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Abstract

Objectives

A recent study from Sweden showed that European hedgehogs may constitute a reservoir

for methicillin-resistant Staphylococcus aureus (MRSA), but this host-parasite relationship

remains to be investigated in other countries. In this study, we therefore sought to: 1) deter-

mine the dissemination of MRSA in European hedgehogs throughout Denmark; 2) investi-

gate determinants of MRSA carriage in hedgehogs; 3) determine the potential for zoonotic

transmission of MRSA from hedgehogs to humans; and 4) characterise the detected MRSA

on both a phenotypic and molecular level.

Methods

Nasal swabs were taken from 188 dead hedgehogs collected by volunteers throughout Den-

mark to determine the occurrence of MRSA. Additionally, 16 hedgehog rehabilitators were

tested for potential zoonotic transmission of MRSA from hedgehogs to humans. The swabs

were incubated in tryptic soy broth supplemented with 6.5% NaCl, followed by spread of

10 μl on Brilliance MRSA 2 agar. One presumptive MRSA colony from each plate was sub-

cultured on 5% blood agar. All S. aureus subcultures were verified by a PCR assay detecting

mecA, mecC, lukF-PV, scn, and spa, followed by spa typing.

Results

A total of 114 (61%) hedgehogs carried mecC-MRSA, whereas none carried mecA-MRSA.

The detected mecC-MRSA belonged to two genetic lineages CC130 (spa-types: t528, t843,

t1048, t3256, t3570, t6220, t17133) and CC1943 (spa-types: t978, t2345, t3391, t8835,

t16868), 52% of which were spa-type t843 (CC130).The detection rate of mecC-MRSA in
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the hedgehogs was similar regardless of cause of death, sex, region and habitat type. None

of the hedgehog rehabilitators carried MRSA.

Conclusions

This nationwide study confirms a high occurrence of mecC-MRSA in hedgehogs, which

could serve as a natural reservoir for this specific type of MRSA. Furthermore, our study did

not find signs of zoonotic transmission of mecC-MRSA to hedgehog rehabilitators.

Introduction

Staphylococcus aureus is a commensal bacterium with the potential to cause severe infections

in humans. Methicillin-resistant S. aureus (MRSA) are resistant to most β-lactam antibiotics,

due to the expression of additional penicillin binding proteins (PBPs) with low affinity to β-

lactams, which are encoded by either mecA, mecB or mecC genes, of which mecA and mecC are

carried in mobile genetic elements, referred to as staphylococcal cassette chromosome mec
(SCCmec) [1, 2]. MRSA is a major cause of hospital-associated infections in Europe [3], and

since the 1990s there has been a rise in community-associated MRSA infections among people

with no apparent risk factors for contracting MRSA [4]. During the last decade, livestock-asso-

ciated MRSA has additionally been recognized as a third major cause of MRSA infections in

humans [3, 5, 6].

The mecA gene predominates in human MRSA isolates, and it was not until 2011 that the

mecC gene was described in S. aureus from humans and dairy cattle from Denmark, England,

Ireland and Scotland [7, 8]. Subsequently, mecC-MRSA was detected in a wide range of

domesticated animals of Europe, such as swine, small ruminants and horses in Denmark [9–

11], and cattle in the UK [12]. Additionally, zoonotic transmission of mecC-MRSA from live-

stock to humans has been detected on several occasions [6, 13–15]. The first assumption was

therefore that mecC-MRSA had a livestock reservoir, but the detection of mecC-MRSA in sev-

eral species of European wildlife [4, 16–26] and in urban waste water [26] and river water [27]

indicates otherwise [23]. The highest prevalence of human mecC-MRSA cases have been

found in Denmark, accounting for 1–2% (30–50 cases annually) of all human MRSA cases,

where they primarily cause skin and soft tissue infections [28]. In contrast to most MRSA iso-

lates of human origin, mecC-MRSA does not seem to carry the φSa3 phage-encoded modula-

tors of the human innate immune responses, including SAK (sak), CHIPS (chp), and SCIN

(scn), which furthermore indicates a non–human origin [13].

MRSA in European hedgehogs

The western European hedgehog (Erinaceus europaeus, hereafter referred to as “hedgehog”) is

a small, spiny mammal which can be found throughout western Europe [29]. Hedgehogs are

increasingly inhabiting areas with human activity, for instance gardens in residential areas and

rural villages [30, 31], where garden owners are generously supplying food and water for

hedgehogs [32]. The feeding of hedgehogs, combined with the tendency for hedgehogs to

become habituated to human presence, makes the hedgehog one of the few wild mammals

people are prone to come into physical contact with.

The first description of penicillin-resistant Staphylococcus aureus in hedgehogs was made in

1964, when Smith and Marples (1964)[33] isolated S. aureus in 40–71% of nasal, skin surface
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and paw swabs collected from 35 hedgehogs in New Zealand. A large proportion (79–92%) of

these S. aureus isolates were resistant to penicillin. Smith (1965) [34] furthermore reported an

S. aureus occurrence of 85% in 59 hedgehogs from New Zealand, with 86.3% being resistant to

penicillin. Recently, Bengtsson et al. (2017)[16] detected mecC-MRSA in 64% of 55 hedgehogs

from five counties in Sweden, of which most had died in care at wildlife rehabilitation centres.

This detection rate of mecC-MRSA in hedgehogs seems extraordinarily high and indicates

either dissemination of mecC-MRSA at the wildlife rehabilitation centres or, as also suggested

by Bengtsson et al. 2017 [16], that hedgehogs might be an important natural reservoir for

mecC-MRSA.

The aim of the research

Previous studies on MRSA in wildlife have been limited by factors including small sample

sizes, small geographical ranges, or by the use of samples from weak animals that have been in

close contact with other wildlife species and humans during care at wildlife rehabilitation cen-

tres. Here we ameliorate these limitations by carrying out a large-scale nationwide study of

wild hedgehogs in Denmark, aiming to: 1) determine the dissemination of MRSA in European

hedgehogs throughout Denmark; 2) investigate determinants of MRSA carriage in hedgehogs;

3) determine the potential for zoonotic transmission of MRSA from hedgehogs to humans;

and 4) characterise the detected MRSA on both a phenotypic and molecular level.

Materials and methods

We established a nationwide citizen science project in Denmark to collect dead hedgehogs for

a project aiming to understand more about hedgehog ecology. Volunteers were recruited via

local and national media and a project website. Denmark consists of the large peninsula Jut-

land and several islands of differing sizes. The larger islands are connected by 0.75–17 km long

bridges, which hedgehogs are unlikely to cross, isolating the local hedgehog populations. We

strived to obtain samples from all of these regions. As a result of these efforts, citizens collected

697 hedgehogs throughout Denmark between May and December 2016. These animals were

either found dead in traffic, from natural causes in the wild, or had died in care at wildlife reha-

bilitation centres.

In addition to collecting the dead animal, the volunteers were instructed to record the date

and location of the find and deliver the hedgehog to the nearest of 26 collection stations, dis-

tributed nationally. All hedgehog carcasses were individually collected and sealed. Volunteers

housing the collection stations emptied the collection bins daily, and stored the hedgehog car-

casses in local freezers at -20˚C before transportation to university laboratories, where they

were thawed and necropsied. The necropsies took place from August 2016 to May 2018 and

formed the basis for the present study.

Sampling for detection of methicillin-resistant S. aureus in hedgehogs

A representative subsample of the collected hedgehogs was selected based on their geographi-

cal origin and tested for the presence of MRSA. To obtain a suitable sample for MRSA testing,

a nasal swab was obtained from each individual just after thawing. A polyester tipped sterile

applicator with a tip diameter of 1.98 mm (Puritan 25–1000 1PD) was used to swab the nares

of the dead hedgehogs. The used applicator tip was subsequently placed in a sterilised 5.0 ml

Eppendorf tube containing 700 μl of PBS and 300 μl of glycerol 50%, and was stored at -80˚C.

MRSA in Danish hedgehogs (Erinaceus europaeus)
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Investigation of MRSA transmission from hedgehogs to wildlife

rehabilitators

To examine whether MRSA was present in humans with close contact to hedgehogs, 16 study

participants working at wildlife rehabilitation centres under the Danish Animal Welfare Soci-

ety were sampled from nose and tonsils in November 2017, and tested as described before by

Angen et al.(2017)[35]. A short questionnaire about demographics was used to collect data

from each participant (e.g., demographic characteristics, contact to wildlife, food animals, pets

and medical history (Supporting information S1 Files). Data collection was approved by the

Danish Data Protection Agency (protocol no. 2001-14-0021).

Isolation and characterization of MRSA

The samples obtained from hedgehogs and wildlife rehabilitators were analysed for presence

and characterization of MRSA at the National Reference Laboratory for Antimicrobial Resis-

tance at Statens Serum Institut as described previously [10, 36]. PCR-based detection of mecA,

mecC, lukF-PV, scn, and spa with subsequent spa-typing was performed by combining primers

from two previously described multiplex PCR protocols [10, 36].

The PCR reactions were carried out in a final volume of 13μl containing 1 × Qiagen Multiplex

PCR Master Mix (Qiagen, Germany), 2μM of each primer, and 1l of bacterial DNA.

The following primer pairs were used: spa-1113f and spa-1514r [37]; MECA P4 and MECA

P7 [38]; mecALGA251MultiFP and mecALGA251MultiRP [36], scn-F1 (5´-TACTTGCGGGAACT
TTAGCAA-3´), scn-R1 (5`-AA TTCATTAGCTAACTTTTCGTTTTGA-3´); PVL-FP and

PVL-RP [39] FP2sau1 (5´-GAGAAT GATTTTGTTTATAACCCTAG-3) and CC398r1[40]

and 1μl DNA template (boiling lysate). The PCR consisted of a denaturation step (94˚C, 15

min), 25 cycles of denaturation (94˚C, 30 s), annealing (59˚C, 1 min), and extension (72˚C, 1

min), and a final elongation step (72˚C, 10 min). PCR products were visualized on 2% E-Gels

(Invitrogen, Grand Island, CA, USA). All S. aureus isolates were spa-typed as described previ-

ously by Harmsen et al. (2003)[37]. BURP cluster analysis of the spa types was performed in

the Ridom StaphType software (Ridom GmbH, Germany) using default settings to deduce

likely clonal complex (CC) types of S. aureus isolates. Simpson’s diversity index [41] was used

to quantify spa-type diversity.

Antimicrobial susceptibility testing was performed by minimum inhibitory concentration

(MIC) determination using a custom-made panel (DKSSP2, TREK Diagnostics), including 17

antimicrobials (penicillin, cefoxitin, ceftaroline, ceftobiprole, erythromycin, clindamycin, tet-

racycline, rifampicin, gentamicin, kanamycin, fusidic acid, sulfamethoxazole/trimethroprim,

linezolid, mupirocin, vancomycin, daptomycin, norfloxacin). Interpretation of antimicrobial

resistance was based on The European Committee on Antimicrobial Susceptibility Testing

(EUCAST) breakpoints. For kanamycin and norfloxacin the breakpoints of Clinical and Labo-

ratory Standards Institute (CLSI) were used. S. aureus ATCC 29213 was included as quality

control of MIC determination.

Habitat classification analysis

To assign the main habitat type to each hedgehog, all habitat types were extracted within a 500

m radius around where a hedgehog was found. This area is roughly equivalent to a large

hedgehog home range[29]. The habitat classes were extracted using CORINE land cover data

with a 100 x 100 m resolution (CLC 2012, Version 18.5.1). CORINE land cover data describes

habitat types derived from satellite imagery divided into artificial surfaces: industry, agricul-

tural areas, forest and semi-natural areas, wetlands and water bodies. For each area around

MRSA in Danish hedgehogs (Erinaceus europaeus)
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which a hedgehog was found, habitat types were extracted in R using the raster package [42].

Afterwards, the habitat types were reclassified as “urban”, “rural” or “other” (Supporting infor-

mation S1 Table). For further calculations, focus was on the percentages of urban versus rural,

excluding other classes. The categorization of “urban” or “rural” was based on the highest per-

centagewise representation of the two categories for each individual hedgehog.

Modelling determinants of MRSA carriage in hedgehogs

To investigate whether the detection of MRSA in a hedgehog was associated with sex, the

region or habitat type in which it was found, or cause of death, we fitted generalized linear

models (GLMs) in R [43] with binomial errors and a logit link function. The binary response

variable was whether or not MRSA was detected and the explanatory variables included sex

(female/male), region (a categorical variable), habitat (urban/rural) and cause of death (a

2-level categorical variable: in-care or natural/roadkill). We had small sample sizes from some

regions and therefore we collapsed our region variables into four broader regions: 1) Jutland

(north and south combined), 2) Lolland and Zealand together, 3) Funen, and 4) the islands of

Bornholm, Møn, Samsø and Falster. We first fitted a maximal model including all explanatory

variables and all two-way interactions between them (sex, cause of death, habitat, region). We

then sequentially removed non-significant terms, interaction terms first and starting with the

least significant, until we obtained a minimal adequate model where all remaining terms were

significant [44]. We tested significance of term deletions with Chi-squared tests using the drop-
term function from the MASS package [45].

Ethics statement

According to the Danish Nature Agency an ethical approval to collect dead hedgehogs was not

required for this research, regardless of their status as protected animals in the Danish legisla-

tion, because the hedgehogs used in the study had already died of natural causes either in the

wild or in care at a hedgehog rehabilitation centre. The Danish Nature Agency furthermore

informed us that a permission to collect dead hedgehogs from roads owned by the state was

not necessary. We were hereafter encouraged to apply for permissions to collect dead hedge-

hogs from the roads owned by the 98 municipalities of Denmark, and we were authorised to

do so after sending written inquiries to all 98 municipalities. We asked the volunteers to avoid

collecting dead hedgehogs on private land and privately owned roads, as this would require a

permission from the landowner. However, some of the hedgehogs were collected from private

gardens owned by the volunteer collecting the dead hedgehog.

Results

Of the 697 hedgehogs collected throughout Denmark, we selected a subsample of 188 repre-

senting the different regions of Denmark (Table 1 and Fig 1). The selection of individuals for

sampling was based on their condition (intact skull) and geographical locations to get the best

representation of Denmark. The subsample consisted of 102 males, 56 females, and 30 individ-

uals of unknown sex. Causes of death were 98 road-kills, 25 dying from natural causes in the

wild, 16 dying in the wild from unknown causes and 49 dying in care. We found that 114

(61%) individuals carried mecC-MRSA and none carried mecA-MRSA. All MRSA isolates

were susceptible to all tested antimicrobials except the β-lactams penicillin and cefoxitin. None

of the isolates carried the genes encoding Panton-Valentine leukocidin (lukF-PV) or the mod-

ulator of the human innate immune response SCIN (scn).

mecC-MRSA was present in animals from all areas and islands investigated (Table 1).

MRSA in Danish hedgehogs (Erinaceus europaeus)

PLOS ONE | https://doi.org/10.1371/journal.pone.0222031 September 6, 2019 5 / 13

https://doi.org/10.1371/journal.pone.0222031


Characterisation of the detected MRSA

The detected mecC-MRSA belonged to two genetic lineages CC130 (n = 70) and CC1943

(n = 44) and 12 different spa-types. The spa-types t528, t843, t1048, t3256, t3570, t6220, t17133

were associated with CC130, and the spa-types t978, t2345, t3391, t8835, t16868 were associ-

ated with CC1943. The occurrence of these CC- and spa-types appeared to vary geographically

(Fig 2). CC1943 and CC130 were found in all areas, except for Møn (n = 2), which only had

CC130. The most frequent spa-types were t843 (n = 59/114, 52%) followed by t978 (n = 22/

114, 19%). Two new spa-types were described (t16868 on Samsø and t17133 in Jutland south

of the Limfjord). The largest number of different spa-types was found in Jutland south of the

Limfjord (n = 9), which also contributed with the largest sample size (n = 79). The spa-types

t3256, t3570, t6220, t17133 were only found in this area of Denmark.

When comparing the distribution of CC-types between the two largest coherent areas of

Denmark, Jutland south of the Limfjord (n = 79) and Zealand (n = 56) representing western

and eastern Denmark, respectively, the distribution of CC130 and CC1943 was similar (66%

and 34% in Jutland south of the Limfjord vs. 62% and 38% on Zealand). However, the spa-type

diversity was higher in Jutland south of the Limfjord (Simpson’s D = 0.70) than on Zealand

(0.54) (Table 1). The two areas shared three spa-types (t843, t978 and t3391).

A larger proportion of males (n = 67/102, 66%) than females (n = 31/56, 55%) were mecC-

MRSA positive, but the difference was not found to be statistically significant (p = 0.67). Of the

individuals with unknown sex 53% (n = 16/30) tested positive for mecC-MRSA.

No statistically significant differences were observed in the distribution and occurrence of

MRSA based on cause of death: 57% of individuals that died in care (n = 28/49), 60% of indi-

viduals that died in the wild from natural causes (n = 15/25), 61% of road-killed individuals

(n = 60/98) and 69% of individuals that died in the wild from unknown causes (n = 11/16).

Habitat classification analysis

Our habitat analyses showed that 56% (n = 103) of the tested individuals resided in rural habi-

tats and 44% (n = 81) in urban habitats, defined as industrial areas or residential areas, smaller

or larger cities. Four individuals were excluded from the analyses because their percentagewise

representations were equally distributed between “rural” and “urban”.

In total 56% (n = 58/103) of the individuals residing in rural areas and 65% (n = 53/81) liv-

ing in urban areas carried mecC-MRSA (p = 0.99).

Table 1. Occurrence of mecC-MRSA, CC-types and spa-types.

Region No. tested/no.

collected (% tested)

Occurrence of mecC-MRSA spa-types

CC130 CC1943 Total CC130 CC1943 D

Zealand 56/187 (30%) 46% 29% 75% t843 t978, t3391, t8835 0.54

Funen 14/121 (12%) 29% 14% 43% t528, t843 t3391 0.73

Jutland south of the Limfjord 79/277 (28%) 37% 19% 56% t528, t843, t3256, t3570, t6220, t17133 t978, t2345, t3391 0.70

Jutland north of the Limfjord 8/20 (40%) 13% 38% 51% t843 t978, t2345, t8835 1.00

Bornholm 14/18 (78%) 14% 29% 43% t843 t8835 0.53

Møn 2/2 (100%) 50% 0% 50% t843 NA

Lolland 10/36 (28%) 60% 20% 80% t843, t1048 t978, t3391 0.64

Falster 4/30 (13%) 25% 25% 50% t1048 t978 1.00

Samsø 1/1 (100%) 0% 100% 100% t16868 NA

Total 188/692 (27%) 37.2% 23.4% 60.6% t528, t843, t1048, t3256, t3570, t6220, t17133 t2345, t3391, t8835, t16868, t978 0.69

An overview of the results found when testing 188 dead hedgehogs for MRSA. The results are divided into areas of Denmark that are isolated from one another by the

sea. Of the total 697 individuals collected, five were left out of the analyses per region due to lack of location data. Abbreviations: MRSA, methicillin-resistant

Staphylococcus aureus; CC, clonal complex; D, Simpson’s index of diversity; NA, not applicable.

https://doi.org/10.1371/journal.pone.0222031.t001
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Modelling determinants of MRSA carriage in hedgehogs

The minimal adequate model retained none of the explanatory variables, and the occurrence

of MRSA was thus adequately explained by a model including only the intercept (0.454 ±0.174,

expressed on the scale of the linear predictor (logit) used in the GLM). On the natural scale

this represents a detection of 0.61 (95% CI = 0.53–0.69). Thus, the occurrence of MRSA in

hedgehogs is not statistically significantly associated with sex or cause of death, nor does it

vary significantly among regions, or between urban and rural habitats.

Investigation of MRSA transmission from hedgehogs to wildlife

rehabilitators

All hedgehog rehabilitators reported contact with hedgehogs, either on a daily (n = 3), weekly

(n = 6), monthly (n = 3), or less than monthly (n = 4) basis. However, the nostril and throat

samples from the hedgehog rehabilitators showed no growth of MRSA.

Discussion

Our study confirms a high occurrence of mecC-MRSA isolates in Danish hedgehogs (61%),

similar to the 64% presence of mecC-MRSA found in Sweden [16]. The larger sample size of

Fig 1. Map of mecC-MRSA distribution in hedgehogs. The distribution of the 697 collected, dead hedgehogs across

Denmark. Each point represents an individual collected hedgehog. Grey points indicate that the individual was not

MRSA tested, blue points indicate individuals that tested negative for MRSA, while red points indicate those that tested

positive for mecC-MRSA.

https://doi.org/10.1371/journal.pone.0222031.g001
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hedgehogs as well as the inclusion of hedgehogs that died in the wild in our study provide

additional evidence that hedgehogs are a natural reservoir of mecC-MRSA. Furthermore, our

results indicate that the mecC-MRSA detected in our study is adapted to animals due to the

lack of the scn-gene, which is a marker for human adapted S. aureus [46].

Other natural reservoirs than hedgehogs may exist, but it appears that European hedgehogs

have a considerably higher occurrence of mecC-MRSA than other mammals. In comparison,

Gomez et al. (2014)[18] detected mecC-MRSA in 2% of 101 faecal samples from six small

mammal species in Spain, while 16.9% of nasal swabs obtained from 65 farmed red deer in

Southern Spain were positive for mecC-MRSA [19].

Smith and Marples (1965)[47] and Bengtsson et al. (2017)[16] speculated that there could

be a fitness advantage for S. aureus to become penicillin- and/or methicillin-resistant due to

the presence of dermatophytes in hedgehogs producing penicillin-like substances [34]. This

hypothesis seems reasonable, but further investigations are needed to provide any firm

conclusions.

The subpopulations of Danish hedgehog are, to varying degrees, geographically isolated.

This isolation is reflected by the differences in spa-types found in our study. As expected, the

effects of this isolation were most pronounced on the smaller islands, e.g. Lolland and Falster

(spa-type: t1048). The diversity of spa-types was higher in Jutland south of the Limfjord than

Fig 2. Map of CC-type and spa-type distribution. The distribution of the observed CC-types and spa-types of the 114

individuals carrying mecC-MRSA in Denmark.

https://doi.org/10.1371/journal.pone.0222031.g002
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on Zealand, which could indicate mixing with German hedgehog populations in Jutland south

of the Limfjord. Interestingly, the three predominating spa-types reported from Southern Swe-

den (t843, t978, t3391) by Bengtsson et al. (2017)[16] also dominated in samples from Zealand.

The subsample of 188 individuals used in this study was stratified by region to ensure cover-

age across the entire country. However, we emphasize that only a few of the collected hedge-

hogs were representing the northwestern and southern parts of Jutland, due to difficulties with

establishing collection stations there. Furthermore, our collection may not reflect the geo-

graphical hedgehog distribution in Denmark, since the collection of animals could have been

influenced by the human population density and their commitment to the project.

We found a higher occurrence of mecC-MRSA in males than in females and, although this

was not statistically significant. This is an interesting observation, because males likely have

closer and more frequent contact with other individuals than females. This is both due to their

promiscuous mating behaviour and due to the fights with other males, particularly during the

mating season, where the males tend to physically fight off other males competing for the

favour of the female [32]. In addition, home ranges of males are generally larger than those of

the females[32], which would additionally mean that they are more likely to encounter more

conspecifics than the females. Smith (1965)[34] also found a higher occurrence of S. aureus in

males (69%) than females (40%).

Hedgehogs receiving care at wildlife rehabilitation centres may be more prone to MRSA

acquisition due to their immunocompromised state, being housed closely together and receiv-

ing antibiotic treatments. However, we found no statistically significant difference in MRSA

occurrence in hedgehogs dying at rehabilitation centres compared to other causes of death,

indicating that hedgehogs can be carriers of mecC-MRSA regardless of their health status.

Increased population density leads to a greater disease transmission risk [48] and, therefore,

one might expect a positive association between mecC-MRSA and hedgehog population den-

sity. Hedgehogs are progressively inhabiting human environments, for instance suburban resi-

dential gardens and villages in rural areas, as opposed to agricultural land [30, 31, 49].

Previous research in the UK [50] has furthermore indicated a greater decline in hedgehog den-

sities in rural areas than suburban areas, so we expected a higher occurrence of MRSA positive

individuals due to the higher population densities in urban and suburban habitats. However,

we found no such difference.

We found no evidence for an association between MRSA presence and habitat type, region,

cause of death, or sex. The high detection rate of MRSA in hedgehogs all over Denmark,

strongly suggests that hedgehogs are natural reservoirs of mecC-MRSA.

A previous case of transmission of mecC-MRSA from hedgehogs to humans has been

recorded in the National MRSA Register in Denmark, but none of the tested hedgehog rehabil-

itators tested positive for MRSA, indicating that zoonotic transmission of mecC-MRSA from

hedgehogs to humans may occur only very rarely. It should however be emphasized that the

human samples were collected in late November, which was approximately one month after

the release of the last rehabilitated hedgehogs. Prolonged colonization with mecC–MRSA

seems therefore not to have been established in these workers. Typing of mecC-MRSA from

livestock indicates that zoonotic transmissions do occasionally occur, thus human cases may

not get mecC-MRSA directly from hedgehogs but, rather, indirectly via livestock and pets.

This speculation is supported by typing of the mecC-MRSA isolates from hedgehogs showing

the same spa-types as reported before in both humans and livestock [6, 9, 11].

In conclusion, this nationwide study confirms a high occurrence of mecC-MRSA in Danish

hedgehogs, which could serve as a natural reservoir for this type of MRSA. Other wild reser-

voirs may exist, but previous studies have only reported sporadic findings in other species (e.g.
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Gomez et al. (2014)[18]). Furthermore, this study found no sign of zoonotic transmission of

mecC-MRSA from hedgehogs to wildlife rehabilitators caring for hedgehogs.

Supporting information

S1 Files. Questionnaire for the hedgehog rehabilitators. The questionnaire in an English

and Danish version used as part of the research into the possible MRSA transmission from

hedgehogs to wildlife rehabilitators.

(PDF)

S1 Table. Reclassification of CORINE land cover habitat classes. CORINE land cover habi-

tat classes found within hedgehog habitat, and how these were reclassified in either “urban”,

“rural” or “other”.

(PDF)

Acknowledgments

We thank research assistant Camilla Birch for helping with the necropsies and the Natural His-

tory Museum of Denmark for offering to share their facilities for the necropsies. We thank

Lone Ryste Kildevang-Hansen and Alexandra Medina, Statens Serum Institut for their techni-

cal assistance.

Author Contributions

Conceptualization: Sophie Lund Rasmussen, Owen R. Jones, Thomas Bjørneboe Berg, Anders

Rhod Larsen.

Data curation: Sophie Lund Rasmussen, Jesper Larsen, Øystein Angen, Anders Rhod Larsen.

Formal analysis: Sophie Lund Rasmussen, Rien E. van Wijk, Owen R. Jones.

Funding acquisition: Sophie Lund Rasmussen.

Investigation: Sophie Lund Rasmussen, Øystein Angen, Anders Rhod Larsen.

Methodology: Sophie Lund Rasmussen, Jesper Larsen, Øystein Angen, Anders Rhod Larsen.

Project administration: Sophie Lund Rasmussen, Anders Rhod Larsen.

Resources: Sophie Lund Rasmussen.

Software: Sophie Lund Rasmussen, Rien E. van Wijk.

Supervision: Jesper Larsen, Owen R. Jones, Thomas Bjørneboe Berg, Anders Rhod Larsen.

Validation: Sophie Lund Rasmussen.

Visualization: Sophie Lund Rasmussen.

Writing – original draft: Sophie Lund Rasmussen, Anders Rhod Larsen.

Writing – review & editing: Jesper Larsen, Rien E. van Wijk, Owen R. Jones, Thomas Bjørne-

boe Berg, Øystein Angen, Anders Rhod Larsen.

References
1. Paterson GK, Harrison EM, Holmes MA. The emergence of mecC methicillin-resistant Staphylococcus

aureus. Trends Microbiol. 2014; 22(1):42–7. Epub 2013/12/18. https://doi.org/10.1016/j.tim.2013.11.

003 PMID: 24331435; PubMed Central PMCID: PMC3989053.

MRSA in Danish hedgehogs (Erinaceus europaeus)

PLOS ONE | https://doi.org/10.1371/journal.pone.0222031 September 6, 2019 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222031.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222031.s002
https://doi.org/10.1016/j.tim.2013.11.003
https://doi.org/10.1016/j.tim.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24331435
https://doi.org/10.1371/journal.pone.0222031


2. Becker K, van Alen S, Idelevich EA, Schleimer N, Seggewiss J, Mellmann A, et al. Plasmid-Encoded

Transferable mecB-Mediated Methicillin Resistance in Staphylococcus aureus. Emerging Infectious

Diseases. 2018; 24(2):242–8. https://doi.org/10.3201/eid2402.171074 WOS:000423966800007.

PMID: 29350135

3. Kock R, Becker K, Cookson B, van Gemert-Pijnen JE, Harbarth S, Kluytmans J, et al. Methicillin-resis-

tant Staphylococcus aureus (MRSA): burden of disease and control challenges in Europe. Euro Sur-

veill. 2010; 15(41):19688. Epub 2010/10/22. https://doi.org/10.2807/ese.15.41.19688-en PMID:

20961515.

4. Aires-de-Sousa M. Methicillin-resistant Staphylococcus aureus among animals: current overview. Clin

Microbiol Infect. 2017; 23(6):373–80. Epub 2016/11/17. https://doi.org/10.1016/j.cmi.2016.11.002

PMID: 27851997.

5. Graveland H, Duim B, van Duijkeren E, Heederik D, Wagenaar JA. Livestock-associated methicillin-

resistant Staphylococcus aureus in animals and humans. Int J Med Microbiol. 2011; 301(8):630–4.

Epub 2011/10/11. https://doi.org/10.1016/j.ijmm.2011.09.004 PMID: 21983338.

6. Petersen A, Stegger M, Heltberg O, Christensen J, Zeuthen A, Knudsen LK, et al. Epidemiology of

methicillin-resistant Staphylococcus aureus carrying the novel mecC gene in Denmark corroborates a

zoonotic reservoir with transmission to humans. Clin Microbiol Infect. 2013; 19(1):E16–E22. Epub

2012/10/20. https://doi.org/10.1111/1469-0691.12036 PMID: 23078039.

7. Garcia-Alvarez L, Holden MT, Lindsay H, Webb CR, Brown DF, Curran MD, et al. Methicillin-resistant

Staphylococcus aureus with a novel mecA homologue in human and bovine populations in the UK and

Denmark: a descriptive study. Lancet Infect Dis. 2011; 11(8):595–603. Epub 2011/06/07. https://doi.

org/10.1016/S1473-3099(11)70126-8 PMID: 21641281; PubMed Central PMCID: PMC3829197.

8. Shore AC, Deasy EC, Slickers P, Brennan G, O’Connell B, Monecke S, et al. Detection of staphylococ-

cal cassette chromosome mec type XI carrying highly divergent mecA, mecI, mecR1, blaZ, and ccr

genes in human clinical isolates of clonal complex 130 methicillin-resistant Staphylococcus aureus.

Antimicrob Agents Chemother. 2011; 55(8):3765–73. Epub 2011/06/04. https://doi.org/10.1128/AAC.

00187-11 PMID: 21636525; PubMed Central PMCID: PMC3147645.

9. Angen O, Stegger M, Larsen J, Lilje B, Kaya H, Pedersen KS, et al. Report of mecC-carrying MRSA in

domestic swine. J Antimicrob Chemother. 2017; 72(1):60–3. Epub 2016/09/22. https://doi.org/10.1093/

jac/dkw389 PMID: 27650187; PubMed Central PMCID: PMC5161050.

10. Islam MZ, Espinosa-Gongora C, Damborg P, Sieber RN, Munk R, Husted L, et al. Horses in Denmark

Are a Reservoir of Diverse Clones of Methicillin-Resistant and -Susceptible Staphylococcus aureus.

Front Microbiol. 2017; 8:543. Epub 2017/04/20. https://doi.org/10.3389/fmicb.2017.00543 PMID:

28421046; PubMed Central PMCID: PMC5376617.

11. Eriksson J, Espinosa-Gongora C, Stamphoj I, Larsen AR, Guardabassi L. Carriage frequency, diversity

and methicillin resistance of Staphylococcus aureus in Danish small ruminants. Vet Microbiol. 2013;

163(1–2):110–5. Epub 2013/01/08. https://doi.org/10.1016/j.vetmic.2012.12.006 PMID: 23290574.

12. Paterson GK, Morgan FJ, Harrison EM, Peacock SJ, Parkhill J, Zadoks RN, et al. Prevalence and prop-

erties of mecC methicillin-resistant Staphylococcus aureus (MRSA) in bovine bulk tank milk in Great

Britain. J Antimicrob Chemother. 2014; 69(3):598–602. Epub 2013/10/25. https://doi.org/10.1093/jac/

dkt417 PMID: 24155057; PubMed Central PMCID: PMC3922150.

13. Harrison EM, Paterson GK, Holden MT, Larsen J, Stegger M, Larsen AR, et al. Whole genome

sequencing identifies zoonotic transmission of MRSA isolates with the novel mecA homologue mecC.

EMBO Mol Med. 2013; 5(4):509–15. Epub 2013/03/26. https://doi.org/10.1002/emmm.201202413

PMID: 23526809; PubMed Central PMCID: PMC3628104.

14. Goerge T, Lorenz MB, van Alen S, Hubner NO, Becker K, Kock R. MRSA colonization and infection

among persons with occupational livestock exposure in Europe: Prevalence, preventive options and

evidence. Vet Microbiol. 2017; 200:6–12. Epub 2015/12/15. https://doi.org/10.1016/j.vetmic.2015.10.

027 PMID: 26658156.

15. Paterson GK, Harrison EM, Craven EF, Petersen A, Larsen AR, Ellington MJ, et al. Incidence and char-

acterisation of methicillin-resistant Staphylococcus aureus (MRSA) from nasal colonisation in partici-

pants attending a cattle veterinary conference in the UK. PLoS One. 2013; 8(7):e68463. Epub 2013/07/

23. https://doi.org/10.1371/journal.pone.0068463 PMID: 23869220; PubMed Central PMCID:

PMC3711812.

16. Bengtsson B, Persson L, Ekstrom K, Unnerstad HE, Uhlhorn H, Borjesson S. High occurrence of

mecC-MRSA in wild hedgehogs (Erinaceus europaeus) in Sweden. Vet Microbiol. 2017; 207:103–7.

Epub 2017/08/02. https://doi.org/10.1016/j.vetmic.2017.06.004 PMID: 28757008.

17. Carson M, Meredith AL, Shaw DJ, Giotis ES, Lloyd DH, Loeffler A. Foxes as a potential wildlife reservoir

for mecA-positive Staphylococci. Vector Borne Zoonotic Dis. 2012; 12(7):583–7. Epub 2012/03/28.

https://doi.org/10.1089/vbz.2011.0825 PMID: 22448723.

MRSA in Danish hedgehogs (Erinaceus europaeus)

PLOS ONE | https://doi.org/10.1371/journal.pone.0222031 September 6, 2019 11 / 13

https://doi.org/10.3201/eid2402.171074
http://www.ncbi.nlm.nih.gov/pubmed/29350135
https://doi.org/10.2807/ese.15.41.19688-en
http://www.ncbi.nlm.nih.gov/pubmed/20961515
https://doi.org/10.1016/j.cmi.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27851997
https://doi.org/10.1016/j.ijmm.2011.09.004
http://www.ncbi.nlm.nih.gov/pubmed/21983338
https://doi.org/10.1111/1469-0691.12036
http://www.ncbi.nlm.nih.gov/pubmed/23078039
https://doi.org/10.1016/S1473-3099(11)70126-8
https://doi.org/10.1016/S1473-3099(11)70126-8
http://www.ncbi.nlm.nih.gov/pubmed/21641281
https://doi.org/10.1128/AAC.00187-11
https://doi.org/10.1128/AAC.00187-11
http://www.ncbi.nlm.nih.gov/pubmed/21636525
https://doi.org/10.1093/jac/dkw389
https://doi.org/10.1093/jac/dkw389
http://www.ncbi.nlm.nih.gov/pubmed/27650187
https://doi.org/10.3389/fmicb.2017.00543
http://www.ncbi.nlm.nih.gov/pubmed/28421046
https://doi.org/10.1016/j.vetmic.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23290574
https://doi.org/10.1093/jac/dkt417
https://doi.org/10.1093/jac/dkt417
http://www.ncbi.nlm.nih.gov/pubmed/24155057
https://doi.org/10.1002/emmm.201202413
http://www.ncbi.nlm.nih.gov/pubmed/23526809
https://doi.org/10.1016/j.vetmic.2015.10.027
https://doi.org/10.1016/j.vetmic.2015.10.027
http://www.ncbi.nlm.nih.gov/pubmed/26658156
https://doi.org/10.1371/journal.pone.0068463
http://www.ncbi.nlm.nih.gov/pubmed/23869220
https://doi.org/10.1016/j.vetmic.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28757008
https://doi.org/10.1089/vbz.2011.0825
http://www.ncbi.nlm.nih.gov/pubmed/22448723
https://doi.org/10.1371/journal.pone.0222031


18. Gomez P, Gonzalez-Barrio D, Benito D, Garcia JT, Vinuela J, Zarazaga M, et al. Detection of methicil-

lin-resistant Staphylococcus aureus (MRSA) carrying the mecC gene in wild small mammals in Spain. J

Antimicrob Chemother. 2014; 69(8):2061–4. Epub 2014/04/09. https://doi.org/10.1093/jac/dku100

PMID: 24710026.

19. Gomez P, Lozano C, Gonzalez-Barrio D, Zarazaga M, Ruiz-Fons F, Torres C. High prevalence of meth-

icillin-resistant Staphylococcus aureus (MRSA) carrying the mecC gene in a semi-extensive red deer

(Cervus elaphus hispanicus) farm in Southern Spain. Vet Microbiol. 2015; 177(3–4):326–31. Epub

2015/04/29. https://doi.org/10.1016/j.vetmic.2015.03.029 PMID: 25912021.

20. Himsworth CG, Miller RR, Montoya V, Hoang L, Romney MG, Al-Rawahi GN, et al. Carriage of methicil-

lin-resistant Staphylococcus aureus by wild urban Norway rats (Rattus norvegicus). PLoS One. 2014; 9

(2):e87983. Epub 2014/02/06. https://doi.org/10.1371/journal.pone.0087983 PMID: 24498421;

PubMed Central PMCID: PMC3912160.

21. Loncaric I, Kubber-Heiss A, Posautz A, Stalder GL, Hoffmann D, Rosengarten R, et al. mecC- and

mecA-positive methicillin-resistant Staphylococcus aureus (MRSA) isolated from livestock sharing habi-

tat with wildlife previously tested positive for mecC-positive MRSA. Vet Dermatol. 2014; 25(2):147–8.

Epub 2014/03/29. https://doi.org/10.1111/vde.12116 PMID: 24666662.

22. Monecke S, Gavier-Widen D, Hotzel H, Peters M, Guenther S, Lazaris A, et al. Diversity of Staphylococ-

cus aureus Isolates in European Wildlife. PLoS One. 2016; 11(12):e0168433. Epub 2016/12/20. https://

doi.org/10.1371/journal.pone.0168433 PMID: 27992523.

23. Monecke S, Gavier-Widen D, Mattsson R, Rangstrup-Christensen L, Lazaris A, Coleman DC, et al.

Detection of mecC-positive Staphylococcus aureus (CC130-MRSA-XI) in diseased European hedge-

hogs (Erinaceus europaeus) in Sweden. PLoS One. 2013; 8(6):e66166. Epub 2013/06/19. https://doi.

org/10.1371/journal.pone.0066166 PMID: 23776626; PubMed Central PMCID: PMC3680430.

24. Mrochen DM, Schulz D, Fischer S, Jeske K, El Gohary H, Reil D, et al. Wild rodents and shrews are nat-

ural hosts of Staphylococcus aureus. Int J Med Microbiol. 2017. Epub 2017/10/03. https://doi.org/10.

1016/j.ijmm.2017.09.014 PMID: 28967544.

25. Porrero MC, Mentaberre G, Sanchez S, Fernandez-Llario P, Gomez-Barrero S, Navarro-Gonzalez N,

et al. Methicillin resistant Staphylococcus aureus (MRSA) carriage in different free-living wild animal

species in Spain. Vet J. 2013; 198(1):127–30. Epub 2013/07/13. https://doi.org/10.1016/j.tvjl.2013.06.

004 PMID: 23846031.

26. Porrero MC, Valverde A, Fernandez-Llario P, Diez-Guerrier A, Mateos A, Lavin S, et al. Staphylococcus

aureus carrying mecC gene in animals and urban wastewater, Spain. Emerg Infect Dis. 2014; 20

(5):899–901. Epub 2014/04/23. https://doi.org/10.3201/eid2005.130426 PMID: 24751149; PubMed

Central PMCID: PMC4012787.

27. Concepcion Porrero M, Harrison EM, Fernandez-Garayzabal JF, Paterson GK, Diez-Guerrier A,

Holmes MA, et al. Detection of mecC-Methicillin-resistant Staphylococcus aureus isolates in river

water: a potential role for water in the environmental dissemination. Environ Microbiol Rep. 2014; 6

(6):705–8. Epub 2015/03/11. PMID: 25756123.

28. Petersen IS, Larsen PL, Brandelev BL, Hald J, Praetorius C, Welinder R, et al. Close association

between oropharyngeal and rhinopharyngeal colonization with Staphylococcus aureus—clues to new

insight of MRSA colonization of the oropharynx. J Hosp Infect. 2013; 84(3):259–62. Epub 2013/06/15.

https://doi.org/10.1016/j.jhin.2013.04.007 PMID: 23764318.

29. Reeve N. Hedgehogs. London: Poyser; 1994.

30. Hubert P, Julliard R, Biagianti S, Poulle ML. Ecological factors driving the higher hedgehog (Erinaceus

europeaus) density in an urban area compared to the adjacent rural area. Landscape and Urban Plan-

ning. 2011; 103(1):34–43. https://doi.org/10.1016/j.landurbplan.2011.05.010 WOS:000295771500004.

31. van de Poel JL, Dekker J, van Langevelde F. Dutch hedgehogs Erinaceus europaeus are nowadays

mainly found in urban areas, possibly due to the negative effects of badgers Meles meles. Wildlife Biol.

2015; 21(1):51–5. https://doi.org/10.2981/wlb.00072 WOS:000347398500006.

32. Morris P. Hedgehogs. Stansted, Essex: Whittet Books Ltd.; 2014.

33. Smith JM, Marples MJ. A Natural Reservoir of Penicillin-Resistant Strains of Staphylococcus aureus.

Nature. 1964; 201:844. Epub 1964/02/22. https://doi.org/10.1038/201844a0 PMID: 14161236.

34. Smith JMB. Staphylococcus aureus strains associated with the hedgehog, Erinaceus europaeus. Jour-

nal of Hygiene-Cambridge. 1965; 63(2):285–91. https://doi.org/10.1017/s0022172400045162 PMID:

14308355

35. Angen O, Feld L, Larsen J, Rostgaard K, Skov R, Madsen AM, et al. Transmission of Methicillin-Resis-

tant Staphylococcus aureus to Human Volunteers Visiting a Swine Farm. Appl Environ Microbiol. 2017;

83(23). Epub 2017/10/04. https://doi.org/10.1128/AEM.01489-17 PMID: 28970219; PubMed Central

PMCID: PMC5691421.

MRSA in Danish hedgehogs (Erinaceus europaeus)

PLOS ONE | https://doi.org/10.1371/journal.pone.0222031 September 6, 2019 12 / 13

https://doi.org/10.1093/jac/dku100
http://www.ncbi.nlm.nih.gov/pubmed/24710026
https://doi.org/10.1016/j.vetmic.2015.03.029
http://www.ncbi.nlm.nih.gov/pubmed/25912021
https://doi.org/10.1371/journal.pone.0087983
http://www.ncbi.nlm.nih.gov/pubmed/24498421
https://doi.org/10.1111/vde.12116
http://www.ncbi.nlm.nih.gov/pubmed/24666662
https://doi.org/10.1371/journal.pone.0168433
https://doi.org/10.1371/journal.pone.0168433
http://www.ncbi.nlm.nih.gov/pubmed/27992523
https://doi.org/10.1371/journal.pone.0066166
https://doi.org/10.1371/journal.pone.0066166
http://www.ncbi.nlm.nih.gov/pubmed/23776626
https://doi.org/10.1016/j.ijmm.2017.09.014
https://doi.org/10.1016/j.ijmm.2017.09.014
http://www.ncbi.nlm.nih.gov/pubmed/28967544
https://doi.org/10.1016/j.tvjl.2013.06.004
https://doi.org/10.1016/j.tvjl.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/23846031
https://doi.org/10.3201/eid2005.130426
http://www.ncbi.nlm.nih.gov/pubmed/24751149
http://www.ncbi.nlm.nih.gov/pubmed/25756123
https://doi.org/10.1016/j.jhin.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23764318
https://doi.org/10.1016/j.landurbplan.2011.05.010
https://doi.org/10.2981/wlb.00072
https://doi.org/10.1038/201844a0
http://www.ncbi.nlm.nih.gov/pubmed/14161236
https://doi.org/10.1017/s0022172400045162
http://www.ncbi.nlm.nih.gov/pubmed/14308355
https://doi.org/10.1128/AEM.01489-17
http://www.ncbi.nlm.nih.gov/pubmed/28970219
https://doi.org/10.1371/journal.pone.0222031


36. Stegger M, Andersen PS, Kearns A, Pichon B, Holmes MA, Edwards G, et al. Rapid detection, differen-

tiation and typing of methicillin-resistant Staphylococcus aureus harbouring either mecA or the new

mecA homologue mecA(LGA251). Clin Microbiol Infect. 2012; 18(4):395–400. Epub 2012/03/21.

https://doi.org/10.1111/j.1469-0691.2011.03715.x PMID: 22429460.

37. Harmsen D, Claus H, Witte W, Rothganger J, Turnwald D, Vogel U. Typing of methicillin-resistant

Staphylococcus aureus in a university hospital setting by using novel software for spa repeat determina-

tion and database management. Journal of Clinical Microbiology. 2003; 41(12):5442–8. https://doi.org/

10.1128/JCM.41.12.5442-5448.2003 WOS:000187228800013. PMID: 14662923

38. Oliveira DC, de Lencastre H. Multiplex PCR strategy for rapid identification of structural types and vari-

ants of the mec element in methicillin-resistant Staphylococcus aureus. Antimicrob Agents Chemother.

2002; 46(7):2155–61. Epub 2002/06/19. https://doi.org/10.1128/AAC.46.7.2155-2161.2002 PMID:

12069968; PubMed Central PMCID: PMC127318.

39. Deurenberg RH, Vink C, Driessen C, Bes M, London N, Etienne J, et al. Rapid detection of Panton-Val-

entine leukocidin from clinical isolates of Staphylococcus aureus strains by real-time PCR. FEMS Micro-

biol Lett. 2004; 240(2):225–8. Epub 2004/11/04. https://doi.org/10.1016/j.femsle.2004.09.031 PMID:

15522511.

40. Stegger M, Lindsay JA, Moodley A, Skov R, Broens EM, Guardabassi L. Rapid PCR detection of Staph-

ylococcus aureus clonal complex 398 by targeting the restriction-modification system carrying sau1-

hsdS1. J Clin Microbiol. 2011; 49(2):732–4. Epub 2010/12/03. https://doi.org/10.1128/JCM.01970-10

PMID: 21123532; PubMed Central PMCID: PMC3043477.

41. Simpson EH. Measurement of diversity. Nature. 1949; 163(4148):688–. https://doi.org/10.1038/

163688a0 WOS:A1949UA17400020.

42. Hijmans RJ. raster: Geographic Data Analysis and Modeling. R package version 2.7–15. 2018. Avail-

able from: https://CRAN.R-project.org/package=raster.

43. R Development Core Team. R: A language and environment for statistical computing. Vienna, Austria:

R Foundation for Statistical Computing; 2018.

44. Crawley MJ. The R book. West Sussex, UK: John Wiley & Sons, Ltd; 2013.

45. Venables WN, Ripley BD. Modern applied statistics with S-Plus. New York: Springer; 2002.

46. Sung JM, Lloyd DH, Lindsay JA. Staphylococcus aureus host specificity: comparative genomics of

human versus animal isolates by multi-strain microarray. Microbiology. 2008; 154(Pt 7):1949–59. Epub

2008/07/05. https://doi.org/10.1099/mic.0.2007/015289-0 PMID: 18599823.

47. Smith JM, Marples MJ. Dermatophyte Lesions in the Hedgehog as a Reservoir of Penicillin-Resistant

Staphylococci. J Hyg (Lond). 1965; 63:293–303. Epub 1965/06/01. https://doi.org/10.1017/

s0022172400045174 PMID: 14308356; PubMed Central PMCID: PMC2134650.

48. Bradley CA, Altizer S. Urbanization and the ecology of wildlife diseases. Trends Ecol Evol. 2007; 22

(2):95–102. Epub 2006/11/23. https://doi.org/10.1016/j.tree.2006.11.001 PMID: 17113678.

49. Pettett CE, Moorhouse TP, Johnson PJ, Macdonald DW. Factors affecting hedgehog (Erinaceus euro-

paeus) attraction to rural villages in arable landscapes. Eur J Wildl Res. 2017; 63(3):12. https://doi.org/

10.1007/s10344-017-1113-6 WOS:000403084900013.

50. Williams BM, Baker PJ, Thomas E, Wilson G, Judge J, Yarnell RW. Reduced occupancy of hedgehogs

(Erinaceus europaeus) in rural England and Wales: The influence of habitat and an asymmetric intra-

guild predator. Sci Rep. 2018; 8(1):12156. Epub 2018/09/08. https://doi.org/10.1038/s41598-018-

30130-4 PMID: 30190482; PubMed Central PMCID: PMC6127255.

MRSA in Danish hedgehogs (Erinaceus europaeus)

PLOS ONE | https://doi.org/10.1371/journal.pone.0222031 September 6, 2019 13 / 13

https://doi.org/10.1111/j.1469-0691.2011.03715.x
http://www.ncbi.nlm.nih.gov/pubmed/22429460
https://doi.org/10.1128/JCM.41.12.5442-5448.2003
https://doi.org/10.1128/JCM.41.12.5442-5448.2003
http://www.ncbi.nlm.nih.gov/pubmed/14662923
https://doi.org/10.1128/AAC.46.7.2155-2161.2002
http://www.ncbi.nlm.nih.gov/pubmed/12069968
https://doi.org/10.1016/j.femsle.2004.09.031
http://www.ncbi.nlm.nih.gov/pubmed/15522511
https://doi.org/10.1128/JCM.01970-10
http://www.ncbi.nlm.nih.gov/pubmed/21123532
https://doi.org/10.1038/163688a0
https://doi.org/10.1038/163688a0
https://CRAN.R-project.org/package=raster
https://doi.org/10.1099/mic.0.2007/015289-0
http://www.ncbi.nlm.nih.gov/pubmed/18599823
https://doi.org/10.1017/s0022172400045174
https://doi.org/10.1017/s0022172400045174
http://www.ncbi.nlm.nih.gov/pubmed/14308356
https://doi.org/10.1016/j.tree.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17113678
https://doi.org/10.1007/s10344-017-1113-6
https://doi.org/10.1007/s10344-017-1113-6
https://doi.org/10.1038/s41598-018-30130-4
https://doi.org/10.1038/s41598-018-30130-4
http://www.ncbi.nlm.nih.gov/pubmed/30190482
https://doi.org/10.1371/journal.pone.0222031

