccinations.

3.1. Genetic Diversity

Most of the strains represented new STs and were singletons indicating a geographi-
cally specific population structure of S. pseudintermedius in Trinidad. New STs of
S. pseudintermedius from dogs have been frequently reported in as yet underexplored
regions [27,31,32], and these studies showed a specific geographical association of S. pseud-
intermedius sequence types. In contrast, MRSP isolates were more common STs with the
European MRSP ST71, which was identified in one dog-human pair, and the MRSP ST45,
which was only found in a dog. This study detected the most reported MRSP clones
(ST71 and ST45 [33]), indicating a worldwide expansion of these clones that includes the
Caribbean region, probably through tourism or animal trade. While the US is geographi-
cally closer, the MRSP ST68 clone, which is typically associated with the US [33], was not
detected. Nevertheless, in Trinidad, MRSP does not seem to be highly prevalent because
most strains are MSSP.

The MRSP ST71 was also found on an owner, while the MRSP ST45 strain was not
found on an owner. There were no real indications that there was a difference in colonization
capacity between the two detected MRSP clones because we did not detect any difference
in the virulence genes apart from the coa and spsI genes, which were present in the ST45
strain but not in the ST71 strain. Intriguingly, the human ST71 strain, while being nearly
identical (only one SNP difference) in all investigated accessory genes, lacked the spsD gene.
Whether this was associated with an adaptation after colonization of the owner remains to
be determined.

One strain could not be typed using MLST because the pta gene was absent. The pta
gene encodes a phosphate acetyltransferase, and to the best of our knowledge, the absence
of that gene has never been reported previously. Assuming that the gene was incompletely
sequenced, we were not able to locate potential parts of the gene in the sequence. Upon
observation of the cluster pattern of the strain (N252DN; Figure 1), it was observed that it
was not clustering together with a specific sequence type. Thus, we assumed that this gene
was absent in this strain and that this was a rare finding.

It has been shown previously using different methods that the genetic diversity of
strains in a single individual dog can be considerable [34]. Also, in our study, this was
evident, although there were also quite a number of dogs with the same clone present. This
was less obvious in humans, although it should be noted that there were also fewer humans
from whom we could obtain multiple isolates using our methodology. We did not find any
indication that certain S. pseudintermedius strains colonize humans better than animals.
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Transmission of S. pseudintermedius from dogs to humans has been studied on several
occasions [29,35]. The transfer, which has been demonstrated at different degrees, is also
dependent on the sampling methods used as well as whether the dog was experiencing
pyoderma, making it difficult to estimate transmission rates in general. The same/similar
strains have been found to colonize both the animal and the owner, though colonization
with unrelated strains has also been demonstrated [24,36,37]. High diversity may account
for the variation amongst strains colonizing dogs and humans. Indeed, it has been shown
that there was a large diversity of strains on the same dog and that the detection of types
differed over time [38]. As such, the absence of the strain that was found on the owner
and dog may be merely a result of this high diversity of strains and the limited number of
isolates investigated from each dog in this study. A study assessing the diversity of strains
from the same dog would be of interest.

3.2. AMR

In this study, only 3 out of 72 strains were methicillin-resistant, and the other strains
were broadly susceptible to most antibiotics. The resistance against antimicrobials in
S. pseudintermedius is quite variable according to the studies performed, though MRSP
strains tend to be increasingly prevalent, and those strains tend to be multidrug-resistant [39,
40], as also seen in our study. The AMR genes found in these strains are the classical
resistance genes often found in S. pseudintermedius [41,42].

3.3. Plasmids

Though the resistance genes detected are frequently associated with plasmids [42],
few plasmids were present, and most of the strains were devoid of plasmids. The repUS43
replicon has been found in different Gram-positive bacteria worldwide (assessed through a
BLAST search of the sequence and has been shown to be associated with plasmids carrying
the antimicrobial resistance gene, although in our study, no such association could be
found, which may have been caused by the fact that the assembly did not allow for a
closed sequence. Typically, the MRSP strains carried the rep7a, and only one MSSP carried
a plasmid with this replicon; this replicon also has been found in a multitude of Gram-
positive bacteria (via BLAST search). The MRSP ST45 carried most plasmids with all four
different replicons we detected.

3.4. Virulence

The S. pseudintermedius strains isolated in this study seemed to have a core virulence
gene content similar to previously studied strains [43]. Four genes coding for surface
proteins (spsD, spsF, spsP, and spsQ) involved in colonization by binding to the host’s extra-
cellular matrix were previously shown to be present mainly in dog pyoderma isolates [28],
although this was not absolute. In our collection of strains, we detected these genes to
a lesser extent than most of the other surface proteins (23, 1, 0, and 3, respectively). It is
striking that three of those surface proteins were nearly absent, indicating that those genes
may indeed be of importance in pyoderma since our strains were from healthy dogs. This
indicated that the strains used in this study were mainly the typical colonizing strains and
that these strains can readily colonize humans.

Differences in virulence and phage content have been found between human and
dog MRSP strains of a same ST, including an ST45 strain [44] similar to that in our study.
On the other hand, in a larger collection of strains, no differences could be found [29].
Unfortunately, the owner of the dog carrying this ST45 strain did not carry the same strain.
The ST71 strain of our study showed a difference with the human strain lacking the spsD
gene, while in the study by Phumthanakor et al. (2021) [44], the spsP and spsQ genes were
differently present in the dog and human strains. Nevertheless, these surface proteins
are probably associated with pyoderma in dogs. It may thus well be that these proteins
were lost since they are specific for adhesion to dog keratinocytes. Differences were also
seen in the phages; however, since our sequences were Illumina-generated sequences, the
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comparison of the presence of phages was not possible. Though several differences were
noted, they might have been artificial because they were partially located on different
contigs. Long-read sequencing could solve this issue.

Other differences were noted between strains of the same ST, and those were mainly
seen in different surface proteins (spsB/D/I/L/Q/R). Other genes that differed were the
enterotoxin se-int and the nuclease nunC. Differences in the presence was also seen for
several sps genes within a sequence type, which has been noted before [43]. The reason
why these surface proteins differ so much between clonally related strains compared to
other genes remains to be elucidated.

4. Materials and Methods
4.1. Isolates

The isolates were obtained from dogs and their owners and identified using MALDI-
TOF in a previous study [45]. Sampling in this former study was done on dog-owner
combinations with the aim to isolate all Staphylococcaceae and determine the species
distribution and overlaps as well as the antimicrobial susceptibility of the isolates. The
S. pseudintermedius isolates included in this study were selected from this collection based
on the presence of an isolate in a dog and owner. From several dogs and owners, several
isolates were obtained from different locations and subsequently subjected to genome
sequencing. There were isolates included from two dogs for which the owner isolate
was excluded because of contamination of the DNA sample that became evident after
sequence analysis.

4.2. Whole Genome Sequencing and Sequence Analysis

Overnight cultures were grown in tryptic soy broth at 37 °C with 200 rpm shaking.
Genomic DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen). Library
preparation was carried out using the Nextera XT kit and paired-end 2 x 250 nbp se-
quencing on a MiSeq, all following standard Illumina protocols (Illumina Inc., San Diego,
CA, USA). All raw reads were deposited under bioproject PRINA778212 (BioSamples:
SAMN22933514 and SAMN31370566-SAMN31370626).

De novo assembly was conducted using a unicycler, quality was assessed with QUAST,
and sequences were annotated using RASTk on the Patric server (https://www.patricbrc.
org/ accessed on 6 August 2022). MLST was performed on the CGE server using ‘MLST’
(https://cge.cbs.dtu.dk/services/MLST/, accessed for this manuscript on 12 August
2022) [46]. Unknown MLST profiles and alleles were submitted to the ‘Public databases
for molecular typing and microbial genome diversity’ (https://pubmlst.org/ accessed for
this manuscript on 2 November 2022), and new allele numbers and sequence types were
obtained. MLST profiles were compared using BURST on pubMLST.

To investigate the genetic relatedness of the isolates, we used CSI Phylogeny 1.4 on
the CGE server (http://www.genomicepidemiology.org/ accessed for this manuscript
on 20 August 2022) for SNP analysis [47] using the S. pseudintermedius reference genome
ATCC 49051 (named 1-44876). The relatedness of the isolates was visualized using ITol [48].

The following analyses were performed with pipelines from the Center for Genomic
Epidemiology (http://www.genomicepidemiology.org/ accessed for this manuscript on
25 August 20222): Kmer analysis to confirm the species identification (KmerFinder) [49],
ResFinder v.3.0 for the detection of resistance genes [50], PlasmidFinder v2.0 for the de-
tection of plasmid replicons [51], and SCCmecFinder for identification of the SCCmec type.
Sequences not included in the SCCmec typing scheme were downloaded, and BLASTN was
used for finding similar sequences. Structure of the pseudoSCCrmec elements was compared
using easyfig [30]. Phages were analyzed using Phaster (https://phaster.ca/ accessed for
this manuscript on 27 October 2022) [52].

Virulence genes were determined with Abricate using vfdb [53] and a database specif-
ically developed for the detection of S. pseudintermedius virulence genes (DB_SP) [43]. The
specific database contained the sequences for spsA-R, clpP, siet, speta, se-int, lukF-1, lukS-I,
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sec-canine, exi, expB, agrA-D, icaA-D, nanB, coa, clpX, saeR, saeS, htrA, nucC, hlb, sigB, strA,
sarA, rot, traP, expA, and epbS. We determined the four different agrD types (GenBank
accession nos. EU157356.1, EU157391.1, EU157400.1, and EU157402.1) using BLASTN on
the Patric server [34].

Statistical analysis of differences between prevalence of characteristics between dogs
and humans were assessed via the chi-squared test.

5. Conclusions

Less than half of the sampled dog-owner combinations showed that humans were
colonized with S. pseudintermedius strains of the healthy dog they owned (defined as less
than 12 SNPs). In some cases, other strains were found, although this may merely have
reflected the high diversity of S. pseudintermedius strains that can be present within one
dog. We identified mostly new STs and a high diversity of S. pseudintermedius strains in
Trinidad. Strains carried few antimicrobial resistance genes and few plasmids, albeit three
MRSP strains were found belonging to two internationally distributed STs. There were no
indications that strains isolated from owners possessed specific virulence genes that could
facilitate the colonization of humans.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antibiotics12081266/s1, Table S1. SNP Matrix.

Author Contributions: Conceptualization, P.B. and S.S.; methodology, P.B., EB. and M.S.; validation,
all authors; formal analysis, P.B.; resources, P.B. and S.S.; data curation, P.B.; writing—original draft
preparation, P.B. and S.S.; writing—review and editing, all authors; visualization, P.B.; supervision,
P.B.; project administration, P.B.; funding acquisition, P.B. and S.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the University of the West Indies Campus Research and
Publication Fund (grant number CRP.3.MAR16.36), the Ross University School of Veterinary Medicine
(grant number 22/001) and The MALDI-TOF MS was financed by the Research Foundation Flanders
(FWO-Vlaanderen) as a Hercules project [GOH2516N, AUGE/15/05].

Institutional Review Board Statement: Ethical approval was obtained from the University of the
West Indies Ethics Committee (reference number CEC227/06/16).

Informed Consent Statement: Witnessed verbal informed consent was obtained from all owners for
sample collection. No minors were sampled during this study.

Data Availability Statement: The raw sequence data are available from the NCBI under BioProject
PRJNA892162, BioSample SAMN22933514, and SRA numbers SRR21977355 to SRR21977426.

Acknowledgments: We are grateful to Tesha Sooklal and Nirvana Mahabir for their assistance in
the DNA extraction and quantification process. We thank Serge Verbanck for his skillful technical
assistance during the MALDI-TOF analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fabregas, N.; Pérez, D.; Vifies, J.; Cusco, A.; Migura-Garcia, L.; Ferrer, L.; Francino, O. Diverse Populations of Staphylococcus
pseudintermedius Colonize the Skin of Healthy Dogs. Microbiol. Spectr. 2023, 11, e0339322. [CrossRef]

2. Cengiz, S.; Okur, S.; Oz, C.; Turgut, F; Gumurcinler, B.; Sevuk, N.S.; Kekec, A.L; Cepoglu, H.; Sevimli, U.; Adiguzel, M.C. Preva-
lence and clonal diversity of methicillin-resistant Staphylococcus aureus and methicillin-resistant Staphylococcus pseudintermedius
isolated from dogs and cats with eye discharge. Acta Microbiol. Immunol. Hung. 2023, 70, 134-141. [CrossRef]

3. Fabregas, N.; Pérez, D.; Vifies, ].; Fonticoba, R.; Cuscd, A.; Migura-Garcia, L.; Ferrer, L.; Francino, O. Whole-Genome Sequencing
and De Novo Assembly of 67 Staphylococcus pseudintermedius Strains Isolated from the Skin of Healthy Dogs. Microbiol. Resour.
Announc. 2022, 11, €0003922. [CrossRef]

4. Adiguzel, M.C.; Schaefer, K.; Rodriguez, T.; Ortiz, ].; Sahin, O. Prevalence, Mechanism, Genetic Diversity, and Cross-Resistance
Patterns of Methicillin-Resistant Staphylococcus Isolated from Companion Animal Clinical Samples Submitted to a Veterinary
Diagnostic Laboratory in the Midwestern United States. Antibiotics 2022, 11, 609. [CrossRef]

5. Glajzner, P; Szewczyk, E.M.; Szemraj, M. Pathogenic potential and antimicrobial resistance of Staphylococcus pseudintermedius

isolated from human and animals. Folia Microbiol. 2022, 68, 231-243. [CrossRef]


https://www.mdpi.com/article/10.3390/antibiotics12081266/s1
https://www.mdpi.com/article/10.3390/antibiotics12081266/s1
https://doi.org/10.1128/spectrum.03393-22
https://doi.org/10.1556/030.2023.01899
https://doi.org/10.1128/mra.00039-22
https://doi.org/10.3390/antibiotics11050609
https://doi.org/10.1007/s12223-022-01007-x

Antibiotics 2023, 12, 1266 9of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Costa, S.S.; Ribeiro, R.; Serrano, M.; Oliveira, K.; Ferreira, C.; Leal, M.; Pomba, C.; Couto, I. Staphylococcus aureus Causing Skin and
Soft Tissue Infections in Companion Animals: Antimicrobial Resistance Profiles and Clonal Lineages. Antibiotics 2022, 11, 599.
[CrossRef]

Gagetti, P.; Wattam, A.R.; Giacoboni, G.; De Paulis, A.; Bertona, E.; Corso, A.; Rosato, A.E. Identification and molecular
epidemiology of methicillin resistant Staphylococcus pseudintermedius strains isolated from canine clinical samples in Argentina.
BMC Vet. Res. 2019, 15, 264. [CrossRef] [PubMed]

Silva, V.; Oliveira, A.; Manageiro, V.; Canica, M.; Contente, D.; Capita, R.; Alonso-Calleja, C.; Carvalho, I.; Capelo, J.L.; Igrejas, G.;
et al. Clonal Diversity and Antimicrobial Resistance of Methicillin-Resistant Staphylococcus pseudintermedius Isolated from Canine
Pyoderma. Microorganisms 2021, 9, 482. [CrossRef] [PubMed]

Bierowiec, K.; Miszczak, M.; Korzeniowska-Kowal, A.; Wzorek, A.; Ptkarz, D.; Gamian, A. Epidemiology of Staphylococcus
pseudintermedius in cats in Poland. Sci. Rep. 2021, 11, 18898. [CrossRef] [PubMed]

Dazio, V.; Nigg, A.; Schmidt, ].S.; Brilhante, M.; Campos-Madueno, E.I; Mauri, N.; Kuster, S.P.; Brawand, S5.G.; Willi, B.; Endimiani,
A_; et al. Duration of carriage of multidrug-resistant bacteria in dogs and cats in veterinary care and co-carriage with their owners.
One Health 2021, 13, 100322. [CrossRef]

De Martino, L.; Lucido, M.; Mallardo, K.; Facello, B.; Mallardo, M.; Iovane, G.; Pagnini, U.; Tufano, M.A.; Catalanotti, P.
Methicillin-resistant staphylococci isolated from healthy horses and horse personnel in Italy. J. Vet. Diagn. Invest. 2010, 22, 77-82.
[CrossRef]

Latronico, F; Moodley, A.; Nielsen, S.S.; Guardabassi, L. Enhanced adherence of methicillin-resistant Staphylococcus pseudinter-
medius sequence type 71 to canine and human corneocytes. Vet. Res. 2014, 45, 70. [CrossRef] [PubMed]

Somayaji, R.; Rubin, J.E.; Priyantha, M.A.; Church, D. Exploring Staphylococcus pseudintermedius: An emerging zoonotic pathogen?
Future Microbiol. 2016, 11, 1371-1374. [CrossRef]

Frosini, S.M.; Bond, R.; King, R.H.; Loeffler, A. The nose is not enough: Multi-site sampling is best for MRSP detection in dogs
and households. Vet. Dermatol. 2022, 33, 576-580. [CrossRef] [PubMed]

Wegener, A.; Duim, B.; van der Graaf-van Bloois, L.; Zomer, A.L.; Visser, C.E.; Spaninks, M.; Timmerman, A.].; Wagenaar, J.A.;
Broens, E.M. Within-Household Transmission and Bacterial Diversity of Staphylococcus pseudintermedius. Pathogens 2022, 11, 850.
[CrossRef] [PubMed]

Bardasheva, A ; Tikunov, A.; Kozlova, Y.; Zhirakovskaia, E.; Fedorets, V.; Fomenko, N.; Kalymbetova, T.; Chretien, S.; Pavlov, V.;
Tikunova, N.; et al. Antibiotic Resistance and Pathogenomics of Staphylococci Circulating in Novosibirsk, Russia. Microorganisms
2021, 9, 2487. [CrossRef] [PubMed]

Jantorn, P.; Heemmamad, H.; Soimala, T.; Indoung, S.; Saising, J.; Chokpaisarn, J.; Wanna, W.; Tipmanee, V.; Saeloh, D. Antibiotic
Resistance Profile and Biofilm Production of Staphylococcus pseudintermedius Isolated from Dogs in Thailand. Pharmaceuticals 2021,
14, 592. [CrossRef] [PubMed]

Kang, J.H.; Chung, T.H.; Hwang, C.Y. Clonal distribution of methicillin-resistant Staphylococcus pseudintermedius isolates from
skin infection of dogs in Korea. Vet. Microbiol. 2017, 210, 32-37. [CrossRef]

Menandro, M.L.; Dotto, G.; Mondin, A.; Martini, M.; Ceglie, L.; Pasotto, D. Prevalence and characterization of methicillin-resistant
Staphylococcus pseudintermedius from symptomatic companion animals in Northern Italy: Clonal diversity and novel sequence
types. Comp. Immunol. Microbiol. Infect. Dis. 2019, 66, 101331. [CrossRef]

Gan, T,; Shu, G.; Fu, H;; Yan, Q.; Zhang, W.; Tang, H.; Yin, L.; Zhao, L.; Lin, J. Antimicrobial resistance and genotyping of
Staphylococcus aureus obtained from food animals in Sichuan Province, China. BMC Vet. Res. 2021, 17, 177. [CrossRef]

Moses, I.B.; Santos, EF,; Gales, A.C. Human Colonization and Infection by Staphylococcus pseudintermedius: An Emerging and
Underestimated Zoonotic Pathogen. Microorganisms 2023, 11, 581. [CrossRef]

Afshar, M.F;; Zakaria, Z.; Cheng, C.H.; Ahmad, N.I. Prevalence and multidrug-resistant profile of methicillin-resistant Staphylococ-
cus aureus and methicillin-resistant Staphylococcus pseudintermedius in dogs, cats, and pet owners in Malaysia. Vet. World 2023, 16,
536-545. [CrossRef] [PubMed]

Abdullahi, I.N.; Lozano, C.; Zarazaga, M.; Saidenberg, A.B.S.; Stegger, M.; Torres, C. Clonal relatedness of coagulase-positive
staphylococci among healthy dogs and dog-owners in Spain. Detection of multidrug-resistant-MSSA-CC398 and novel linezolid-
resistant-MRSA-CC5. Front. Microbiol. 2023, 14, 1121564. [CrossRef] [PubMed]

Cuny, C.; Layer-Nicolaou, F.; Weber, R.; Kock, R.; Witte, W. Colonization of Dogs and Their Owners with Staphylococcus aureus
and Staphylococcus pseudintermedius in Households, Veterinary Practices, and Healthcare Facilities. Microorganisms 2022, 10, 677.
[CrossRef] [PubMed]

Perreten, V.; Kadlec, K.; Schwarz, S.; Grénlund Andersson, U.; Finn, M.; Greko, C.; Moodley, A.; Kania, S.A.; Frank, L.A.; Bemis,
D.A.; et al. Clonal spread of methicillin-resistant Staphylococcus pseudintermedius in Europe and North America: An international
multicentre study. |. Antimicrob. Chemother. 2010, 65, 1145-1154. [CrossRef] [PubMed]

Bruce, S.A.; Smith, ].T.; Mydosh, J.L.; Ball, ].; Needle, D.B.; Gibson, R.; Andam, C.P. Accessory Genome Dynamics of Local and
Global Staphylococcus pseudintermedius Populations. Front. Microbiol. 2022, 13, 798175. [CrossRef]

Viegas, EM.; Santana, J.A.; Silva, B.A.; Xavier, R.G.C.; Bonisson, C.T.; Camara, J.L.S.; Renn6, M.C.; Cunha, J.L.R.; Figueiredo,
H.C.P; Lobato, EC.E; et al. Occurrence and characterization of methicillin-resistant Staphylococcus spp. in diseased dogs in Brazil.
PLoS ONE 2022, 17, €0269422. [CrossRef]


https://doi.org/10.3390/antibiotics11050599
https://doi.org/10.1186/s12917-019-1990-x
https://www.ncbi.nlm.nih.gov/pubmed/31351494
https://doi.org/10.3390/microorganisms9030482
https://www.ncbi.nlm.nih.gov/pubmed/33668916
https://doi.org/10.1038/s41598-021-97976-z
https://www.ncbi.nlm.nih.gov/pubmed/34556720
https://doi.org/10.1016/j.onehlt.2021.100322
https://doi.org/10.1177/104063871002200114
https://doi.org/10.1186/1297-9716-45-70
https://www.ncbi.nlm.nih.gov/pubmed/24957656
https://doi.org/10.2217/fmb-2016-0137
https://doi.org/10.1111/vde.13118
https://www.ncbi.nlm.nih.gov/pubmed/36016486
https://doi.org/10.3390/pathogens11080850
https://www.ncbi.nlm.nih.gov/pubmed/36014971
https://doi.org/10.3390/microorganisms9122487
https://www.ncbi.nlm.nih.gov/pubmed/34946089
https://doi.org/10.3390/ph14060592
https://www.ncbi.nlm.nih.gov/pubmed/34203050
https://doi.org/10.1016/j.vetmic.2017.08.017
https://doi.org/10.1016/j.cimid.2019.101331
https://doi.org/10.1186/s12917-021-02884-z
https://doi.org/10.3390/microorganisms11030581
https://doi.org/10.14202/10.14202/vetworld.2023.536-545
https://www.ncbi.nlm.nih.gov/pubmed/37041832
https://doi.org/10.3389/fmicb.2023.1121564
https://www.ncbi.nlm.nih.gov/pubmed/36937268
https://doi.org/10.3390/microorganisms10040677
https://www.ncbi.nlm.nih.gov/pubmed/35456729
https://doi.org/10.1093/jac/dkq078
https://www.ncbi.nlm.nih.gov/pubmed/20348087
https://doi.org/10.3389/fmicb.2022.798175
https://doi.org/10.1371/journal.pone.0269422

Antibiotics 2023, 12, 1266 10 of 11

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ferrer, L.; Garcia-Fonticoba, R.; Pérez, D.; Vifies, J.; Fabregas, N.; Madrofiero, S.; Meroni, G.; Martino, P.A.; Martinez, S.; Maté,
M.L.; et al. Whole genome sequencing and de novo assembly of Staphylococcus pseudintermedius: A pangenome approach to
unravelling pathogenesis of canine pyoderma. Vet. Dermatol. 2021, 32, 654-663. [CrossRef]

Wegener, A.; Broens, E.M.; van der Graaf-van Bloois, L.; Zomer, A.L.; Visser, C.E.; van Zeijl, J.; van der Meer, C.; Kusters, ].G;
Friedrich, A.W.; Kampinga, G.A.; et al. Absence of Host-Specific Genes in Canine and Human Staphylococcus pseudintermedius as
Inferred from Comparative Genomics. Antibiotics 2021, 10, 854. [CrossRef]

Sullivan, M.].; Petty, N.K.; Beatson, S.A. Easyfig: A genome comparison visualizer. Bioinformatics 2011, 27, 1009-1010. [CrossRef]
Bruce, S.A.; Smith, ].T.; Mydosh, J.L.; Ball, J.; Needle, D.B.; Gibson, R.; Andam, C.P. Shared antibiotic resistance and virulence
genes in Staphylococcus aureus from diverse animal hosts. Sci. Rep. 2022, 12, 4413. [CrossRef]

Worthing, K.A.; Abraham, S.; Coombs, G.W.; Pang, S.; Saputra, S.; Jordan, D.; Trott, D.J.; Norris, ]. M. Clonal diversity and
geographic distribution of methicillin-resistant Staphylococcus pseudintermedius from Australian animals: Discovery of novel
sequence types. Vet. Microbiol. 2018, 213, 58-65. [CrossRef] [PubMed]

Pires Dos Santos, T.; Damborg, P.; Moodley, A.; Guardabassi, L. Systematic Review on Global Epidemiology of Methicillin-
Resistant Staphylococcus pseudintermedius: Inference of Population Structure from Multilocus Sequence Typing Data. Front.
Microbiol. 2016, 7, 1599. [CrossRef] [PubMed]

Bannoehr, J.; Ben Zakour, N.L.; Waller, A.S.; Guardabassi, L.; Thoday, K.L.; van den Broek, A.H.; Fitzgerald, J.R. Population genetic
structure of the Staphylococcus intermedius group: Insights into agr diversification and the emergence of methicillin-resistant
strains. J. Bacteriol. 2007, 189, 8685-8692. [CrossRef]

Reken, M.; Iakhno, S.; Haaland, A.H.; Wasteson, Y.; Bjelland, A.M. Transmission of Methicillin-Resistant Staphylococcus spp. from
Infected Dogs to the Home Environment and Owners. Antibiotics 2022, 11, 637. [CrossRef]

Han, J.I; Yang, C.H.; Park, H.M. Prevalence and risk factors of Staphylococcus spp. carriage among dogs and their owners:
A cross-sectional study. Vet. . 2016, 212, 15-21. [CrossRef] [PubMed]

van Duijkeren, E.; Kamphuis, M.; van der Mije, 1.C.; Laarhoven, L.M.; Duim, B.; Wagenaar, ].A.; Houwers, D.]J. Transmission of
methicillin-resistant Staphylococcus pseudintermedius between infected dogs and cats and contact pets, humans and the environment
in households and veterinary clinics. Vet. Microbiol. 2011, 150, 338-343. [CrossRef]

Paul, N.C.; Bargman, S.C.; Moodley, A.; Nielsen, S.S.; Guardabassi, L. Staphylococcus pseudintermedius colonization patterns and
strain diversity in healthy dogs: A cross-sectional and longitudinal study. Vet. Microbiol. 2012, 160, 420-427. [CrossRef]

Lord, J.; Millis, N.; Jones, R.D.; Johnson, B.; Kania, S.A.; Odoi, A. Patterns of antimicrobial, multidrug and methicillin resistance
among Staphylococcus spp. isolated from canine specimens submitted to a diagnostic laboratory in Tennessee, USA: A descriptive
study. BMC Vet. Res. 2022, 18, 91. [CrossRef] [PubMed]

Moodley, A.; Damborg, P.; Nielsen, S.S. Antimicrobial resistance in methicillin susceptible and methicillin resistant Staphylococcus
pseudintermedius of canine origin: Literature review from 1980 to 2013. Vet Microbiol 2014, 171, 337-341. [CrossRef]

Abdullahi, LN.; Zarazaga, M.; Campania-Burguet, A.; Eguizabal, P.; Lozano, C.; Torres, C. Nasal Staphylococcus aureus and
S. pseudintermedius carriage in healthy dogs and cats: A systematic review of their antibiotic resistance, virulence and genetic
lineages of zoonotic relevance. J. Appl. Microbiol. 2022, 133, 3368-3390. [CrossRef]

Mlynarczyk-Bonikowska, B.; Kowalewski, C.; Krolak-Ulinska, A.; Marusza, W. Molecular Mechanisms of Drug Resistance in
Staphylococcus aureus. Int. . Mol. Sci. 2022, 23, 8088. [CrossRef] [PubMed]

Bergot, M.; Martins-Simoes, P; Kilian, H.; Chatre, P.; Worthing, K.A.; Norris, ]. M.; Madec, J.-Y.; Laurent, F.; Haenni, M. Evolution
of the Population Structure of Staphylococcus pseudintermedius in France. Front. Microbiol. 2018, 9, 3055. [CrossRef] [PubMed]
Phumthanakorn, N.; Schwendener, S.; Dona, V.; Chanchaithong, P.; Perreten, V.; Prapasarakul, N. Genomic insights into
methicillin-resistant Staphylococcus pseudintermedius isolates from dogs and humans of the same sequence types reveals diversity
in prophages and pathogenicity islands. PLoS ONE 2021, 16, €0254382. [CrossRef]

Suepaul, S.; Georges, K.; Unakal, C.; Boyen, F.; Sookhoo, J.; Ashraph, K.; Yusuf, A.; Butaye, P. Determination of the frequency,
species distribution and antimicrobial resistance of staphylococci isolated from dogs and their owners in Trinidad. PLoS ONE
2021, 16, €0254048. [CrossRef] [PubMed]

Larsen, J.; Enright, M.C.; Godoy, D.; Spratt, B.G.; Larsen, A.R.; Skov, R.L. Multilocus sequence typing scheme for Staphylococcus
aureus: Revision of the gmk locus. J. Clin. Microbiol. 2012, 50, 2538-2539. [CrossRef]

Kaas, R.S.; Leekitcharoenphon, P.; Aarestrup, EM.; Lund, O. Solving the problem of comparing whole bacterial genomes across
different sequencing platforms. PLoS ONE 2014, 9, e104984. [CrossRef]

Letunic, I; Bork, P. Interactive Tree Of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 2021, 49, W293-W296. [CrossRef]

Hasman, H.; Saputra, D.; Sicheritz-Ponten, T.; Lund, O.; Svendsen, C.A.; Frimodt-Meller, N.; Aarestrup, FM. Rapid whole-genome
sequencing for detection and characterization of microorganisms directly from clinical samples. J. Clin. Microbiol. 2014, 52,
139-146. [CrossRef]

Bortolaia, V.; Kaas, R.S.; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.; Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.F;
et al. ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 2020, 75, 3491-3500. [CrossRef]
Carattoli, A.; Zankari, E.; Garcia-Fernandez, A.; Voldby Larsen, M.; Lund, O.; Villa, L.; Moller Aarestrup, F.; Hasman, H. In silico
detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob. Agents Chemother.
2014, 58, 3895-3903. [CrossRef] [PubMed]


https://doi.org/10.1111/vde.13040
https://doi.org/10.3390/antibiotics10070854
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1038/s41598-022-08230-z
https://doi.org/10.1016/j.vetmic.2017.11.018
https://www.ncbi.nlm.nih.gov/pubmed/29292005
https://doi.org/10.3389/fmicb.2016.01599
https://www.ncbi.nlm.nih.gov/pubmed/27803691
https://doi.org/10.1128/JB.01150-07
https://doi.org/10.3390/antibiotics11050637
https://doi.org/10.1016/j.tvjl.2015.10.059
https://www.ncbi.nlm.nih.gov/pubmed/27256020
https://doi.org/10.1016/j.vetmic.2011.02.012
https://doi.org/10.1016/j.vetmic.2012.06.012
https://doi.org/10.1186/s12917-022-03185-9
https://www.ncbi.nlm.nih.gov/pubmed/35255907
https://doi.org/10.1016/j.vetmic.2014.02.008
https://doi.org/10.1111/jam.15803
https://doi.org/10.3390/ijms23158088
https://www.ncbi.nlm.nih.gov/pubmed/35897667
https://doi.org/10.3389/fmicb.2018.03055
https://www.ncbi.nlm.nih.gov/pubmed/30619143
https://doi.org/10.1371/journal.pone.0254382
https://doi.org/10.1371/journal.pone.0254048
https://www.ncbi.nlm.nih.gov/pubmed/34214140
https://doi.org/10.1128/JCM.00290-12
https://doi.org/10.1371/journal.pone.0104984
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1128/JCM.02452-13
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1128/AAC.02412-14
https://www.ncbi.nlm.nih.gov/pubmed/24777092

Antibiotics 2023, 12, 1266 11 of 11

52.  Arndt, D.; Grant, ].R.; Marcu, A.; Sajed, T.; Pon, A.; Liang, Y.; Wishart, D.S. PHASTER: A better, faster version of the PHAST
phage search tool. Nucleic Acids Res. 2016, 44, W16-W21. [CrossRef] [PubMed]

53. Chen, L.; Zheng, D.; Liu, B.; Yang, J.; Jin, Q. VFDB 2016: Hierarchical and refined dataset for big data analysis—10 years on.
Nucleic Acids Res. 2016, 44, D694-D697. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nar/gkw387
https://www.ncbi.nlm.nih.gov/pubmed/27141966
https://doi.org/10.1093/nar/gkv1239
https://www.ncbi.nlm.nih.gov/pubmed/26578559

	Introduction 
	Results 
	Strains 
	MLST 
	Phylogeny 
	Antimicrobial Resistance (AMR) Genes 
	Plasmids 
	Virulence Genes 
	Prophages 

	Discussion 
	Genetic Diversity 
	AMR 
	Plasmids 
	Virulence 

	Materials and Methods 
	Isolates 
	Whole Genome Sequencing and Sequence Analysis 

	Conclusions 
	References

