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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA) is an important cause of nosocomial
infections in humans, but its importance in small animal practice is increasing. Here, we present a case
of feline otitis externa (OE) caused by MRSA; both hemolytic and nonhemolytic variants with a stable
phenotype were recovered from the external auditory canal after infection was detected by routine
otoscopy. One isolate per variant underwent antimicrobial susceptibility testing (AST) by broth
microdilution method, conventional spa typing and whole-genome sequencing (WGS). The results
showed that both variants were genetically related and were of sequence type (ST) 1327, SCCmec
type IV and spa type t005. AST and WGS showed that both isolates were resistant to 3-lactams and
sensitive to all tested non-3-lactam antibiotics. Both isolates were pvl-negative, but encoded several
other virulence genes (aur, hIgABC, sak, scn, seg, sei, sem, sen, seo and seu). Genetic background of the
mixed hemolytic phenotype was not identified; no differences in the agr locus or other regulatory
regions were detected. Three single-nucleotide polymorphisms were identified but could not be
associated with hemolysis. This well-documented case of MRSA infection in companion animals
adds to the reports of MRSA infections with a mixed hemolytic phenotype.

Keywords: methicillin-resistant Staphylococcus aureus (MRSA); otitis externa; cat; whole-genome
sequencing (WGS); mixed hemolysis

1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a significant global healthcare
problem in both human and veterinary medicine. Recent data suggest an increase in MRSA
infections, particularly in companion animals, which poses a risk for nosocomial spread in
veterinary hospitals [1-4]. In companion animals, MRSA-associated wound infections have
been frequently described [2,4]. Moreover, companion animals of MRSA-infected human
patients were reported as positive in approximately 10% of households, suggesting they can
be a source of (re)infection for humans [5,6]. On the other hand, owners of MRSA-infected
companion animals represent a source of animal or human (re)infection but are more likely
to be colonized than infected [7]. Probable transmission of S. aureus (including MRSA)
between companion animals and humans (zoonosis) and vice versa (anthroponosis) is
frequently reported [4-9]. Although MRSA is not a common colonizer of cats, cases of
MRSA infection have been documented in cats and their owners [10-12].

The ability of S. aureus to cause disease is associated with a large number of virulence
factors that are highly dependent on the site of infection; S. aureus secretes numerous exotox-
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ins such as a-hemolysin (encoded by hla), bi-component leukocidins (e.g., Panton Valentine
leukocidin, encoded by pvl, and y-hemolysin, encoded by hlg), 3-hemolysin (encoded by
hib) and phenol-soluble modulins (PSMs) [13,14]. In S. aureus, the expression of secreted
(e.g., hemolysins) and cell-associated proteins involved in the virulence is coordinated glob-
ally by a complex quorum-sensing (QS) operon, called the accessory gene regulator (agr). It
is controlled by two promoters: P2 directs the synthesis of RNAII (encoding genes agrA-D,
involved in QS signal transduction) and P3 the synthesis of RNAIII [15,16]. The latter
encodes d-hemolysin (encoded by hid), a membrane-damaging PSM [13]; however, RNAIII
itself, in combination with various cofactors, acts as a global regulator of exoprotein genes
at the level of transcription and translation [15-17]. A high degree of heterogeneity in S.
aureus isolates results from the presence/absence of toxin genes, disruption of gene loci
and variations in gene expression levels [13].

Several studies have reported mixed (heterogeneous) S. aureus infections in humans
where both hemolytic and nonhemolytic variants were obtained, resulting from mutations
in the agr locus or elsewhere [18,19]. Strains with low or no Agr activity have been reported
among S. aureus colonizing healthy individuals, hospital-acquired (HA) MRSA and also
MRSA strains of various animal origins [18,20,21].

Studies of MRSA infections with a mixed hemolytic phenotype in animals are currently
lacking. The aim of the present study was to characterize two MRSA variants, one with
a hemolytic and one with a nonhemolytic phenotype, originating from a cat with acute
otitis externa (OE) diagnosed during routine otoscopy. To this aim, the isolates underwent
antimicrobial susceptibility testing, spa typing and whole-genome sequencing. In addition,
an overview of possible genetic backgrounds influencing the mixed hemolytic phenotype
is provided.

2. Results
2.1. Case Report

A 5-year-old, neutered male, short-haired domestic cat weighing 4.0 kg was presented
to the Small Animal Clinic of the Veterinary Faculty in Ljubljana, Slovenia. Prior to the
visit to the clinic, the cat owner entered a nursing home, after which the cat was adopted
by his daughter. The first owner had been hospitalized before and after entering the
nursing home. The new owner brought the animal to the clinic for routine dental treatment.
Since the cat was anesthetized, clinical examination was also performed because brown
stains were noticed on the cat’s bedding. Complete blood count and biochemistry revealed
no abnormalities, the FIV (feline immunodeficiency virus) and FeLV (feline leukemia virus)
tests were negative. After scaling and polishing the teeth, the upper left fourth premolar
was surgically removed due to advanced periodontal disease. While rhinoscopy revealed
no abnormalities, otoscopy showed that the left ear canal was filled with yellow, creamy
discharge. The right ear canal had dry brown material and the tympanic membrane was
ruptured. Cytologic evaluation of the exudate from the left ear canal revealed the presence
of neutrophils and multiple coccoid bacteria. The cat underwent systemic antimicrobial
therapy with amoxicillin/clavulanic acid (Synulox; Pfizer, Rome, Italy; 50 mg, 1.5 tablets
twice a day). Control otoscopy was performed ten days later and antimicrobial therapy
was prolonged because the response to the treatment was poor and the ear canals were
still inflamed. One week later, the cat was presented again with a complaint of odor from
the left ear. Otoscopy of the right ear canal revealed no abnormalities, while the left ear
canal showed a yellow, creamy discharge. A swab was taken from the left ear canal for
bacteriological and mycological examination. In addition, swabs were taken from the
right ear canal, nasal cavity, pharynx, gingiva and both conjunctivae for bacteriological
and mycological examination. On the same day, antimicrobial therapy was changed to
enrofloxacin (Enroxil; Krka, Novo mesto, Slovenia; 15 mg, 1.5 tablets once a day) and
continued for two weeks. Antibiotics were discontinued after a negative bacteriological
result of the left ear canal swab was obtained.
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After MRSA identification in the examined cat, swabs of the left and right ear canals
were obtained from two other cats from the same household that had been in contact with
the MRSA-positive cat; pharyngeal and gingival swabs were also obtained from one of the
two cats. Nasal, pharyngeal and gingival swabs were also taken from the new cat owner
and her father for MRSA detection.

2.2. Bacteriological Examination and Antimicrobial Susceptibility Testing (AST)

Only samples from the left ear canal of the OE-affected cat were positive. Abundant
bacterial growth was observed on the blood agar plates dominated by hemolytic and
nonhemolytic colonies. Both hemolytic and nonhemolytic phenotypes were stable even
after ten consecutive passages on blood agar. Both types of colonies were coagulase-
positive, agglutinated by the Monostaph Plus and identified as S. aureus using API Staph.
The third, less dominant, dispersed single colonies showed a wide incomplete hemolysis
and were identified as Staphylococcus pseudintermedius using the same protocol as for S.
aureus. A pure culture of lipophilic yeast Malassezia pachydermatis was observed on the
Sabouraud dextrose agar plates after two days of incubation at 37 °C. Samples obtained
from the right ear canal, nasal cavities, pharynx, gingiva and both conjunctivae of the
OE-affected cat were bacteriologically negative, with only a few colonies of the normal
skin microbiota present. In addition, the samples obtained from two other cats and human
samples were also MRSA-negative.

S. pseudintermedius was susceptible to all the tested antimicrobials, whereas both
MRSA isolates were resistant to penicillin, ampicillin, oxacillin and cefoxitin (Table 1).

2.3. Molecular Characterization and Whole-Genome Sequencing

Results of conventional PCR and WGS (Table 2) confirmed that both isolates are
MRSA. Phenotypic and genotypic AST results were concordant. Both assembled genomes
passed the quality check with BioNumerics and showed (i) N5y of 101,126 kb (SA36) and
152,361 kb (SA37), (ii) total assembly length of 2.8 Mb (SA36 and SA37) and (iii) number
of contigs of 63 (SA36) and 54 (SA37). Both isolates harbored virulence genes encoding
v-hemolysin (hlgABC), aureolysin (aur), several staphylococcal enterotoxins (seg, sei, sem,
sen, seo and seu), and two immune evasion cluster (IEC) genes encoding staphylokinase
(sak) and staphylococcal complement inhibitor (scn). None of the isolates harbored pvl gene.

The whole-genome multilocus sequence typing (wgMLST) analysis revealed that the
isolates differed in a single allele in the fnbA locus (encoding fibronectin-binding protein
A); however, this locus had multiple allele hits due to a large number of heterozygous
single nucleotide polymorphisms (SNPs) and was thus considered unreliable. Genome-
wide single nucleotide (SNP) typing revealed three SNPs that differentiated the studied
MRSA isolates with mixed hemolytic phenotype (Table 3). In addition to two SNPs in
the noncoding region, a missense SNP mutation was identified in cycA gene encoding
serine/alanine/glycine permease, resulting in amino acid substitution A331S in the isolate
SA37. Sequence analysis revealed no differences between hemolytic and nonhemolytic
MRSA in the hemolysin genes (hla, hib, hld and higC), regulator genes (sigB, saeR, ccpA,
sarART and agrR) or genes present in the agr locus (agrA-D and RNAIII gene); therefore,
the genetic background leading to the nonhemolytic phenotype was not identified.
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Table 1. Results of antimicrobial susceptibility testing for three Staphylococcus isolates.

Antimicrobial Isolate
Hemolytic MRSA Isolate SA37 Nonhemolytic MRSA Isolate SA36 S. pseudintermedius
MIC (ug/mL) S/R MIC (ug/mL) S/R MIC (ng/mL) S/R

Ampicillin 8 R 4 R <0.125 S
Cefoxitin >6 R >6 R <6 /
Chloramphenicol 8 S 8 S 8 S
Ciprofloxacin <1 S <1 S <1 S
Clindamycin <0.5 S <0.5 S <0.5 S
Daptomycin <0.5 S <0.5 S <0.5 S
Erythromycin <0.25 S <0.25 S 0.5 S
Gentamycin <2 S <2 S <2 S
Levofloxacin <0.25 S <0.25 S <0.25 S
Linezolid <1 S <1 S <1 S
Moxifloxacin <0.25 S <0.25 S <0.25 S
Nitrofurantoin <32 S <32 S <32 S
Oxacillin >4 R >4 R <0.25 S
Penicillin >8 R >8 R <0.06 S
Quinupristin/dalfopristin <0.5 S <0.5 S <0.5 S
Rifampin <0.5 S <0.5 S <0.5 S
Streptomycin <1000 S <1000 S <1000 S
Tetracycline <2 S <2 S <2 S
Tigecycline 0.25 S 0.125 S <0.06 S
Trimethoprim /sulfamethoxazole <0.5 S <0.5 S <0.5 S
Vancomycin 0.5 S 0.5 S 0.5 S

S, susceptible; R, resistant. All MIC values shown in bold were interpreted as resistant.
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Table 2. Genetic characteristics of the hemolytic MRSA isolate SA37 and the nonhemolytic MRSA
isolate SA36. Note that only the genes that are present are reported.

Gene or Genotype (Isolates SA36 and SA37)

mPCR 16S rRNA, nuc, mecA
spa type t005
MLST ST (CC) ST1327 (CC22)
SCCmec type v
agr type I
Resistance genes blaZ, mecA (conferring resistance to (3-lactams)
Virulence genes aur, hIgABC, sak, scn, seg, sei, sem, sen, seo, seil

mPCR, multiplex PCR; CC, clonal complex; ST, sequence type.

Table 3. SNPs differentiating the hemolytic MRSA isolate SA37 and the nonhemolytic MRSA isolate
SA36. All SNP positions are relative to the reference genome HE681097.1.

ops . Nucleotide: Nucleotide:
Position CDS/Intergenic Gene Isolate SA36 Isolate SA37
1491402 Intergenic G T
1765477 CDS cycA G T
2329625 Intergenic G A
CDS, coding sequence.

3. Discussion

In the present study, two MRSA variants were identified in the infected feline ear
canal, one hemolytic and one nonhemolytic, which did not differ in any other studied
phenotypic or genotypic traits. Despite their genomic analysis, the cause of mixed OE
infection could not be determined. S. pseudintermedius and M. pachydermatis were also
isolated from the ear canal, but were not considered to be the cause of OE because the
disease did not subside after the treatment with amoxicillin/clavulanic acid, which should
be effective against S. pseudintermedius. In addition, OE subsided after the treatment with
enrofloxacin and without antifungal agents. We could not reliably confirm whether both
MRSA variants were responsible for the infection, but infections with mixed hemolytic
variants are commonly reported in humans, especially in association with the disrupted
QS regulatory network of S. aureus.

In S. aureus, 16 two-component regulatory systems have been described [22]. Among
them, agr was one of the first and best studied [15,16,23], but other regulatory loci have
also been described in S. aureus such as sar, sigB, sae and arl, as well as several proteins
with homology to SarA such as Rot (repressor of toxins), which act as cross-talking global
regulators of virulence genes and have both positive and negative effects on gene expres-
sion [17]. Due to RNAIII of the agr operon functioning as a specific regulator of exoprotein
gene expression in S. aureus and possibly requiring a conformational change to activate its
function [15], deletions or other mutations affecting the secondary or tertiary structure of
RNAIII could affect the hemolytic phenotype of S. aureus. RNAIII regulates gene transcrip-
tion via accessory protein factors, possibly by directly interacting with and antagonizing
transcription activators [15]. It has also been speculated that RNAIII interacts directly with
regulatory sequences in target DNA [15]. On the other hand, RNAIII may regulate trans-
lation, which has been reported for a-hemolysin [15]. The insertion of transposon Tnb51,
which eliminates the production of x-hemolysin without affecting the structural gene,
has also been described to affect the regulation of virulence phenotype in S. aureus [24].
Such a pleiotropic mutation by transposon insertion leading to decreased production of
hemolysins has also been described for the regulatory loci sae and sarA, and SarA is also
known to bind to DNA located between the two agr promoters [25].

Due to the complexity of virulence gene regulation in S. aureus, it is not always
possible to identify the reason for the altered phenotype, as observed herein. It has
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been previously reported that even large differences in the virulence of S. aureus strains
can result from relatively small differences in their genomes [26], such as SNPs leading
to reduced promoter-binding affinity of the mutated regulatory proteins [27] or mobile
genetic elements [28]. Previous studies examining the within-host diversity of S. aureus
using WGS revealed a fairly high genetic diversity of S. aureus, reaching up to 40 SNPs
in infecting populations [29], which highlights the advantage of selecting more than one
isolate per sample in epidemiological studies.

In the present study, fnbA was the only locus with differences in consensus allele calls
when hemolytic and nonhemolytic MRSA variants were compared using wgMLST, but this
difference could not be reliably confirmed due to the presence of heterozygous SNPs.
Nevertheless, FnbA and FnbB are large adhesive proteins important for the virulence of S.
aureus and are under direct regulation of SarA; they promote bacterial adherence to biotic
or abiotic surfaces (cell-to-surface interactions) and are involved in evasion of host immune
responses [30,31]. Since SarA also binds to the hemolysis-affecting agr regulon [25], a high
complexity of S. aureus regulatory networks can be inferred. A single missense mutation
differentiating the studied MRSA isolates was identified in cycA gene. The disruption
of this gene has been shown to increase the susceptibility to 3-lactams [32]; however, its
role in hemolysis is currently unknown. None of the identified intergenic mutations were
located in the agr locus. The role of the identified SNPs in the mixed hemolytic phenotype
remains to be elucidated in future experimental studies.

Infections with mixed hemolytic and nonhemolytic subpopulations of S. aureus iso-
lates have been shown to result from mutations in agr or other loci during infection rather
than subculturing after isolation [18], although revertants have been reported for approx-
imately 10% of human clinical cases [33] and frequent spontaneous agr mutations have
been observed in the laboratory due to a high metabolic burden entailed by the agr au-
toactivation circuit [16]. In the present study, the nonhemolytic MRSA strain did not
revert back to hemolytic after several serial passages on the growth medium. For human
clinical cases, invasive S. aureus infections with dysfunctional agr have been also associated
with unfavorable clinical outcomes, depending on the site of infection and resistance to
oxacillin [34]. In the present case, the OE infection in the cat was successfully resolved by
enrofloxacin. It was reported that the presence of agr-defective strains is strongly associated
with hospitalization or prior use of antibiotics such as fluoroquinolones or (3-lactams, and
also that community-acquired (CA) MRSA strains can trade Agr activity for methicillin
resistance upon exposure to (3-lactams [19,35]. In the present study, unfortunately, no
MRSA isolate could be obtained from the cat owners to allow comparison and to determine
the source of MRSA.

The obtained MRSA strains exhibited agr type I. The agr groups have been reported
to be biologically and clinically significant [16]. Despite the commonly described associa-
tion between Agr activity and hemolysis, it has also been suggested that the absence of
hemolysis may not be sufficiently sensitive to determine Agr activity and agr-defective
strains should undergo genome sequencing [19]. However, in the present study, despite
performing WGS-based comparisons, we did not detect any differences between the two
MRSA strains. Since we detected the presence of ®Sa3, which encodes sak and scn, it is
also possible that prophages are involved in the mixed hemolytic phenotype via lysogenic
conversion [36]; namely, ®Sa3lt is a 3-hemolysin-converting prophage that is present in
most human S. aureus clones and generates non-functional hlb variants [37].

The rates of MRSA carriage in healthy cats and dogs remain poorly defined but
are reported to be low (2-3%) [38]. Numerous reports, as well as epidemiological data,
suggest nosocomial spread of MRSA within small and large animal practices [1,39,40].
The potential for anthroponotic transmission and the creation of animal reservoirs for
human reinfection are major public health concerns. There is evidence of bidirectional
MRSA transmission between humans and their pets [5,39]. A case study conducted
by Vitale et al. [11] described the first case of isolation of MRSA USA300, a CA-MRSA
clone from a household pet. Indistinguishable MRSA USA300 was isolated from the skin
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lesions of a cat and the cat’s owner who reported skin abscesses and pneumonia three
months earlier. It was therefore likely that MRSA was transmitted between the cat and the
owner, but it could not be definitively confirmed whether this was a case of zoonotic or
anthroponotic transmission. In this study, we were unable to confirm the transmission of
MRSA from the owner to the cat because both the first and the second cat owners were
MRSA-negative at the time of sampling. Interestingly, the second owner frequently fed
the cat leftover food from a nursing home. A retrograde investigation of MRSA isolates
from this nursing home was performed in the MRSA strain collection of Medical Faculty,
Institute of Microbiology and Immunology. Two isolates were identified, but they had a
different resistance profile than the isolates obtained from the cat (data not shown).

The distinction between HA- and CA-MRSA has become significantly blurred since
CA strains are increasingly observed in the nosocomial infections and HA strains in
community settings [41]. The coexistence of HA and CA strains is being maintained
by high rates of cycling individuals between the healthcare settings and the community,
and supported by a large heterogeneity of the human population [42]. Traditionally, the
distinction between CA- and HA-MRSA has been based on SCCmec typing, the presence of
pvl gene and susceptibility to non-f-lactam antibiotics [43]. However, in this study, both
MRSA isolates were pvl-negative, belonged to the CC22 lineage and harbored SCCmec type
IV. CC22 lineage is a successful HA lineage, but is also commonly reported in pets and
their owners [2,12,44]. In a previous study, MRSA from pets was also pvl-negative and
belonged to the HA-MRSA clone ST22-SCCmec IV, but showed spa type t032 [45]. Since
MRSA isolates from animal patients can reflect typical human HA lineages such as CC22,
including MLST and spa types similar to those of human origin, nasal carriage among
veterinarians or pet owners should not be neglected [46]. Moreover, WGS-based phylogeny
of human, feline and canine MRSA isolates belonging to ST22 showed that isolates from
companion animal isolates clustered within the epidemic MRSA-15 (EMRSA-15) pandemic
clade, and in a way that human source could be suggested for animal infections [47].
Furthermore, as in human hospitals, veterinary nosocomial transmission of MRSA has
been confirmed [47]. Not only can successful MRSA lineages can be shared and readily
exchanged between humans and companion animals, but they could also cause infections
without prior host adaptations, suggested as an ‘extended-spectrum genotype’ [47].

4. Materials and Methods
4.1. Bacteriological Examination

For bacteriological examination, samples were streaked onto nutrient agar (Oxoid, UK)
supplemented with 5% sheep blood, Drigalski agar and Sabouraud dextrose agar (Oxoid,
UK) supplemented with chloramphenicol (100 mg/L). Plates were incubated at 37 °C
for 48 h. The obtained cultures were tested for coagulase (Biolife Italiana, Milano, Italy)
and underwent the Monostaph Plus (Bionor Laboratories AS, Skien, Norway) rapid latex
agglutination test to distinguish S. aureus from other Staphylococcus species; the test detects
both MRSA and methicillin-susceptible S. aureus (MSSA). Biochemical characteristics
were evaluated using the commercial API Staph kit (BioMérieux, Marcy-1'Etoile, France)
according to the manufacturer’s instructions. Prior to WGS, all isolates were confirmed
using the matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (Microflex LT system; Bruker Daltonics, Bremen, Germany) according to the
manufacturer’s instructions.

4.2. Antimicrobial Susceptibility Testing

Three isolates obtained from the OE-affected cat (hemolytic and nonhemolytic MRSA and
S. pseudintermedius; all from the left ear canal) underwent AST. AST was performed on com-
mercial 96-well broth microdilution plates for Gram-positive bacteria, Sensititre Gram Positive
GPALLITF plates (TREK Diagnostic Systems; Thermo Fisher Scientific, Oxford, UK) according
to the manufacturer’s instructions. The antimicrobials tested were ampicillin, chloramphenicol,
ciprofloxacin, clindamycin, daptomycin, erythromycin, gentamycin, levofloxacin, linezolid,
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moxifloxacin, nitrofurantoin, oxacillin, penicillin, quinupristin/dalfopristin, rifampin, strepto-
mycin, tetracycline, tigecycline, trimethoprim/sulfamethoxazole, vancomycin and cefoxitin
indicator. The results of the minimum inhibitory concentration (MIC) were evaluated according
to the Clinical and Laboratory Standards Institute criteria for Staphylococcus spp. or S. aureus
where available [48]. The following control strains were included: S. aureus ATCC 29213 as
MRSA-negative control and the in-house S. aureus pig isolate (ST398) as MRSA-positive control.

4.3. Molecular Characterization

The obtained isolates were subjected to identification by multiplex PCR assay. The fol-
lowing primer sets were used: (i) mecA-1 (GGG ATC ATA GCG TCA TTA TTC) and mecA-2
(AAC GAT TGT GAC ACG ATA GCC), which amplify a 527-bp fragment of the mecA gene;
(it) nuc-1 (TCA GCA AAT GCA TCA CAA ACA G) and nuc-2 (CGT AAA TGC ACT TGC
TTC AGG), which amplify a 255-bp fragment of the S. aureus nuclease (nuc) gene; and (iii)
165-1 (GTG CCA GCA GCC GCG GTA A) and 165-2 (AGA CCC GGG AAC GTA TTC
AC), which amplify a 886-bp fragment of the Staphylococcus sp. 165 rRNA gene [49]. DNA
was extracted from bacterial cultures using a simple cell lysis (boiling at 95 °C for 15 min,
centrifugation at 14,000 x g for 2 min) and the supernatant was used as the template for
PCR. A 25-pL reaction mixture contained 12.5 pL of 2x Multiplex PCR Kit (Qiagen, Hilden,
Germany), 0.2 uM of each primer (Invitrogen, Waltham, MA, USA), 1 uL of template DNA
and PCR-grade water to a final volume of 25 uL. Amplification was performed according
to the following protocol: initial denaturation at 95 °C for 15 min, 30 cycles of denaturation
at 94 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 1 min, and final
extension at 72 °C for 10 min. PCR amplicons were separated by electrophoresis in 1.5%
agarose gels, stained with ethidium bromide and visualized under UV light.

For spa typing, the spa gene was amplified as previously described [50]. Amplicons
were inspected by electrophoresis in 1.5% agarose gels, stained with ethidium bromide
and visualized under UV light, followed by Sanger sequencing (SEQme, Dob#i§, Czech Re-
public). Spa types were assigned using the spa-typing plugin of the BioNumerics v.7.6.3
software (bioMérieux, Applied Maths NV, Sint-Martens-Latem, Belgium).

4.4. Whole-Genome Sequencing

Both the hemolytic and nonhemolytic MRSA isolates underwent WGS and comprehen-
sive WGS-based characterization. For WGS, genomic DNA was extracted using the DNA
Blood & Tissue Kit (Qiagen, Hilden, Germany) and DNA libraries were prepared using the
Illumina TruSeq DNA Nano Library Prep Kit (Illumina, San Diego, CA, USA). Sequencing
was performed on the NextSeq500 System using the 2 x 150 bp chemistry (Illumina, USA)
to a minimum coverage of 170 x. Sequencing data of the nonhemolytic MRSA isolate SA36
and hemolytic MRSA isolate SA37 were submitted to the NCBI Sequence Read Archive
(SRA) database under run accession numbers SRR7647329 and SRR7647328, respectively.

Reads were assembled using SPAdes integrated into the BioNumerics v7.6.3 software
(bioMérieux, Applied Maths NV, Martens-Latem, Belgium). SCCmec type was identified
using SCCmecFinder v1.2 [51] by applying the default parameters. Antimicrobial resistance
genes were identified using ResFinder v3.2 [52] by applying the default parameters. In silico
MLST was performed using the “Sequence query” tool implemented in the S. aureus BIGSdb
website (https://pubmlst.org/saureus/, accessed on 2 March 2021). wgMLST based on
the S. aureus wgMLST scheme consisting of 3897 loci was performed using BioNumerics;
default settings were used for both assembly-free and assembly-based allele calling.

Genome-wide SNP typing was performed in BioNumerics by applying the default
settings for read mapping against the ST22 reference genome HO 5096 0412 (NCBI accession
number HE681097.1) using Bowtie (minimum total coverage of 3, minimum forward and
reverse coverage both of 1). After mapping, SNPs were called by applying the strict SNP
filtering template (minimum inter-SNP distance of 12 bp, minimum total coverage of
5, minimum forward coverage and reverse coverage both of 1). Non-informative SNP


https://pubmlst.org/saureus/

Antibiotics 2021, 10, 599 9of 11

positions and positions with gaps, ambiguous or unreliable bases were removed from the
analysis.

Sequence analysis of the S. aureus hemolysin genes hla, hlb, higC, hid, the regulator
genes sigB, saeR, ccpA, sarART, arIRS, agrR, and the agr locus was performed using Geneious
v11.1.5 (Biomatters, Auckland, New Zealand).

5. Conclusions

Here, we present a well-documented case of MRSA infection in companion animals
with mixed hemolytic phenotype. One hemolytic and one nonhemolytic MRSA variant
were identified in the infected feline ear canal, both characterized as spa type t005, ST1327,
SCCmec IV and agr type I. Their antimicrobial resistance profiles were identical and no
differences were observed in the hemolysin genes, regulatory genes and agr locus.
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