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• MecC-MRSA is an emerging zoonotic
health risk.

• Here we report the WGS analysis of the
first mecC-MRSA in Hungary.

• MRSA carriage among the Hungarian
hedgehogs was 1%.

• Our isolate showed a novel sequence type
(ST6736) and spa type (t19701).

• Our isolate carried a recently described
exfoliative toxin (etE).
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In 2011 mecC, a new mecA gene homologue, was described in a bovine isolate in the UK. Since then, mecC-positive
methicillin-resistant Staphylococcus aureus (mecC-MRSA) has also been found in wild animals. An especially high prev-
alence ofmecC-MRSA has been reported among hedgehogs in Sweden (64%) andDenmark (61%). Based on thesefind-
ings we aimed to survey the hedgehog population for mecC-MRSA in Hungary.
Altogether 200 hedgehogs were screened for Staphylococcus aureus using a culture-based method. The antibiotic suscepti-
bility of the isolates to nine drugs was determined, their genetic relatedness was established by PFGE and spa-typing,
and virulence genes were identified by PCR. Whole genome sequencing was performed for the single mecC-MRSA isolate
found.
Of the 200 animals, 13 were carriers of S. aureus (6.5%). Among these, one isolate wasmecA positive and one was mecC
positive. The isolateswere susceptible to non-beta-lactamantibiotics. Toxin geneswere not found, but themajority carried
genes responsible for adhesion and biofilm production. ThemecC-MRSA isolatewas a single-locus variant of ST130, had a
new spa type (t19701) and belonged to SCCmec type XI. It carried a recently described, novel exfoliative toxin (etE).
This is thefirst report ofmecC-MRSA inHungary and thefirst survey of staphylococcus carriage amongwild animals in
the country. The mecC prevalence was much lower than in Northern European countries and rather similar to other
countries in our region.MecC-MRSA could potentially emerge as a novel human pathogen, especially where close con-
tact occurs between humans and animals.
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1. Introduction

Staphylococcus aureus is an important human pathogen that can cause
several diseases ranging from minor skin infections to life-threatening con-
ditions. Its significance has increased with its development of antibiotic re-
sistance (Inagaki et al., 2019; Horváth et al., 2020; Zhen et al., 2020).MRSA
was first reported in 1961 and it has become a serious global threat by now
(WHO, 2017).Methicillin resistance was caused by the incorporation of the
mecA gene into the bacterial chromosome. This gene codes an altered pen-
icillin binding protein, PBP2a,which results in resistance to all β-lactam an-
tibiotics except for the fifth generation cephalosporins (Lakhundi and
Zhang, 2018). The mecA gene is located in the SCCmecmobile genetic ele-
ment (Lakhundi and Zhang, 2018).

In 2011, a newmecA gene homologuewas found in bovine S. aureus iso-
lates in the UK, and in human samples from Denmark, UK and Ireland. This
new homologue, mecALGA251, was located in a novel SCCmec element,
which was designated type XI (García-Álvarez et al., 2011; Shore et al.,
2011). According to the recommendations of the International Working
Group on the Classification of SCC Elements, the new homologue was
named mecC (Ito et al., 2012).

The SCCmec structure has three basic structural elements. Thefirst is the
mec gene complex, which contains the mec gene itself accompanied by
transducer and repressor protein coding genes. The second is the ccr gene
complex, encoding cassette chromosome recombinase genes. And the
third element is any other region of the cassette and is called a joining re-
gion (J1, J2, J3). The mec gene complex is divided into five classes, of
which mecC belongs to the class E mec gene complex, which includes the
blaZ, mecC, mecR1 (transducer), mecI (repressor) genes (Shore et al.,
2011; Lakhundi and Zhang, 2018). The various combinations of the differ-
ent allotypes make up 9 different ccr gene complex types (Lakhundi and
Zhang, 2018).

Since 2011, severalmecC-positive isolates from humans and cattle have
been found in diverse biological samples originating mainly from Western
and Central European countries (García-Álvarez et al., 2011; Shore et al.,
2011; Petersen et al., 2013; Kerschner et al., 2015; Monecke et al., 2016).
In addition, in 2016 the first report of mecC-MRSA occurring outside
Europe was published in Australia (Worthing et al., 2016) and the first re-
port of mecC-MRSA from the American continent was published in 2021
(Silva et al., 2021).

Although the incidence of mecC-MRSA appears to be low in all sectors,
including human healthcare settings, an increasing trend in human clinical
cases has been observed in Denmark (Petersen et al., 2013; Dube et al.,
2021). So far the human mecC isolates have either been detected during
screening, or in clinical samples such as skin and soft tissue infections, sur-
gical site infections, and bloodstream infections (Petersen et al., 2013).

The origin of the mecC gene is still debated. As a higher frequency of
human cases has been detected in people in contact with confirmed
mecC-MRSA-carrying farm animals and in rural areas, contact with live-
stock could be a possible risk factor for humans acquiring mecC-MRSA
(Petersen et al., 2013).

In recent yearsmecC has been identified in other staphylococcal species
from veterinary samples, such as S. xylosus (Harrison et al., 2013b; Desvars-
Larrive et al., 2019) and S. stepanovicii (Loncaric et al., 2013).

Furthermore, mecC-MRSA has been recovered not only from domestic
but also from wild animals (Loncaric et al., 2013; Monecke et al., 2013;
Porrero et al., 2014a; Mrochen et al., 2018; L. Ruiz-Ripa et al., 2019a,
2019b; Heaton et al., 2020). ThemecC-MRSA does not appear to have a par-
ticular host specificity; it has been isolated from several mammalian species
including the European hedgehog, red fox, fallow deer, brown hare, wild
rabbit, and wild boar (Monecke et al., 2016; L. Ruiz-Ripa et al., 2019a,
2019b; Heaton et al., 2020). Only a few studies have examined the possible
role of the environment in the spread of this pathogen. One study found
mecC-MRSA in river water in an area where mecC-MRSA had been found
in wild boar and fallow deer, suggesting that water can be a shared site of
exposure or transmission between the various animal species and the envi-
ronment (Porrero et al., 2014b).
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At first, domestic animals like cattle were linked with mecC-MRSA and
they were thought to be the original source (Petersen et al., 2013). How-
ever, the wide distribution of mecC-MRSA in several wild animal species
challenged this hypothesis. According to more recent results, wild rodents
and insectivores or small carnivores could have served as the original reser-
voir for mecC-MRSA (Becker et al., 2014; Dube et al., 2021).

The European hedgehog is a small insectivore which is native through-
out Europe, and prevalent both in rural and populated areas. In some coun-
tries garden owners often supply them with food and water. Therefore
humans are prone to come into physical contact with these mammals
(Rasmussen et al., 2019).

While the presence of S. aureus in humans, companion animals and live-
stock has beenwidely documented, there is only limited information on the
prevalence of this pathogen in wildlife (Loncaric et al., 2013).

The first mecC-MRSA derived from hedgehogs was isolated in Sweden
in 2013 from a sample which was taken in 2003 (Monecke et al., 2013).
In an Austrian study, 40 different wild animal species were sampled, and
they found three European brown hares, one European otter and one
hedgehog carrying mecC-MRSA (Loncaric et al., 2013). In 2016, 2855
wild mammal samples, previously collected in Germany, Austria and
Sweden, were analysed. Among these, 199 were hedgehog samples, but
only two mecC-MRSAs were detected by Monecke et al. in Sweden in
2013 and two others in Germany (Monecke et al., 2013, 2016). However,
in a screening in Sweden in 2017, 64% of the wild hedgehogs tested (35
out of 55) positive for mecC-MRSA (Bengtsson et al., 2017). A similarly
high prevalence was reported in Denmark, where 114 out of 188 deceased
hedgehogs (61%) carried mecC-MRSA in 2019 (Rasmussen et al., 2019).

In the middle of the 1960s a study conducted by Smith and Marples
(Smith and Marples, 1964, 1965; Smith, 1965) reported a 86% prevalence
of penicillin-resistant S. aureus in wild European hedgehogs in New
Zealand. This study also noted that 45% of hedgehogs had chronic mycotic
infections caused by a dermatophyte called Trichophyton erinacei (previ-
ously T. mentagrophytes var. erinacei). Smith and Marples hypothesized
that hedgehogs could potentially be natural reservoirs of penicillin-
resistant S. aureus because an earlier study had demonstrated the produc-
tion of penicillin-like compounds by dermatophytes (Peck and Hewitt,
1945), which could have provided a selective pressure to develop resis-
tance. Subsequently, they were able to show that Trichophyton species pres-
ent on hedgehogs' skin were able to produce a penicillin-like substance,
with an anti-staphylococcal activity in vivo and in vitro, which could in-
crease the penicillin resistance of the S. aureus strain residing in the ring-
worm infection site (Smith and Marples, 1965). In 2021, Dube et al.
performed a similar screening study of the Swedish hedgehog population
and they found that hedgehogs can carry benzylpenicillin-producing
T. erinacei, and that this dermatophyte co-occurs withmecC-MRSA. Further-
more, this study confirmed the high (60%) prevalence and diversity of
mecC-MRSA in Swedish hedgehogs (Dube et al., 2021).

Despite this relatively large amount of research on wildlife in some
countries, there is no comprehensive work on the prevalence of MRSA
strains in wildlife in Hungary. Taking into account the high prevalence of
mecC strains in hedgehogs in Northern Europe, the main objective of this
work was to explore Hungarian hedgehogs as possible reservoirs of this
type of strain. This is the first study to examine the presence of staphylo-
cocci in the wildlife of our country and the first description of mecC-
MRSA in Hungary.

2. Materials and methods

2.1. Sample collection

A total of 200 hedgehogs (125 alive and 75 dead) were screened for S
aureus using a culture-based method between February and June 2020.
Live animals were sampled in the Budapest region following admission to
the Wildlife Rescue Center at the Budapest Zoo and Botanical Garden.
Dead hedgehogs were collected as road kill from Budapest and its suburbs,
an area approximately 7000 km2 in size (Térport, 2013), or from wildlife



Table 1
Antibiotic susceptibility of 13 S. aureus isolates obtained fromHungarian hedgehogs
(2020).

Antibioticsa MIC range (mg/l) Sensitive (%) Intermediate (%) Resistant (%)

PEN 0.032–32 54 NAb 46
MUP 0.094-0.5 100 0 0
CLI 0.032–0.38 100 0 0
ERY 0.064–1.5 92 8 0
TET 0.25–64 100 0 0
CIP 0.38–1 0 100 0
GEN 0.064–0.75 100 NA 0
FOX 20-33c 85 NA 15

a PEN = penicillin, MUP = mupirocin, CLI = clindamycin, ERY = erythromy-
cin, TET= tetracycline, CIP= ciprofloxacin, GEN= gentamicin, FOX= cefoxitin.

b NA, not applicable.
c Inhibition zone diameter (mm).
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centers in Budapest where animals had died from complications after in-
jury. Samples were taken from dead hedgehogs at the Department of Para-
sitology and Zoology, University of Veterinary Medicine, Budapest.
Sampling for microbiological investigation was performed.

Two individual samples were collected from each animal: one from
both nostrils, obtained with a mini-tip swab supplied with liquid Amies
transport medium (Sigma Transwab ENT, Medical Wire & Equipment,
Corsham, UK), and another from the skin between the spikes and fingers
with traditional Stuart's charcoal transport swabs (Sigma Transwab Stuart's
Charcoal, Medical Wire & Equipment, Corsham, UK). These were taken to
the Institute of Medical Microbiology, Semmelweis University.

The study and its methodology were approved by the Semmelweis Uni-
versity Regional and Institutional Committee of Science and Research
Ethics (reference number: SE RKEB 180/2020).

2.2. Cultivation, identification and antibiotic susceptibility testing

Samples were inoculated onto sheep blood agar and incubated at 37 °C
overnight. The suspected S. aureus colonies, showing β-haemolysis and gold
pigmentation, were further examined by catalase and Pastorex agglutina-
tion tests (Pastorex Staph-Plus Kit, Bio-Rad, Marnes-la-Coquette, France).
The catalase- and coagulase-positive colonies were subcultured and an in-
house duplex PCR was used to detect the S. aureus species-specific nucA
gene, and themecA gene whichmost commonly confers resistance tometh-
icillin (Laub et al., 2011). For the detection of the novelmecC gene, we used
themecC gene primers of Paterson et al. (2012)with the followingmodified
PCR conditions: 94 °C for 3 min, 30 cycles of 94 °C for 1 min, 57 °C for
1 min, 72 °C for 30 s and 72 °C for 10 min. ATCC 33591 (mecA+) and
ATCC BAA-2312 (mecC+) strains were used as positive controls (Supple-
mentary Table 1).

MIC test strips (Liofilchem®, Roseto degli Abruzzi, Teramo, Italy) were
used to test antibiotic susceptibility to penicillin, erythromycin,
clindamycin, gentamicin, ciprofloxacin, tetracycline and mupirocin. Sus-
ceptibility to cefoxitin and vancomycin were tested by disk diffusion and
microdilution methods respectively. S. aureus strains were inoculated
onto cation-adjusted Mueller-Hinton plates and the EUCAST breakpoints
were used for interpretation (The European Committee on Antimicrobial
Susceptibility Testing, 2020). S. aureus ATCC 29213 was included as a
means of quality control of the MIC determinations.

2.3. Detection of virulence and toxin genes

The presence of the icaD, cna, fnbA and fnbB genes - responsible for adhe-
sion and biofilm production - was examined in all S. aureus isolates by PCR
(Campbell et al., 2008; Atshan et al., 2013). The presence of the toxin genes
sea, seb, sec, tsst, eta, etb and lukS-PV/lukF-PV was also tested by PCR in each
isolate (Becker et al., 1998; Monday and Bohach, 1999; Mehrotra et al.,
2000; Al-Talib et al., 2009; Horváth et al., 2020) (Supplementary Table 2).

2.4. Genotyping

For genotyping, pulsed-field gel electrophoresis (PFGE) was performed
after SmaI digestion for all S. aureus strains according to a previously pub-
lished method (Szabó et al., 2009; Laub et al., 2011). Cluster analysis was
done using Fingerprinting II software (Bio-Rad, Marnes-la-Coquette,
France).

All isolated S. aureus strains were sent to the Biomi Ltd. laboratory
(Gödöllő, Hungary) for spa genotyping by the Sanger sequencing method.
Every new repeat combination was submitted to the Ridom Spa Server
(https://spa.ridom.de/submission.shtml).

Multilocus sequence typing (MLST) of the mecA-MRSA was carried out
according to the PubMLST protocol and the sequence type was assigned
through the MLST database (https://pubmlst.org/organisms/
staphylococcus-aureus). SCCmec typing of the mecA-MRSA was performed
by PCR as described previously (Oliveira and de Lencastre, 2002;
Milheiriço et al., 2007; Horváth et al., 2020) (Supplementary Table 3).
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2.5. Whole genome sequencing and data analysis of the isolate containing the
mecC gene

The S. aureus isolate carrying the mecC gene was sent for genome se-
quencing to Biomi Ltd., Gödöllő, Hungary. The genome coverage was
162×. The raw Illumina paired end reads were uploaded to the NCBI
SRA database under the BioProject accession number PRJNA690008.
The de-novo assembly was performed by Velvet Assembler (https://
github.com/dzerbino/velvet/tree/master) and the annotation by
RAST (https://rast.nmpdr.org/). The draft genome was submitted to
the NCBI GenBank under the accession number JAEQMS000000000.
Detection of resistance genes was carried out with ResFinder 2.3
(https://cge.cbs.dtu.dk/services/ResFinder/) (using the default set-
tings) and CARD (https://card.mcmaster.ca/). For MLST typing, MLST
2.0 was used (https://cge.cbs.dtu.dk/services/MLST/). The allelic pro-
file of the isolate was compared with allele sequences present in the
PubMLST database (https://pubmlst.org/). The SCCmec type of the
mecC-MRSA was determined by the SCCmecFinder 1.2 (https://cge.
cbs.dtu.dk/services/SCCmecFinder/) Virulence and toxin genes were
detected by VirulenceFinder 2.0 (https://cge.cbs.dtu.dk/services/
VirulenceFinder/) (using the default settings) and by VFanalyzer
(http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi). The identified
genes and proteins were compared using Clustal Omega Multiple Se-
quence Alignment (https://www.ebi.ac.uk/Tools/msa/clustalo/). Se-
quences and annotations in search of genomic islands were compared
using Geneious 11.1 (Biomatters Ltd., New Zealand).

3. Results

3.1. Carriage rate among hedgehogs

S. aureus strains were isolated in 13 of 200 animals (6.5%), 7/13 in nose
samples and 4/13 in skin samples. Two animals had S. aureus at both loca-
tions (sharing identical PFGE and virulence gene patterns), from which
only one isolate was selected, and hence 13 strains were included in this
manuscript. Two isolates proved to beMRSAs, indicating a 1%MRSA prev-
alence (2/200).

3.2. Antibiotic susceptibility

The isolated S. aureus strains were susceptible to the majority of the ex-
amined antibiotics. The only exception was penicillin, to which 6/13 of the
S. aureus samples showed resistance. Intermediate resistance, elevated
MICs were detected to ciprofloxacin (13/13) and erythromycin (1/13).
Phenotypically two isolates proved to be cefoxitin resistant (Tables 1 and
2). It was confirmed by further PCR analysis that these two strains were
MRSAs: one carried themecA gene, whereas the other sample (H68B1) car-
ried the novel homologue mecC gene.

https://spa.ridom.de/submission.shtml
https://pubmlst.org/organisms/staphylococcus-aureus
https://pubmlst.org/organisms/staphylococcus-aureus
https://github.com/dzerbino/velvet/tree/master
https://github.com/dzerbino/velvet/tree/master
https://rast.nmpdr.org/
https://cge.cbs.dtu.dk/services/ResFinder/
https://card.mcmaster.ca/
https://cge.cbs.dtu.dk/services/MLST/
https://pubmlst.org/
https://cge.cbs.dtu.dk/services/SCCmecFinder/
https://cge.cbs.dtu.dk/services/SCCmecFinder/
https://cge.cbs.dtu.dk/services/VirulenceFinder/
https://cge.cbs.dtu.dk/services/VirulenceFinder/
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi
https://www.ebi.ac.uk/Tools/msa/clustalo/


Table 2
Antibiotic susceptibility results of themecC carrying S. aureus isolate obtained from
a Hungarian hedgehog (2020).

Sample Antibioticsa

PEN MUP CLI ERY TET CIP GEN VAN FOX

MIC (mg/l) Zone diameter (mm)

H68B1 1.50 0.25 0.38 1.50 0.38 1 0.06 1 22
Rb S S I S I S S R

a PEN = penicillin, MUP = mupirocin, CLI = clindamycin, ERY = erythromy-
cin, TET= tetracycline, CIP= ciprofloxacin, GEN= gentamicin, FOX= cefoxitin,

b R = resistant, I = intermediate, S = sensitive.

Table 3
Virulence genes detectedwith PCR in the 13 carried S. aureus isolates fromHungar-
ian hedgehogs (2020).

Isolates icaDa cnab fnbAc fnbBd

SS2 + + + +
SS13 + − + +
SS70 + − + +
18BO + − + +
H21B + − + +
H37O + − + +
H39O + − + +
H71B + − + +
H73B + − + –
H75O + − + +
H75B + − + +
H76O + − + +
H76B + − + +
H68B1 mecC + + − + –
H77O1 mecA+ + − + +

+ = presence of the gene; − = absence of the gene.
a Intracellular adhesion B.
b Collagen binding adhesin.
c Fibronectin binding protein A.
d Fibronectin binding protein B.
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3.3. Virulence factors and toxin genes

ByPCR, the examined toxin geneswere not found,whereas themajority
of the isolated S. aureus strains carried genes responsible for adhesion and
biofilm production (icaD 13/13, fnbA 13/13, fnbB 11/13, cna 1/13). Only
one isolate, the SS2 strain, carried the collagen collagen-binding adhesin
gene. The only difference of note between the two MRSAs was that the
fnbB gene was absent in the mecC-MRSA (Table 3).
Fig. 1. PFGE dendrogram o
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3.4. Genotyping

3.4.1. PFGE, MLST, spa and SCCmec results
The PFGE dendrogram of the 13 S. aureus isolates shows the presence of

two major clusters at 93% similarity level, and only the mecA-MRSA has a
notably divergent banding pattern (Fig. 1).

The spa-typing of the mecC-positive MRSA strain showed a new repeat
combination (04-82-17-25-17-25-25-110) and a new spa type (t19701).
The mecA-MRSA isolate belonged to the t330 spa type, CC45-ST3060
MLST type and was SCCmec type IV. According to the results of the spa typ-
ing of all of the S. aureus isolates, the strains belonged to seven different spa
types: t091 (n=3), t843 (n= 3), t18328 (n=2), t008 (n= 2), t449 (n=
1), t330 (n = 1), and t19701 (n = 1) (Fig. 1).

3.4.2. WGS of the mecC positive MRSA isolate
The single mecC gene gene-containing isolate was examined further

with molecular methods. The MLST type of the isolate was a single-locus
variant of ST130 with one nucleotide difference in the arcC gene. A new al-
lele number (arcC-793) and a new sequence type (ST6736) were assigned
to it by the pubMLST curators. During the analysis of the WGS data, the
presence of blaZ, mecC, and lmrS resistance genes was detected. The latter
codes for an antibiotic efflux pump capable of extruding several antibiotics,
including linezolid, trimethoprim, chloramphenicol, erythromycin, strepto-
mycin, kanamycin, and fusidic acid (https://card.mcmaster.ca/).

The only toxin genes in, the bacterial genome were the gamma hemoly-
sin genes (hlgA, hlgB, hlgC), also called the hlg-locus (Dalla Serra et al.,
2005), and the bicomponent leukocidins, lukD-lukE, lukH-lukG (Seilie and
Bubeck Wardenburg, 2017). The Panton-Valentine leukocidin and the
animal-associated leukocidin homologue lukM/lukF-P83 (Monecke et al.,
2013) were absent. The epidermal cell differentiation inhibitor gene
edinB, as well as a relatively new exfoliative toxin gene homologue
named etE (Imanishi et al., 2019) (previously called etD2 (Monecke et al.,
2013)), were detected in close proximity to each other, separated only by
a 227 bp noncoding region. The genes associated with beta haemolysin-
converting phages, also called the immune evasion cluster (IEC) (sea, sep,
chp, sak and scn), were absent (Monecke et al., 2016; Ahmadrajabi et al.,
2017). During our analysis, the genes coding for aureolysin (aur),
thermonuclease (nuc), coagulase (coa), lipase (geh, lip), and protease
(sspA, sspB, sspC, splA, splB, splC, splD, splE splF) enzymes were found.
Furthermore, themecC-MRSA isolate contained the ica operon, which is re-
sponsible for the poly-n-succinyl-β-1,6-glucosamine (PNSG) polysaccharide
production during infection. This saccharide allows the bacteria to adhere
to each other, thereby promoting biofilm formation (http://www.mgc.ac.
cn/VFs/). In addition, several other genes responsible for the production
of microbial surface component-recognizing adhesive matrix molecules
(MSCRAMMs) were found, such as clumping factors (clfA, clfB), fibrinogen
f the S. aureus isolates.

https://card.mcmaster.ca/
http://www.mgc.ac.cn/VFs/
http://www.mgc.ac.cn/VFs/
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binding protein (efb), extracellular adherence protein (map), elastin binding
protein (ebp), fibronectin binding protein A (fnbA) and Ser-Asp-rich pro-
teins (sdrC, sdrD, sdrE) (http://www.mgc.ac.cn/VFs/). The isolated mecC-
MRSA carried capsule genes (cap8H, cap8I, cap8J, cap8K) promoting cap-
sule production, thus enabling the bacteria to avoid opsonization and
phagocytosis. Of the immune evasion factors, the immunoglobulin G-
binding protein A (spa) and staphylococcal immunoglobulin-binding pro-
tein gene (sbi) were also detected (http://www.mgc.ac.cn/VFs/).

Based on the SCCmec cassette analysis, themecC carrying H68B1 isolate
contained ccrB3 and ccrA1, hence belonging to ccr type 8. An arsenic-
resistance operon could be found in the J1 region as well, consisting of
three genes: arsR, a transcriptional repressor; arsB, an arsenite efflux
pump; and arsC, an arsenate reductase (Shore et al., 2011). In view of
these characteristics, the SCCmecFinder assigned the mecC-MRSA strain
to SCCmec type XI.

4. Discussion

Wildlife can act as a reservoir for a wide variety of pathogens, including
multidrug-resistant microorganisms like MRSA, VRE or Enterobacteriales
(Oravcova et al., 2016; Heaton et al., 2020; Grünzweil et al., 2021). Al-
though hedgehogs in Northern Europe are known to be reservoirs of
mecC (Bengtsson et al., 2017; Rasmussen et al., 2019), in the present
work we found that the prevalence in the Budapest region was found to
be very low. The MRSA carriage rate among hedgehogs in our study was
just 1%. ThemecC prevalence however seems to show significant geograph-
ical differences within Europe. Themajority ofmecC-positive S. aureus sam-
ples have been found inWestern and Northern Europe, both in animals and
humans (García-Álvarez et al., 2011; Shore et al., 2011; Paterson et al.,
2014; Bengtsson et al., 2017; Rasmussen et al., 2019; Heaton et al.,
2020), whereasmecC has a low prevalence in this region of Europe. For in-
stance, very high prevalence has been reported among hedgehogs in
Denmark (61%, 114/188) (Rasmussen et al., 2019) and Sweden (64%,
35/55) (Bengtsson et al., 2017). Only a few studies have been carried out
in the countries bordering Hungary, but these seem to support our findings.
In Croatia, 237 milk samples were examined from cows with mastitis, and
only five mecC-MRSAs were detected (2.1% prevalence) (Cvetnić et al.,
2021). In Austria, 767 wild animals and 723 ruminants were screened for
coagulase-negative Staphylococcus (CoNS) species, and only 15 mecC-
CoNS isolates were found (Loncaric et al., 2019). In Slovakia, small mam-
mals such as striped field mice and yellow-necked mice were screened in
two sampling areas. 61 animals were sampled in total and only seven
S. aureus strains were found - none of them carrying the mecC gene (Kmeť
et al., 2018). The first reports of human mecC-MRSA strains in these coun-
tries were published in 2015. In Austria, 295 MRSA strains, deriving from
both clinical and screening samples, were examined and six mecC-MRSAs
(CC130, CC599,t843, t1535, t3256, t5930) were detected (Kerschner
et al., 2015). In Slovenia, six mecC-MRSAs (ST130-t843, t10009, t9397)
were found among a total of 395 CA-MRSA strains (Dermota et al., 2015).

Presumably mecC-MRSA prevalence is correspondingly low in farm an-
imals in Hungary. Albert et al. examined several hundred milk samples
throughout the country between 2003 and 2018, and found 31 MRSA iso-
lates in total - but none of them was carrying the mecC gene (Albert et al.,
2020). No mecC-MRSA has yet been reported in human specimens in
Hungary.

The presence of the virulence factor cna in S. aureus is lineage-specific
and an association between cna and MLST CC1, CC12, CC22, CC30,
CC45, CC51 and CC239 has been observed (Deurenberg et al., 2009).
Therefore, cna can be used to differentiate clonal complexes within spa
types (Deurenberg et al., 2009). The cna-positive S. aureus hedgehog sam-
ple in this study (SS2) had the spa type t449 (26–23–13-23-31-05-05-17-
25-17-25-16-28), which is related to spa type t005 (26–23–13-23-31-05-
17-25-17-25-16-28), and t005 is associated with ST22, ST23, ST60
(https://spa.ridom.de/). Based on this relationship between spa type and
cna positivity, the SS2 isolate in this study very probably belongs to MLST
CC22, which is a common human epidemic lineage (Tinelli et al., 2009;
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Xiao et al., 2019). In addition, we have identified ST22 as the major
MLST clone among blood stream MRSA isolates in Hungary (Horváth
et al., 2020).

The mecC-MRSA isolate from this study (ST6736) is a single-locus vari-
ant of ST130 with a single nucleotide difference in the arcC gene and it also
shares similarities with ST130 regarding the virulence genes. According to
the literature, the most common MLST clonal complex in mecC-positive
S. aureus isolates in hedgehogs is CC130 with the following spa types:
ST130-t3256, ST130-t843, ST130-t5771, CC130-t843, t10755, 10,893,
t11015, CC130-t528, t843, t1048, t3256, t3570, t6220, t17133, (Loncaric
et al., 2013; Monecke et al., 2013; Bengtsson et al., 2017; Rasmussen
et al., 2019). However, CC1943-t978, t2345, t3391, t8835, t16868 and
CC2361-t3391,t15312, t9111, t978 have also been described in these ani-
mals (Rasmussen et al., 2019). ThemecC-positive strain isolated in the pres-
ent study has a new spa type, t19701 (repeats: 04–82–17-25-17-25-25-
110), although it seems to be very similar to t843 (repeats: 04–82–17-25-
17-25-25-16-17), which has been described in hedgehogs in Sweden and
Austria (Monecke et al., 2013; Bengtsson et al., 2017).

However, ST130 has also been described in other animals as well
(Fig. 2), such as the European rabbit (ST130-t843), red deer (ST130-tNT)
(L. Ruiz-Ripa et al., 2019a, 2019b; Heaton et al., 2020), European brown
hare (ST130-t843, ST130-t10513) (Loncaric et al., 2013; Monecke et al.,
2016; Heaton et al., 2020), common chaffinch (ST130-t6293) (Paterson
et al., 2012), yellow-necked mouse and house mouse (ST130-t843)
(Mrochen et al., 2018), wild boar (ST130-t6220) and Iberian ibex
(ST130-t1736) (Porrero et al., 2014a). Livestock animals are also carriers
of ST130, such as cattle (ST130-t843) (Jørgensen et al., 2005; Sung et al.,
2008; Cvetnić et al., 2021) and sheep (ST130-t843) (Paterson et al.,
2012). Isolates belonging to clonal complex (CC) 130, have additionally
been described in brown rat, European fallow deer, red fox (Monecke
et al., 2016), common seal, domestic dog (Paterson et al., 2012),
European otter (Loncaric et al., 2013), white stork (Gómez et al., 2016),
magpies and cinereous vultures (Laura Ruiz-Ripa et al., 2019a, 2019b).
The genetic relatedness of these European CC130 isolates, based on the
number of allele differences, is shown in Fig. 2. The related data are sum-
marized in Supplementary Table 4.

ThemecA-MRSA strain identified in the current study (H77O1) belongs
to ST3060-t330. According to the pubMLST database (https://pubmlst.
org/) only one ST3060 isolate has been isolated so far, and that was ob-
tained in 2014 in Spain from a white stork (Gómez et al., 2016) which
had t015 spa type. These two spa types are again closely related to one an-
other (t330: 09–02–16-34-34-17-34-16-34 and t015: 08–16–02-16-34-13-
17-34-16-34) (https://spaserver.ridom.de/). The ST3060 belongs to CC45
which we have previously described in human carriage in Hungary (Laub
et al., 2018).

Among the mecC-MRSA isolates, resistance to non-ß-lactam antibiotics
is currently rare (Monecke et al., 2013; Rasmussen et al., 2019) and the
minimal inhibitory concentrations for oxacillin and cefoxitin are generally
lower than those seen among mecA-MRSA (Paterson et al., 2014). These
statements are consistent with the findings of our present work. The blaZ
gene in mecC-MRSA is responsible for ß-lactamase enzyme production
whilemecC is responsible for the mutation in the penicillin binding protein.

The mecC-MRSA isolate lacks the pvl, chp, sak, scn genes, which are
thought to be indicators of human origin (Sung et al., 2008; Monecke
et al., 2016; Ahmadrajabi et al., 2017). The absence of markers for
human adaptation, such as Panton-Valentine leukocidin (pvl) and genes as-
sociated with beta-haemolysin-converting phages (sea, sep, chp, sak and
scn), in the majority of the mecC isolates (Table 4) strongly suggests that
mecC originates from animal-adapted strains (Sung et al., 2008; Monecke
et al., 2013).

Interestingly, we could detect a novel exfoliative toxin in the mecC-
MRSA isolate, which was first described in a paper by Harrison et al.
(2013a) and initially called etD2 and etD-like protein but later renamed as
etE in 2019 (Yamaguchi et al., 2002; Monecke et al., 2013; Mariutti et al.,
2015; Imanishi et al., 2019). This hydrolyses desmoglein 1 in human,
swine, murine and ovine tissues in vitro (Imanishi et al., 2019) and has so

http://www.mgc.ac.cn/VFs/
http://www.mgc.ac.cn/VFs/
https://spa.ridom.de/
https://pubmlst.org/
https://pubmlst.org/
https://spaserver.ridom.de/


Fig. 2.Minimum spanning tree of different CC130 isolates from animals published in the literature. Nodes represent ST of the isolates, numbers in nodes denote the multi-
locus sequence type (7-MLST) as defined by the scheme at https://pubmlst.org/, and colours represent the country of origin. Numbers on the lines between isolates indicate
differences in alleles between isolates. The figure was prepared with Phyloviz Online.
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far been detected in samples from ewe mastitis, humans and hedgehogs
(Harrison et al., 2013a; Monecke et al., 2013; Paterson et al., 2014;
Imanishi et al., 2019). This exfoliative toxin is thought to be localized on
a pathogenicity island together with the epidermal cell differentiation in-
hibitor gene (edinB) (Yamaguchi et al., 2002). The mecC-MRSA isolate
contained this latter gene as well.

5. Conclusions

We report here the first mecC-MRSA strain detected in Hungary, which
was isolated from a hedgehog. In addition, to the best of our knowledge,
this is also the first study in Hungary investigating the prevalence of staph-
ylococci in wildlife.
Table 4
Characterization of reported mecC-MRSA isolates from European hedgehogs.

n = 1
(H68B1)

n = 2 n = 1 n = 114 n = 35

This
study

Monecke
et al., 2013

Loncaric
et al., 2013

Rasmussen
et al., 2019

Bengtsson
et al., 2017

Country Hungary Sweden Austria Denmark Sweden

hlgb locus + + NTa NT NT
lukD/Ec + + NT NT NT
PVLd − − − − −
lukM/lukF-P83e − − NT NT NT
edinBf + + NT NT NT
etE (etD2)g + + NT NT NT
chph − − NT NT NT
saki − − NT NT NT
scnj − − NT − NT

a NT, not tested.
b γ-Hemolysin.
c Leukocidin D/E.
d Panton-Valentin leukocidin.
e Leukocidin M/P83.
f Epidermal cell differentiation inhibitor B.
g Exfoliative toxin E.
h Chemotaxis inhibitory protein.
i Staphylokinase.
j Staphylococcal complement inhibitor.
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ThemecC-MRSA isolate obtained in the current study (H68B1) was very
similar to those found in other European countries, but the carriage rate
seems to be much lower than in the northern regions. The majority of
mecC-MRSA samples from farm animals have also been detected in North-
ern Europe: in the UK, Denmark and Sweden (García-Alvarez et al., 2011;
Petersen et al., 2013). This finding seems to further support the idea that,
in a certain geographical area,mecC carriage rate in wild and domesticated
animal populations follow a similar pattern. Furthermore, this suggests a
probable clonal spread ofmecC-positiveMRSA strains. ThemecC-MRSA iso-
late described here carries a novel exfoliative toxin called etE, which hypo-
thetically can also damage human tissue (Imanishi et al., 2019), so it could
potentially lead to toxin-mediated staphylococcal skin diseases in humans,
although there is no firm evidence to support this theory.

This isolate, like othermecC-MRSA isolates, was susceptible to all of the
examined antibiotics except the ß-lactams. Nonetheless, monitoring antibi-
otic resistance in mecC-MRSAs is important as they may acquire resistance
genes from mecA-MRSAs or other staphylococci.

One limitation of our study is that only hedgehogs fromBudapest and its
suburbs were studied, therefore no firm conclusions on the prevalence and
geographic distribution of S. aureus/MRSA in hedgehogs can be drawn for
the country as a whole. Furthermore, other potential animal hosts, includ-
ing domestic and wild animals, should also be investigated in the future.

Based on our results and the data in the literature (Albert et al., 2020),
the risk of zoonotic transmission ofmecC-MRSA, either fromwild or domes-
tic animals, is currently very low in Hungary. Nevertheless, awareness of
the presence of mecC-MRSA is important, as these strains could be
overlooked and misidentified in clinical microbiology laboratories where
mecC-MRSA may not be correctly identified as MRSA by PCR (Paterson
et al., 2014) and mecC-MRSAs could potentially emerge as novel human
pathogens.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.152858.
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