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A B S T R A C T

More than 55 million mink skins were produced globally in 2017. As a consequence, a large number of people
are employed in mink production worldwide. In Denmark, farmed mink were found to constitute a reservoir of
methicillin-resistant Staphylococcus aureus (MRSA) clonal complex (CC) 398 and 6000 mink farm workers in
Denmark are potentially exposed to LA-MRSA CC398. The study aim was to elucidate the source of LA-MRSA
CC398 in mink farms and to investigate possible transmission to humans. In total, 161 LA-MRSA CC398 isolates
from mink (n = 65), mink feed (n = 16) and humans (n = 80) with reported contact to mink, were whole-
genome sequenced and compared to 183 LA-MRSA CC398 isolates from Danish pigs and an international col-
lection of 89 S. aureus CC398 isolates. Most of the mink-associated isolates clustered within the predominant LA-
MRSA CC398 lineages circulating in the Danish pig production, supporting that pigs are a source of LA-MRSA
CC398 in mink feed, mink, and mink farmers.

1. Introduction

Livestock-associated methicillin-resistant Staphylococcus aureus (LA-
MRSA) is prevalent in multiple animal species, with pigs being the
predominant host worldwide (Cuny et al., 2010; Fitzgerald, 2012;
Petinaki and Spiliopoulou, 2012). LA-MRSA in pigs is dominated by a
few genetic lineages with clonal complex (CC) 398 being the most
widely disseminated in Europe. In Denmark, the prevalence of LA-
MRSA CC398 in pig farms has increased from 3% in 2008 to 88% in
2016 (DANMAP, 2017). At the same time, an increase in human cases
both with and without reported contact to livestock has been observed,
indicating a spillover from the pig production into the community
(DANMAP, 2017; Larsen et al., 2017). LA-MRSA CC398 has adapted to
the livestock production environment by acquisition of the tet(M) and
mecA genes, encoding tetracycline and methicillin resistance, and by
loss of the ΦSa3 prophage carrying the human immune evasion cluster
(IEC) (Price et al., 2012). Furthermore, a recent study analyzing the
population structure of LA-MRSA CC398 in Danish pigs and humans
identified three predominant lineages (L1–L3) circulating in the pig
production system, all of which were enriched for the zinc resistance
gene czrC and the tet(K) gene conferring enhanced tetracycline re-
sistance in combination with tet(M) (Sieber et al., 2018). In addition,

the predominant LA-MRSA CC398 lineages in pigs have recently been
found in Danish horses, indicating spillover from the pig production
(Islam et al., 2017).

We have previously shown that mink production constitutes an
animal reservoir of LA-MRSA CC398 in Denmark, where approximately
one-third of 108 tested farms were positive (Hansen et al., 2017). The
mink were primarily positive on the paws and in the pharynx, whereas
nasal and intestinal samples were often found negative (Hansen et al.,
2017). Mink are carnivores and mainly feed on products of animal
origin, e.g. slaughter offal from pigs, fish and poultry (Sjællands
Pelsdyrfoder A.m.b.a., 2019) from Denmark and other countries. Mink
farms receive freshly produced moist feed on a daily basis, consisting of
both heat-treated and raw ingredients (Jensen et al., 2017; Lyhs et al.,
2019). A screening of mink feed in 2016 found LA-MRSA CC398 in 19%
of the samples (Hansen et al., 2017). Previous studies have shown that
outbreaks of disease in mink, such as Salmonella Dublin (Dietz et al.,
2006), Clostridium septicum (Larsen et al., 2016a) or influenza virus
(Gagnon et al., 2009), were associated with mink feed.

Denmark is the largest producer of mink worldwide, accounting for
approximately 25% (17.9 mill) of all pelted skins in 2017 (Kopenhagen
Fur, 2017a), followed by China, the Netherlands and Poland
(Kopenhagen Fur, 2017b). More than 6000 people are currently
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employed in the Danish mink industry (Danske minkavlere, 2019) who
are potentially exposed to LA-MRSA CC398.

In Denmark, national surveillance of MRSA in humans was initiated
in 1999 and has been mandatory since 2007. A revision of the MRSA
guidelines in 2012 included pig contact as a risk factor for MRSA car-
riage and in 2016 mink contact was included as well (The Danish
Health Authority, 2016). People with these risk factors are screened for
MRSA carriage at admission to hospitals. In this study, all isolates from
human MRSA cases registered with mink, and no other livestock con-
tact, in the national MRSA database were subjected to whole-genome
sequencing together with isolates obtained from mink and mink feed.
The isolates were compared to LA-MRSA CC398 isolates from humans
and pigs to investigate (i) the source of LA-MRSA CC398 in the Danish
mink production and (ii) the potential spread to humans with mink
contact.

2. Materials and methods

2.1. Study isolates

LA-MRSA CC398 isolates from paws of healthy mink originated
from a survey conducted on Danish mink farms at pelting time in 2015
(n = 14) (Hansen et al., 2017) and from post-mortem examinations of
clinically diseased mink conducted at the Danish Veterinary Institute
during 2014–2016 (n = 51) originating from either paws n = 34 or
pharynx n = 17. These 65 mink isolates originated from 59 farms, of
which six farms were found positive on two occasions. In addition, 16
LA-MRSA CC398 isolates from mink feed identified in a previous study
were included for sequencing (Hansen et al., 2017). The human LA-
MRSA CC398 isolates were identified through review of the national
MRSA register at Statens Serum Institut (Statens Serum Institut, 2016),
which contains epidemiological information about all human MRSA
cases (asymptomatic carriage or infection) since 2007. Human LA-
MRSA CC398 isolates from this collection were included if any direct or
indirect contact to mink had been registered. Cases with direct or in-
direct contact to both mink and other types of livestock were excluded.
The resulting cases were defined as mink-associated and will be referred
to as such throughout the manuscript. Cases with direct mink contact
were referred to as primary cases, and cases with indirect exposure (i.e.,
living together with a primary case) were referred to as secondary
cases. Information on each case (age, sex, type of specimen and known
livestock contact) were retrieved from the national MRSA register. For
comparative purposes, whole-genome sequencing data from 183 LA-
MRSA CC398 isolates from Danish pigs (Sieber et al., 2018) and 89 S.
aureus CC398 isolates from an international reference collection (Price
et al., 2012) were included.

2.2. DNA preparation and whole-genome sequencing

Bacterial isolates were incubated overnight on individual 5% blood
plates (SSI Diagnostica). One colony was incubated for 30 min at 37°C
in 180 μL enzymatic lysis buffer containing 10 units/mL lysostaphin
(Sigma-Aldrich) and 20 mg/mL lysozyme (Sigma-Aldrich), where after
DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen) and
quantified on a Qubit 3.0 Fluorometer (Invitrogen). DNA sequence li-
brary preparation was performed using an Illumina Nextera XT kit
(Illumina Inc., USA) and sequenced on a NextSeq 500 platform
(Illumina) with 2 × 151 bp using a NextSeq Mid-Output Kit. For
comparative purposes, whole-genome sequencing data from 89 S.
aureus CC398 isolates from an international reference collection (Price
et al., 2012) and 183 LA-MRSA CC398 isolates from the Danish pig
production system (Sieber et al., 2018) were obtained from the Se-
quence Read Archive via BioProject accession number PRJNA274898
and the European Nucleotide Archive via BioProject accession number
PRJEB25608, respectively. The genome sequence data generated in the
current study are available at the European Nucleotide Archive under

BioProject accession number PRJEB34603.

2.3. Single nucleotide polymorphism (SNP) calling and phylogenetic
analysis

Identification of SNPs was performed with NASP version 1.0 (Sahl
et al., 2016) using the GATK Unified Genotyper with filtering set to
remove SNPs with less than 10-fold sequencing depth and 90% un-
ambiguous variant calls after duplicated regions of the LA-MRSA CC398
reference chromosome S0385 (GenBank accession no. AM990992) were
excluded using NUCmer. SNPs falling into regions of putative re-
combination, including a previously identified ∼123-kb recombinant
region (Price et al., 2012) were removed from the SNP alignment as
described previously (Sieber et al., 2018) prior to phylogenetic re-
construction using IQ-TREE version 1.5.5 (Nguyen et al., 2015) using
the implemented ModelFinder and the suggested HKY model with as-
certainment bias correction and a default FreeRate model.

2.4. Genotypic characterization of isolates

The presence of antimicrobial resistance genes and mutations was
investigated as previously described (Sieber et al., 2018) using Mykrobe
predictor version 0.4.3 (Bradley et al., 2015) with reference graphs
generated from the ResFinder database (accessed September 17, 2017)
(Zankari et al., 2012). In addition, the presence of the ΦSa3 integrase
gene (accession no. DQ530361), the IEC genes scn, sak, chp, sea (ac-
cession no. DQ530361) and sep (accession no. BA000018), and the
avian-associated phage genes SAAV_2008 and SAAV_2009 (accession
no. NC_013450) were investigated using the previously described set-
tings and thresholds of ≥80% coverage and ≥5× median depth. As-
sembled genomes were used to identify SCCmec types with SCCmec-
Finder version 1.2 using default settings (Kaya et al., 2018).

3. Results

3.1. Human cases and clinical characteristics

Between January 2007 and mid-March 2017, a total of 102 human
LA-MRSA CC398 cases reported direct or indirect contact to mink, of
whom 80 only had contact to mink, while the remaining 22 cases also
had contact to other types of livestock, such as pigs or cattle. The first
mink-associated case was reported in 2011 and the annual number of
cases from screening and infections increased from seven in 2011 to 16
in 2016 (Fig. 1A). The annual number of mink-associated cases with LA-
MRSA CC398 infections followed the same increasing trend as the total
annual number of human cases of LA-MRSA CC398 with infections
(Fig. 1B). The male-to-female ratio was 1.86 and the median age for
men and women was 35.5 (range 0–84) and 30.5 (range 0–61) years,
respectively. Of the 80 cases, 52 (65%) had direct contact to mink and
42 (53%) were infected at the time of diagnosis. All the clinical cases
presented with skin and soft tissue infection or other non-invasive in-
fections and accounted for 4% (42/1056) of all LA-MRSA CC398 in-
fections during 2011–2016.

3.2. Phylogenetic analysis

A total of 161 LA-MRSA CC398 isolates were sequenced, including
80 from mink-associated human cases, 65 from healthy or diseased
mink, and 16 from mink feed. We identified 6803 SNPs after filtering
for recombination tracts (875 SNPs) and the phylogenetic analysis
showed that most of the LA-MRSA CC398 isolates from mink (82%),
mink-associated human cases (70%), and mink feed (63%) belonged to
the three predominant lineages (L1-L3) circulating in the Danish pig
production system (Fig. 2 and Table 1). Isolates from mink feed was
represented in all three predominant lineages, but 37.5% were found
outside L1-L3 (referred to as the remainder). The proportions of isolates
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within each lineage varied, but the largest proportion of isolates from
all sources was found within L3 (Table 1). Of the six isolate pairs from
the same farms, two isolates belonged to different lineages.

3.3. Genotypic characterization of isolates

All isolates carried mecA and displayed CC398-associated spa types,
with t011 and t034 being the most prevalent. Of note, two isolates
displayed spa type t899 and belonged to the IEC-negative variant of the
hybrid LA-MRSA CC398/CC9 genotype (Larsen et al., 2016b). The
isolates carried SCCmec types IV(2B)a (2/162), IV(2B)c (1/162), V(5C2
&5)c (146/162) and 12 were found to carry atypical SCCmec type V
variants. One human and two mink isolates carried the ΦSa3 prophage
and the IEC genes scn and sak, while the human isolate also carried sep
and chp and one of the two mink also carried chp. The IEC-positve

isolates were not closely related in the phylogenetic tree. None of the
isolates carried sea or the avian-specific genes SAAV_2008 and
SAAC_2009. More than 95% of mink and human isolates carried the
tetracycline resistance genes tet(K) and tet(M), and the cadmium/zinc
resistance gene czrC. Genes conferring resistance to trimethoprim (dfrG
and dfrK) and lincosamides (lnu(B) and erm(A)-(C)) were found in more
than 89% of the isolates, whereas resistance toward aminoglycosides
(aac(6′)-aph(2′'), aadD, ant(6)-Ia, aph(2′')-Ia, aph(3′)-III, spc and str),
macrolides (erm(A), erm(B) and erm(C)) and streptogramin B (vga(A)
and vga(E)) was detected in 26–36%. Less than 20% of the isolates were
resistant to quinolones (gyrA_S84L). An overview of prevalence of re-
sistance genes in all isolates, including feed and Danish pig isolates, is
seen in Table S1 and a more detailed table with the characteristics of
the isolates is seen in Table S2

Fig. 1. Human cases of LA-MRSA CC398 with contact to mink. (A) Annual number of new cases of LA-MRSA CC398 with contact to mink in Denmark, 2011–2016 (n
= 74). Six study isolates from January–March 2017 are not included in the figure. (B) Annual number of mink-associated and total number of new cases of LA-MRSA
CC398 infections from 2007 to 2016.

Fig. 2. Phylogenetic relationship of LA-MRSA
CC398 from multiple sources in Denmark and a
worldwide collection of S. aureus CC398. The
phylogeny is rooted according to Price et al.
(2012) and was established from 6803 SNPs
after filtering for recombination tracts (875
SNPs). It includes 65 isolates from healthy and
diseased mink from 2014–2016, 80 human
mink-associated isolates from 2011–2017, 16
isolates from mink feed from 2016, 183 isolates
from Danish pigs from 2014 (Sieber et al.,
2018), and 89 international reference isolates
(Price et al., 2012). The scalebar indicates
number of substitutions per site. Type of isolate;
ref. strains = gray, mink = orange, mink feed
= purple, DK-pig = blue, human = red. Clades
of the three predominant Danish LA-MRSA
CC398 lineages are highlighted and indicated
as L1–L3. (For interpretation of the references
to colour in this figure citation, the reader is
referred to the web version of this article).
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4. Discussion

Zoonotic spread of LA-MRSA CC398 has increased in Denmark as
well as other countries with intensive pig production, since the emer-
gence of this new MRSA lineage in the early 2000s. Most human cases
of LA-MRSA CC398 in Denmark are found in people with contact to pigs
(Larsen et al., 2015), and the increase in human cases since 2006 can be
ascribed to the rapid spread of L1-L3 in the Danish pig production
system (DANMAP, 2017; Sieber et al., 2018). The prevalence in Danish
pigs reached 88% in 2016 and LA-MRSA CC398 has also been observed
in other production animals with a high prevalence in mink farms
(33%) and a within-farm prevalence of 20–29% (Fertner et al., 2019b).
The parallel increase in LA-MRSA CC398 infections in mink-associated
cases and other LA-MRSA CC398 cases suggests spread between the
various LA-MRSA CC398 reservoirs in Denmark.

In this study, we used genome-based analyses of LA-MRSA CC398
isolates from pigs, mink feed, mink, and humans to identify potential
links between these reservoirs. LA-MRSA CC398 from human cases with
mink contact were largely associated with the three major LA-MRSA
CC398 lineages (L1-L3) found in Danish pigs, with L3 being the
dominant lineage in both mink-associated isolates and pig isolates,
suggesting a spillover of LA-MRSA CC398 from the pig reservoir into
the mink production system with subsequent transmission to people
with contact to mink. LA-MRSA CC398 in mink feed generally displayed
the same genotypic characteristics as found in pig isolates, strongly
suggesting that mink feed containing pig slaughter offal is a source of
LA-MRSA CC398 in mink. It should be noted, however, that between
18% of mink isolates and 38% of the mink-feed isolates clustered out-
side L1-L3, which is considerably higher than the proportion of re-
mainders circulating in the Danish pig production system. This ob-
servation and the fact that the hybrid LA-MRSA CC398/CC9 genotype
has never been found in Danish pigs (Larsen et al., 2016b) suggest that
imported slaughter offal may be an alternative source of LA-MRSA
CC398 in Danish mink. The possible role of contaminated mink feed
may also explain why the prevalence of LA-MRSA CC398 is higher in
samples from mink paws and pharynx than in samples from nares
(Hansen et al., 2017).

The likely introduction of LA-MRSA CC398 into mink farms via
contaminated feed and the low prevalence found in nasal samples
(Hansen et al., 2017), suggest that mink may not be truly colonized
with LA-MRSA CC398. This would be in accordance with the recent
finding that mink tend to clear off LA-MRSA CC398 under experimental
conditions (Fertner et al., 2019a). Slaughter offal is currently used in
both heat-treated and raw form as mink feed (Jensen et al., 2017; Lyhs
et al., 2019), and a significant effect of feed quality on animal health
and spread of pathogens through feed has been demonstrated (Frøkjaer
and Mølgaard, 2016). If heat treatment can eliminate LA-MRSA CC398
from the feed, this measure could be used to limit the introduction of
the bacterium into the mink production, potentially along with cleaning
and disinfection of farms. However, this intervention strategy might be
compromised by antimicrobial selection on the farms and additional
routes of introduction of LA-MRSA CC398 into mink farms. The usage
of antibiotics in mink farming (DANMAP, 2015; Kvist et al., 2017)
mirrors the usage in the pig production and may select for LA-MRSA
CC398 resistant to tetracycline, zinc, trimethoprim and lincosamides.
Eight of the farms from which the mink isolates originated kept other

types of livestock, including pigs, cattle, poultry and goats, which could
carry LA-MRSA CC398, and in these cases we cannot rule out within-
farm transmission to mink from other animals (Crombé et al., 2013).
Furthermore, other transmission routes, such as introduction from
neighboring pig farms by humans or via the environment, have pre-
viously been shown to exist and could be an additional source of LA-
MRSA CC398 in mink farms (Grøntvedt et al., 2016).

Review of the epidemiological data showed an increasing number of
human cases with mink contact since the first report of mink contact in
2011. Registration of mink contact was only included as part of the
questionnaire in 2016, which might lead to a systematic under-
estimation of cases before 2016. However, this would not affect the
here shown trend of a parallel increase in number of infections in hu-
mans and humans with mink contact.

Among the persons with registered mink contact, none reported
working in a mink feed production factory, which indicate that trans-
mission in feed factories rarely occurs.

In conclusion, this study supports that the LA-MRSA CC398 in mink
originate from Danish pigs through transmission via contaminated
mink feed and that it is transmitted from mink to human with mink
contact. Actions to prevent bacterial contamination of mink feed will
therefore be needed to avoid introductions of LA-MRSA CC398 to mink
and the subsequent zoonotic transmission to mink farmers and their
families.
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