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β-lactams

S. aureus: Opportunistic pathogen in humans and animals

b-lactams including penicillins and cephalosporins used since the 

early 1940s and late 1950s, respectively

Bind to and inactivate the transpeptidase domain of native PBPs 

involved in cell wall synthesis
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β-lactam resistance

Penicillin resistance

blaZ

Usually plasmid-borne

Penicillinase

Enzymatic cleavage of the 

β-lactam ring in penicillins

Methicillin resistance

mecA or mecC

Present on SCCmec

PBP2a or PBP2c

Low affinity for penicillins and 

cephalosporins
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New mecC-gene

2011:

• mecC- MRSA isolated from a milk sample in the UK and in human cases 

in Denmark 

• low prevalence in dairy cows, and in 1-3% of human MRSA infections in 

Denmark
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mecC

Novel mecA- homologue (mecALGA251 later mecC)

30 Kb SCCmec XI
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mecC MRSA Characteristics

PBP2c: higher affinity for oxacillin than for cefoxitin

mecC-MRSA: frequently FOXR-OXAS

Cefoxitin is a better predictor for mecC MRSA than oxacilin

- PBP2c: thermosensible

• OXAS at 37 °C

• OXAR at 22 °C

Generally susceptible to non b- lactams
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PBP2c shares 70% homology with PBP2a



Most strains belong to CC130, CC425 and CC1943
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mecC-MRSA reservoirs

Dairy cows were considered to be the most 

likely reservoir with transmission from 

livestock to humans

β-lactams are commonly used to treat bovine 

mastitis

Bengtsson et al. Vet. Microbiol. 207, 203-207 (2017)

Rasmussen et al. PLoS One 14, e0222031 (2019)
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.. but mecC MRSA are also found in wildlife (low frequency )

Recently found to be widespread in Scandinavian hedgehogs (60-65%)



Are hedgehogs a natural host of mecC-MRSA in other 

countries?

Why are S. aureus on hedgehogs resistant towards methicillin?

What is the role of hedgehogs in the epidemiology/evolution of 

mecC-MRSA?
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Our study - sampling

16 wildlife rescue centres in 10 European countries

2 wildlife rescue centres in New Zealand

276 hedgehogs = 828 samples (nasal area, skin and feet)
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mecC MRSA in European hedgehogs



Trichophyton erinacei

Smith & Marples. Nature 201, 844 (1964)
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Trichophyton erinacei

Dermatophyte, opportunistic pathogen in hedgehogs (ringworm)

- and in dogs with secondary transmission to humans

Common in West European hedgehogs (Erineceus europaeus)
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Genome 

sequencing 

and search for 

β-lactam 

biosynthetic 

genes

Search for β-

lactams using 

LC-MS and 

molecular 

networking 

analysis
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Production of penicillins in Trichophyton erinacei



Dube et al. BMC Microbiol. 21, 212 (2021)
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Activity of penicillins produced by T. erinacei
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Epidemiology & evolution

WGS of CC130, CC425 and CC1943 

- 205 mecC-MRSA and 9 MSSA isolates from hedgehogs

- 786 mecC-MRSA and 127 MSSA isolates from other sources 

(mainly humans, cattle, sheep, goats and wild animals from 

western and central Europe)
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Phylogenetic 

analysis of 

SCCmec XI 

(n=991)

Anders Rhod Larsen, E-mail: ARL@ssi.dk  18

Several introductions of SCCmec XI

SCCmec XI in 

16 

monophyletic  

lineages



Host associations

Genetic markers of host adaptation

- IEC-1 → evasion of the human innate immune response 

(0%)

- vwbSaPI → von Willebrand factor with coagulase activity 

against ruminant plasma (4%)
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Host associations

Hedgehogs are host in all evolutionary lineages



How old are the 
different mecC-
MRSA lineages?

Anders Rhod Larsen, E-mail: ARL@ssi.dk  21



Anders Rhod Larsen, E-mail: ARL@ssi.dk  22

Time scaled analysis (SNP and isolation date)



Hedgehog distribution in Denmark

Hedgehogs have a limited capacity for dispersal over long 

distances (3-4 km) and between islands

Two Danish hedgehog subpopulations

- Jutland (peninsula connected to Europe)

- Major islands
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DISTRIBUTION IN DENMARK

Distribution of mecC MRSA subtypes are strikingly similar in 

hedgehog and human populations
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CC130 MRSA in the Nordic countires

Northen border of human CC130 MRSA cases resembles the distribution 

of hedgehogs
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Conclusions

Hedgehogs are the most likely primary host of mecC-MRSA

Human mecC-MRSA isolates probably originate from local 

hedgehog reservoirs
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Conclusions

Methicillin resistance in S. aureus emerged in the pre-antibiotic era 

as a co-evolutionary adaptation to the colonization of 

dermatophyte-infected hedgehogs
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Conclusions

Subsequently, these mecC-MRSA lineages have spread within the 

local hedgehog populations and between hedgehogs and 

secondary hosts, including livestock and humans
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Conclusions

The evolution of resistance genes in natural environments 

demonstrates that the use of a One Health approach is critical for 

our understanding and management of antibiotic resistance
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Larsen et al. Nature 602, 135-141 (2022)
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