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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) has emerged over the
last few decades as a One Health problem with an increasing prevalence in various
animal species. The most notable animals are pigs, as asymptomatic carriers, and
horses, where there is often an association with infections. The current study looked
at the course of MRSA prevalence in Swiss livestock since 2009, with a special focus
on pigs, followed by screening of veterinarians and farmers. Livestock isolates were
obtained from the Swiss monitoring program and then characterized by spa typing.
Concentrating on the year 2017, we analyzed the prevalence of MRSA in Swiss vet-
erinarians and farmers, followed by whole-genome sequencing of selected human
and animal strains. The phylogeny was assessed by applying core-genome multilo-
cus sequence typing (MLST) and single-nucleotide polymorphism (SNP) analyses, fol-
lowed by screening for resistance genes and virulence factors. The prevalence of
MRSA in Swiss pigs showed a dramatic increase from 2% in 2009 to 44% in 2017.
Isolates typically belonged to clonal complex 398 (CC398), split between spa t011
and t034. The higher prevalence was mainly due to an increase in t011. spa t034
strains from farmers were found to be closely associated with porcine t034 strains.
The same could be shown for spa t011 strains from horses and veterinarians. spa
t034 strains had a high number of additional resistance genes, and two strains had
acquired the immune evasion cluster. However, all but one of the pig spa t011
strains clustered in a separate group. Thus, the increase in pig spa t011 strains does
not directly translate to humans.

IMPORTANCE MRSA is an important human pathogen; thus, its increasing prevalence
in livestock over the last decade has a potentially large impact on public health. Farmers
and veterinarians are especially at risk due to their close contact with animals. Our work
demonstrates a dramatic increase in MRSA prevalence in Swiss pigs, from 2% in 2009 to
44% in 2017. Whole-genome sequencing allowed us to show a close association be-
tween farmer and pig strains as well as veterinarian and horse strains, indicating that
the respective animals are a likely source of human colonization. Furthermore, we could
demonstrate that pig spa t011 strains cluster separately and are probably less likely to
colonize humans than are pig spa t034 strains. This research may provide a basis for a
more substantiated risk assessment and preventive measures.
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Methicillin-resistant Staphylococcus aureus (MRSA) was first discovered in the 1960s
and is thought to have developed independently from several clones of

methicillin-susceptible Staphylococcus aureus (MSSA) (1). In human medicine, it was
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initially recognized as a nosocomial infection; however, in the 1990s, an increasing
incidence of hospital-independent human MRSA infections was observed (2). These
so-called community-acquired MRSA (CA-MRSA) cases have since been reported in
many countries.

With the detection of MRSA in pigs and farmers, MRSA has become a One Health
issue (3). These livestock-associated MRSA (LA-MRSA) strains are not only associated
with disease in animals, particularly horses, but also human infections (4, 5). Pigs, in
particular, can be heavily colonized with MRSA and are thought to constitute the main
reservoir (4, 6–8). Therefore, humans with regular close contact with these animals, e.g.,
farmers, slaughterhouse workers, and veterinarians, have a higher risk of being colo-
nized and thus of developing infections (6, 9–12). Furthermore, LA-MRSA can be found
in horses, veal calves, and poultry (1). In horses, LA-MRSA can also be an agent of
nosocomial infection in an animal clinic environment and can be transmitted to clinical
staff in this context (13, 14).

LA-MRSA strains mainly belong to clonal complex 398 (CC398). They are thought to
have emerged from ancestral human MSSA, gaining resistance genes but losing human
specific virulence factors in the process (15). The human innate immunomodulatory
genes (chemotaxis inhibitory protein [chp], staphylococcal complement inhibitor [scn],
and the plasminogen activator staphylokinase [sak]) often carried on a phiSa3 pro-
phage are usually not present in animal isolates (15). However, it is possible for CC398
MRSA to regain these virulence factors, which might enhance its potential as a human
pathogen. The acquisition can occur by lateral gene transfer during cocolonization in
the host (16). Other known virulence factors, like leucocidins, e.g., Panton-Valentine
leucocidin (PVL) or enterotoxins, are also rarely found in LA-MRSA (1, 17).

MRSA strains are defined by their methicillin resistance, mainly mediated by mecA,
but they frequently also carry additional resistance genes. For LA-MRSA, this is most
frequently a tetracycline resistance [e.g., tet(M)] gene which is present in virtually all
strains, probably reflecting the widespread use of this antibiotic on farms (17, 18). The
vga(E) gene conferring resistance to streptogramin A, pleuromutilin, and lincosamide
was also originally detected in an LA-MRSA isolate from a Swiss pig (19). It was found
to be located on Tn6133 together with erm(A) (macrolide, lincosamide, and strepto-
gramin B resistance) and ant(9)-Ia (spectinomycin resistance) (19, 20).

Various typing methods have been used to analyze the phylogeny and epidemiol-
ogy of MRSA. A classical multilocus sequence typing (MLST) scheme based on seven
housekeeping genes was developed by Enright et al. in 2000 (21). spa typing based on
repeats in the staphylococcal protein A sequence allows higher discrimination than
does MLST and remains a popular typing method (22). However, whole-genome
sequencing-based methods are now rapidly becoming standard since they allow
much higher discrimination as well as detection of virulence and resistance genes
(23). The MLST scheme has been expanded to core-genome MLST (cgMLST), which
allows a more detailed analysis, while single-nucleotide polymorphism (SNP)-based
methods allow the highest discrimination and are most useful for closely related
isolates (23).

The current study aims to evaluate the spread of LA-MRSA (with a special focus on
pig isolates) to farmers and veterinarians. In this framework, traditional spa typing was
compared to cgMLST and SNP analyses of selected isolates. A previous MRSA preva-
lence study in Swiss veterinarians in 2012 revealed a prevalence of 3.8%, with LA-MRSA
only detected in veterinarians treating farm animals (24). Since then, routine monitor-
ing data indicated a greater than 100% increase in MRSA prevalence in pigs (25).
Therefore, we wanted to analyze the impact of this development on MRSA carriage in
farmers and veterinarians. To address this question, farmers and veterinarians were
sampled at two major Swiss conventions. The collected MRSA isolates (n � 23), as well
as selected isolates from pigs (n � 12), pork (n � 2), poultry meat (n � 3), and horses
(n � 3), were subjected to whole-genome sequencing.
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RESULTS
MRSA prevalence in livestock at the slaughterhouse. In Switzerland, the occur-

rence of MRSA in fattening pigs at slaughter increased continuously and significantly from
2009 to 2017 (Fig. 1 and Table 1). From 131 MRSA isolates obtained in 2017, 48.1% (n � 63)
belonged to spa t034 and 46.6% (n � 61) to spa t011, while the remainder belonged
to rare spa types (t1451 [n � 3], t899 [n � 2], t2330 [n � 1], and t2876 [n � 1]). spa
t011 was mainly responsible for the recent increase in prevalence (Fig. 2).

MRSA prevalence in Swiss veal calves remains comparatively low, at 8.1% in 2017
(n � 24). Nevertheless, the prevalence also shows a slight but steady increase since
2009 (Fig. 1 and Table 1). Of the 24 MRSA isolates in 2017, the majority also belonged
to spa t011 and t034 (t011 [n � 14], t034 [n � 7], t17339 [n � 2], and t127 [n � 1]).

MRSA prevalence in meat at retail outlets. The MRSA prevalence in pig meat
remained extremely low in 2015 and 2017 (Table 2). In 2017, one MRSA isolate
belonged to the LA-MRSA type (spa t034), whereas the other MRSA isolate was
categorized as hospital-acquired MRSA (HA-MRSA) (spa t002). No MRSA strains were
detected in Swiss beef in 2015 or 2017 (Table 2). From 2014 to 2016, a decrease in MRSA
prevalence in chicken meat produced abroad was detected (Table 2). Eight isolates
from 2016 were typed as LA-MRSA (spa t034 [n � 3], spa t1430 [n � 3], and spa t2123
[n � 2]). One isolate belonged to spa t153, which is not categorized.

Prevalence in veterinarians and farmers. From a total of 212 participating veter-
inarians, 102 veterinarians reported treating only small animals, 62 reported treating
only farm animals, 13 were equine specialists, 28 treated a combination of species
(eight included horses), four did not work clinically, and three did not report their area
of practice. Fourteen veterinarians tested positive for MRSA; for three, both the nose

FIG 1 MRSA prevalence in Swiss livestock at slaughter between 2009 and 2017 with linear trendlines
indicated (Microsoft Excel 2016). The steep increase for pigs is clearly visible compared to a slow increase
for calves.

TABLE 1 Prevalence of MRSA in Swiss pigs and calves 2009 to 2017a

Yr
No. of porcine
nasal swabs (n)

No. of MRSA-positive
porcine nasal swabs

Prevalence of MRSA
(%) (95% CI)

No. of calf
nasal swabs

No. of MRSA-positive
calf nasal swabs

Prevalence of
MRSA (%) (95% CI)

2009 393 8 2.0 (0.9–4.0) NA NA NA
2010 392 23 5.9 (3.8–8.7) 240 5 2.1 (0.7–4.8)
2011 392 22 5.6 (3.6–8.4) NA NA NA
2012 397 72 18.1 (14.5–22.3) NA NA NA
2013 351 73 20.8 (16.7–25.4) 253 10 4.0 (1.9–7.2)
2014 289 79 27.3 (22.3–32.9) NA NA NA
2015 300 77 25.7 (20.8–31.0) 300 19 6.3 (3.9–9.7)
2017 298 131 44.0 (38.2–49.8) 297 24 8.1 (5.3–11.8)
aMRSA, methicillin-resistant Staphylococcus aureus; 95% CI, 95% confidence interval; NA, not analyzed.
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and hand swabs were positive, resulting in a total of 17 isolates (15 thereof were
available for sequencing). Concerning the farmers, eight out of 156 tested positive with
nose swabs. The participating farmers worked mostly (n � 97 [62%]) on mixed farms
with pigs, dairy or beef cattle, poultry, and/or horses. Fifty-three farmers kept only one
livestock species, five only poultry, 19 only dairy cattle, 21 only beef cattle, six only pigs,
and two only horses. Another 97 farmers kept two to five of the above-mentioned
livestock animal species on their farms. Six farmers did not answer the questionnaire.
MRSA-positive farmers were found three times within the group of farmers keeping
solely beef cattle, and another five MRSA-positive farmers kept poultry, pigs, cattle, and
horses in diverse combinations. In total, the prevalence for veterinarians was 6.6% (95%
confidence interval [CI], 3.7 to 10.8%) and for farmers was 5.1% (95% CI, 2.2 to 9.9%).
More than half (54% [n � 7]) of the veterinarian isolates belonged to CC398, and
interestingly, all of those were spa t011. The proportion of CC398 isolates for farmers
was 75% (n � 6). Thereof, five isolates were spa t034, while one isolate was spa t899.

All but one veterinarian carrying a CC398 strain reported contact with horses,
whereas there was no clear pattern for farmers (Table 3). The odds ratio for LA-MRSA
carriage for veterinarians treating horses (excluding own pets) was 6.2 (95% CI, 1.5 to
23.9), indicating horses as a clear risk factor.

Phylogenetic analyses. A very high congruence could be observed between
core-genome SNP (cgSNP) and cgMLST phylogenies, indicating a clonal population
structure (Fig. 3 and 4). When looking more closely at the CC398 cluster, a separation
in two clusters which correspond with the spa t011 and t034 can be observed. The spa
t034 cluster contains isolates from pigs, farmers, and poultry meat. However, the spa
t011 is clearly split into two subgroups visible both in the SNP and cgMLST tree. One
subgroup contains only pig isolates, while the other is mainly composed of horse and
veterinarian isolates (with the exception of one pig isolate). Interestingly, all but one of

FIG 2 MRSA prevalence in Swiss pigs at slaughter according to spa type. It is clearly visible that spa t011
is mainly responsible for the recent increase in prevalence.

TABLE 2 Prevalence of MRSA in fresh meat from 2014 to 2017a

Yr No. of meat samples (source)
No. of MRSA-positive
meat samples (source) Prevalence of MRSA (%) (95% CI)

2014 319 (chicken) 22 (chicken) 6.9 (chicken) (4.4–10.3)
2015 302 (pork), 298 (beef) 2 (pork), 0 (beef) 0.7 (pork) (0.1–2.4), 0 (beef) (0–1.2)
2016 302 (chicken) 9 (chicken) 3.0 (chicken) (1.4–5.6)
2017 301 (pork), 299 (beef) 2 (pork), 0 (beef) 0.7 (pork) (0.1–2.4), 0 (beef) (0–1.2)
aMRSA, methicillin-resistant Staphylococcus aureus; 95% CI, confidence interval.
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the vets in that cluster reported contact with horses, and the isolate of this one vet was
most closely linked to the pig isolate (Fig. 3 and 4).

In a comparison of the Swiss spa t011 and spa t034 isolates to selected isolates from
Denmark (see Table S2 in the supplemental material), we again see a clear split
between the two spa types (Fig. 5). Additionally, the Danish isolates clearly cluster
according to the lineage described by Sieber et al. (26). However, the majority of Swiss
isolates cluster separately, with the Swiss pig spa t011 strains in particular again
forming their own cluster.

Resistance genes. Except for blaZ and mecA, which were present in all strains,
additional resistance genes (Table 3) could be detected in all strains of CC398 but not
all HA/CA-MRSA strains (Fig. 3), indicating a higher exposure to antibiotics among
LA-MRSA. This is especially marked for tetracycline resistance, with tet(M) being present
in all but one (human) isolate, while none of the HA/CA-MRSA strains showed tetra-
cycline resistance. Resistance patterns also show a clear association with phylogenetic
clusters (Fig. 3). The t034 cluster contains more resistance genes than the spa t011

TABLE 3 All isolates included for whole-genome sequencinga

Isolate Source
Date of sampling
(day/mo/yr)

Human
specialtyb

spa
type ST Additional resistance genes

Virulence genes
(IEC, tsst, lukED)

17KM0012 Horse (lung) 01/01/2017 NA t011 398 aac(6’)-aph(2�), dfrK, tet(M) chp, sak, scn
17KM0743 Horse (wound) 08/03/2017 NA t011 398 aac(6’)-aph(2�), dfrK, str, tet(M) None
17KM2889 Horse (wound) 13/11/2017 NA t011 398 aac(6’)-aph(2�), dfrK, tet(M) None
17Msa0181 Pork 21/02/2017 NA t011 752 aac(6’)-aph(2�), tet(K), tet(M) None
17Msa1165 Pork 05/12/2017 NA t002 2626 aac(6’)-aph(2�) chp, sak, scn, lukED
17Msa0110 Pig nose 06/02/2017 NA t011 398 tet(K), tet(M) None
17Msa0134 Pig nose 12/02/2017 NA t034 398 dfrG, tet(K), tet(M) None
17Msa0215 Pig nose 07/03/2017 NA t034 398 dfrG, erm(A), erm(C), spc, str, tet(K), tet(M),

vga(E)
None

17Msa0259 Pig nose 20/03/2017 NA t011 398 tet(K), tet(M) None
17Msa0460 Pig nose 09/05/2017 NA t011 398 aac(6’)-aph(2�), dfrK, tet(M) None
17Msa0764 Pig nose 07/08/2017 NA t034 398 dfrG, erm(A), spc, str, tet(K), tet(M), vga(E) None
17Msa0826 Pig nose 04/09/2017 NA t011 398 tet(K), tet(M) None
17Msa0990 Pig nose 09/10/2017 NA t011 398 tet(K), tet(M) None
17Msa1021 Pig nose 30/10/2017 NA t034 398 dfrG, erm(A), erm(C), spc, str, tet(K), tet(M),

vga(E)
None

17Msa1042 Pig nose 11/09/2017 NA t034 398 dfrG, erm(A), spc, str, tet(K), tet(M), vga(E) None
17Msa1053 Pig nose 06/11/2017 NA t011 398 tet(K), tet(M) None
17Msa1148 Pig nose 04/12/2017 NA t011 398 str, tet(K), tet(M) None
16Msa0021 Poultry meat 25/01/2016 NA t034 398 dfrG, erm(A), spc, tet(K), tet(M), vga(E) None
16Msa0083 Poultry meat 21/03/2016 NA t034 398 dfrG, erm(A), spc, tet(K), tet(M), vga(E) None
16Msa0143 Poultry meat 31/05/2016 NA t034 398 dfrG, lnu(B), lsa(E) spc, tet(K), tet(M) None
17Gst002 Vet 11/5/2017–12/5/2017 Small animals t003 225 aadD, erm(A), spc sak, scn, lukED
17Gst003 Vet 11/5/2017–12/5/2017 Small animals t003 225 aadD, erm(A), spc sak, scn, lukED
17Gst018 Vet 11/5/2017–12/5/2017 Horses t011 398 aac(6’)-aph(2�), dfrK, tet(M) None
17Gst094_hand Vet 11/5/2017–12/5/2017 Horses t011 398 aac(6’)-aph(2�), dfrK, tet(M) None
17Gst094_nose Vet 11/5/2017–12/5/2017 Horses t011 398 aac(6’)-aph(2�), dfrK, tet(M) None
17Gst112 Vet 11/5/2017–12/5/2017 Horses t011 398 aac(6’)-aph(2�), dfrK, str, tet(M) None
17Gst165 Vet 11/5/2017–12/5/2017 Small and farm animals

(pet horse)
t011 398 aac(6’)-aph(2�), dfrK, str, tet(M) None

17Gst166 Vet 11/5/2017–12/5/2017 Small and farm animals
and horses

t011 398 aac(6’)-aph(2�), dfrK, str, tet(M) None

17Gst174_hand Vet 11/5/2017–12/5/2017 Farm animals t118 8 None chp, sak, scn, lukED, tsst-1
17Gst174_nose Vet 11/5/2017–12/5/2017 Farm animals t118 8 None chp, sak, scn, lukED, tsst-1
17Gst176 Vet 11/5/2017–12/5/2017 Small animals t17424 22 None chp, sak, scn
17Gst187 Vet 11/5/2017–12/5/2017 Small animals t038 45 None chp, sak, scn
17Gst193 Vet 11/5/2017–12/5/2017 Small animals and horses t011 398 aac(6’)-aph(2�), dfrK, tet(M) None
17Gst196 Vet 11/5/2017–12/5/2017 Unknown t133 45 None chp, sak, scn
17Gst231 Vet 11/5/2017–12/5/2017 Farm animals t011 398 aac(6’)-aph(2�), dfrK, tet(M) None
17Gst312 Farmer 24/11/2017–26/11/2017 Cattle, horse, sheep t034 398 dfrG, erm(A), spc, str, tet(M), vga(E) None
17Gst329 Farmer 24/11/2017–26/11/2017 Poultry, cattle, horses t034 398 dfrG, erm(A), spc, tet(K), tet(M), vga(E) None
17Gst354 Farmer 24/11/2017–26/11/2017 Cattle t899 398 fexA, str chp, sak, scn
17Gst358 Farmer 24/11/2017–26/11/2017 Pigs, cattle t034 398 dfrG, erm(A), erm(C), spc, tet(K), tet(M), vga(E) None
17Gst374 Farmer 24/11/2017–26/11/2017 Poultry, pigs t5634 22 None chp, sak, tsst-1
17Gst388 Farmer 24/11/2017–26/11/2017 Cattle t034 398 dfrG, erm(A), spc, str, tet(K), tet(M), vga(E) chp, sak, scn
17Gst426 Farmer 24/11/2017–26/11/2017 Poultry, cattle t1510 45 None chp, sak, scn
17Gst450 Farmer 24/11/2017–26/11/2017 Cattle t034 398 dfrG, erm(A), spc, str, tet(K), tet(M), vga(E) None
aAll detected resistance genes other than blaZ and mecA (which were present in all isolates) are given. In addition, assemblies were checked for the presence of the
immune evasion cluster (IEC) containing the genes chp, sak, and scn, toxic shock syndrome toxin-1 gene (tsst-1), Panton-Valentine leucocidin (not present in any
strain), and leucotoxin gene lukED.

bNA, not applicable.
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cluster, with the pig spa t011 subcluster being the least resistant. The phenotypic
resistance patterns corresponded well with the presence of resistance genes (Table S1).

Virulence factors. The genes chp, encoding chemotaxis inhibitory protein of Staph-
ylococcus (CHIPS), sak, encoding staphylokinase, and scn, encoding staphylococcal
complement inhibitor (SCIN), belonging to the immune evasion cluster, were only
present in three strains of LA-MRSA (two from farmers and one from a horse) (Fig. 3),
while at least two of them were present in all HA/CA-MRSA strains. None of the
LA-MRSA strains were found to carry known enterotoxin genes or PVL. In contrast, some
of HA/CA-MRSA strains carried the toxic shock syndrome toxin-1 gene (tsst-1), as well
as the leucocidin gene lukED (Fig. 3 and Table 3). All HA/CA-MRSA strains had various
enterotoxin genes.

DISCUSSION

In the current study, the prevalence of MRSA in Swiss slaughter pigs was investi-
gated, and the isolates were compared to those from Swiss veterinarians, farmers, and
horses.

MRSA sequence type 398 (ST398)-spa t011 is responsible for the steep increase in
MRSA in Swiss slaughter pigs in recent years. This spa type has also been reported from
pigs in other countries. A recent study from Spain looking at indoor-housed pigs found
over 80% of strains belonging to this type (27), while a study looking at isolates in
Cameroon and South Africa found only this type (28). In Spain, an MRSA ST398-t011
isolate was even found in a wild boar (29). spa typing results for MRSA strains from pigs
at slaughter for 2017 were available from Finland (MRSA prevalence, 77%, with 43%
from spa t034 and 12% from spa t011), where spa t034 is dominant, and Spain (MRSA

FIG 3 cgMLST tree, neighbor-joining algorithm, and square root scaling. Branch labels indicate distance (number of loci) and resampling support (where it is
less than 100%). The detected resistance genes other than blaZ and mecA are shown in black. Selected virulence factors are shown in gray. CC398 isolates form
two clusters according to spa type. Note the higher prevalence of resistance genes in CC398 isolates in contrast to the lower prevalence of virulence genes.
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prevalence, 90%, with 11% from spa t034 and 70% from spa t011), where there is a clear
dominance of spa t011 (30). Sieber et al. (26) found that CC398 isolates from Danish
pigs clustered into three different lineages. Our analysis, which included selected
strains from this study, showed that the Swiss strains, for the most part, form separate
clusters, which may reflect the low number of imports in the Swiss pork industry.
Interestingly, Swiss MRSA ST398-t011 from pigs forms a distinct cluster separate from
that of farmers and veterinarians in contrast to porcine MRSA ST398-t034 (Fig. 3).
Hence, porcine MRSA ST398-t011 seems to be a successful colonizer of pigs but not
humans. Antimicrobial pressure as a driver can be excluded, as these strains harbor, in
contrast to porcine MRSA ST398-t034, a very low number of resistance genes in
addition to the beta-lactam resistance genes. The underlying molecular features need
further research.

An obvious divergence between the CC398 MRSA and the others in the examined
sample is the difference in resistance and virulence gene distribution. While LA-MRSA
strains, especially those of spa t034, contain a higher number of resistance genes,
HA/CA-MRSA strains harbor more virulence genes. At least two out of three genes of
the immune evasion cluster (IEC) (chp, sac, and scn) were detected in all HA/CA-MRSA
strains but only in three LA-MRSA strains. Two of these were spa t034 strains from
farmers, while one was a spa t011 strain from a horse. The IEC genes are thought to be
a marker of human adaptation and are rarely present in LA-MRSA (31, 32). CC398 MRSA
strains are thought to have lost the IEC during their evolution from human MSSA and
adaptation to pigs (15). It is thus conceivable that by regaining these virulence genes,
they might readapt to the human host and thus increase their pathogenic potential.
Since the current study looked at human carriers, not infections, we cannot draw
conclusions about the pathogenicity of our isolates. Horizontal gene transfer during
cocolonization has been demonstrated between different CC398 strains in pigs under
experimental conditions (16) and might therefore also occur in the noses of humans.

FIG 4 Core-genome SNP tree of all isolates. (A) The close relationship of CC398 isolates is visualized. (B) The CC398 cluster is enlarged, with the spa t011 cluster
marked. Note the subcluster composed of most pig isolates (marked in red). The scale indicates the number of substitutions per site. The numbers indicate
bootstraps where they are less than 1,000.
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Isolates from horses have been described to be more frequent carriers of IEC genes (33).
Since we included only three horse isolates, we cannot give an estimate of the IEC
prevalence in Swiss horse strains. However, since one of them was positive but none of
the 12 pig isolates was, it might be more frequent in horse than in pig isolates.

A prevalence of 6.6% in veterinarians was higher than in a comparable study from
2012, where it was 3.8% (24). Treating horses clearly emerged as a risk factor for
LA-MRSA positivity in veterinarians, with an odds ratio of 6.2. This observation is
corroborated by the phylogenetic analyses clustering all but one veterinary isolate with
horse strains. Contact with horses is a known risk factor for MRSA transmission to
veterinary personnel (14, 34). Recent studies in other European countries also found
ST398-t011 to be the dominant type in horses (14, 33), while older studies found other
types, mainly CC8 (35). Abdelbary et al. (36) looked into the phylogeny of horse-
associated LA-MRSA strains from different countries and found a CC398 subclone
associated with equine hospitals. They used denaturing high-pressure liquid chroma-
tography for mutation discovery as opposed to our whole-genome sequencing; there-
fore, our results are not directly comparable. However, the equine subclone found in
their study was also associated with spa t011. The emergence of ST398-t011 in horses
coincides with the rise of this type in pigs. Considering the cgMLST and cgSNP analyses,

FIG 5 Core-genome SNP tree of isolates with spa t011 and spa t034 supplemented with strains from Denmark (Sieber et al. [26]). The strains can be seen to
cluster according to spa type, with two exceptions. The Danish strains also cluster in our analysis according to the described lineages but for the most part
separately from the Swiss strains. The scale bar indicates numbers of substitutions per site, and the numbers indicate bootstrap support.
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there appears to be no epidemiological link between the two, as the majority of pig
isolates clearly formed a separate cluster.

In the present study, we also included some strains isolated from pork and poultry
meat. The prevalence in pork was found to be extremely low (�1%), meaning that it is
a very unlikely source for human infection. One of the two pork strains was not even
LA-MRSA, which could indicate that the meat was contaminated by human handling.
All three sequenced poultry strains were isolated from imported meat since there were
no isolates from Swiss meat; this could explain their separation from the main cluster
of t034 strains. Overall, there is no indication that either poultry meat or pork plays a
major role in human colonization with MRSA in Switzerland.

LA-MRSA strains are also found in hospital patients, meaning they not only colonize
patients but also cause infections. While the incidence in Europe is still low (Goerge et
al. estimated �3 infections/100,000 inhabitants per year in the German and Danish
populations), it can be higher in areas with high livestock density (37). Among the total
MRSA isolates from two Swiss hospitals in 2017, only about 1% were LA-MRSA (two
isolates, both spa t011) (25), indicating that the incidence seems to be low. LA-MRSA
strains might reacquire more human-associated virulence factors and thus evolve into
more virulent strains. Since LA-MRSA strains already harbor more additional resistance
genes than do other types, these infections are also more difficult to treat.

Moreover, MRSA prevalence and the role of cattle have to be considered. Due to the
comparatively low prevalence and the focus on pigs, they were not included in the
sequencing study. The prevalence in dairy cattle is not systematically monitored in
Switzerland; however, it is probably very low, as MRSA strains are rarely isolated from
milk or other clinical samples. In 2012, 200 bulk milk samples were analyzed for the
occurrence of MRSA, and three MRSA isolates were found (1.5%) (38). The prevalence
in veal calves, though still comparatively low (8% versus 44% in pigs), is on the rise and
might also become a factor in transmission to humans. The majority of veal calf isolates
in 2017 were spa t011 (58%) which makes them an unlikely source for the farmers in the
present study. However, they should be included in future studies, especially if the
prevalence continues to rise.

In conclusion, LA-MRSA is a serious emerging problem in the pig industry, indicating
possible antimicrobial overuse. However, the recent rise in spa t011 strains from pigs
does not directly translate to a higher prevalence in humans. This type appears to be
less likely to colonize humans or acquire resistance genes. Further research is necessary
to confirm this finding and elucidate the underlying cause of the successful spread of
this clone.

MATERIALS AND METHODS
Samples from livestock at the slaughterhouse. Stratified random nasal swabs samples from

fattening pigs and calves were taken and analyzed for the presence of MRSA in the framework of the
national antimicrobial resistance monitoring program. The sampling plan is based on a given number of
samples/year, which depends on the prevalence of assumed/detected MRSA. Samples were collected
evenly throughout the year at the largest pig and cattle slaughterhouses, which encompassed at least
75% of all slaughtered animals each year. Every slaughterhouse taking part in the program collected
samples proportional to the number of animals of the species slaughtered per year. For calves and
fattening pigs, samples from one animal selected at random per farm were taken. It was ensured that
farms were not repeatedly sampled within 1 year. The representativeness of the sampling was shown by
Overesch et al. (18). Nasal swabs from fattening pigs were taken in 2009 (n � 393), 2010 (n � 392), 2011
(n � 392), 2012 (n � 397), 2013 (n � 351), 2014 (n � 289), 2015 (n � 300), and 2017 (n � 298). Nasal
swabs from calves were taken in 2010 (n � 240), 2013 (n � 253), 2015 (n � 300), and 2017 (n � 297).

Samples from retail meat. Meat samples (minimum 50 g) were taken from fresh, skinless, chilled,
packed, and untreated meat sold through retail outlets. Samples were collected in all Swiss cantons
spread throughout the year. Each canton’s population density and market shares of retailers were
considered for the sampling plan. Samples were collected from domestic production, which consists of
302 pork and 298 beef samples in 2015 and 301 pork and 299 beef samples in 2017. Approximately half
of the chicken meat consumed in Switzerland is imported. Hence, imported and domestic chicken meat
accounted for around one-third and two-thirds, respectively, of the chicken meat samples. In 2014 and
2016, 319 and 302 chicken samples, respectively, were collected and analyzed.

Samples from humans. Samples from veterinarians were obtained at the 2017 annual conference
of the Swiss Veterinary Society (GST). Attendants interested in participating in the study were asked to
take nasal and hand swabs from themselves and to indicate which animals they routinely treated (horses,
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farm animals, and companion animals). The same was done for farmers attending the 2017 Suisse Tier
(national farming exhibition), except that they were only asked for nose swabs. The studies were
approved by the ethics commission of the canton of Bern (Req-2017-00793). A total of 212 vets and 156
farmers participated in the study.

Samples from horses. Horse isolates were obtained during routine diagnostics and stored at �80°C
until use.

MRSA detection. MRSA detection in swabs from livestock and humans and meat samples was
performed according to a method published previously (18), with small adjustments. Swabs or 5 g of
meat were transferred into tubes containing 10 ml or 45 ml, respectively, of Mueller-Hinton broth
supplemented with 6.5% NaCl. Samples were incubated aerobically at 37°C � 1°C for 24 h under
agitation. One milliliter from each preenrichment was inoculated into 9 ml tryptone soy broth containing
3.5 mg/liter cefoxitin and 75 mg/liter aztreonam, followed by further aerobic incubation at 37°C � 1°C for
24 h. Subsequently, a loopful was spread onto MRSA selective agar plates (BBL CHROMagar MRSA;
Becton, Dickinson, Franklin Lakes, NJ), which were incubated at 37°C � 1°C for 24 h. Pink- to mauve-
colored colonies were regarded as suspicious, and if present, one such colony was cultivated onto
tryptone soy agar plates containing 5% sheep blood (TSA-SB; Oxoid Ltd., Basingstoke, England) at
37°C � 1°C for 24 h. Staphylococcus aureus was identified by matrix-assisted laser desorption ionization–
time of flight mass spectrometry (MALDI-TOF MS; Biotyper 3.0; Bruker). The obtained MRSA isolates were
subsequently stored at �80°C in glycerol buffer for further analysis.

Phenotypic resistance. The MICs of the antimicrobials were determined by broth microdilution in
cation-adjusted Mueller-Hinton broth, using Sensititre susceptibility plates (EUST; Trek Diagnostics
Systems, Thermo Fisher, UK), according to CLSI guidelines (2).

Molecular characterization. The presence of the mecA gene, as well as attribution to CC398, was
tested for each isolate by a duplex PCR (39). Additionally, spa typing was performed for all strains,
according to Harmsen et al. (22).

Statistical analyses. Confidence intervals were calculated using the R (version 3.4.1) function
binom.test(), and odds ratios were calculated using the R function fisher.test () (8). Prevalence trendlines
were obtained using Excel 2016 (Microsoft).

Selection of MRSA strains for sequencing. An overview of isolates selected for whole-genome
sequencing can be seen in Table 3. Twelve isolates from pig nasal swabs were chosen to represent the
main spa t011 (n � 7) and spa t034 (n � 5) and to be spread over time and area during 2017. The isolates
were chosen according to the most prevalent resistance phenotypes (Table S1). From a total of 61 MRSA
spa t011 isolates, 47 (77%) isolates exhibit in addition to resistance to beta-lactam antibiotics only one
to three additional resistances. In contrast, 49 out of 63 MRSA spa t034 isolates exhibit uniform resistance
patterns with up to eight additionally phenotypic resistances. Furthermore, two pig meat isolates also
obtained in the national monitoring program in 2017 and 3 poultry meat isolates with spa t034 from
2016 were sequenced (no poultry meat isolates were available from 2017).

Fifteen MRSA isolates recovered from veterinarians and eight isolates from farmers were included,
resulting in 23 human isolates from 2017. Three isolates from horses that were isolated in routine
diagnostics in the same year were also included; two isolates were from wounds, and one isolate was
from bronchoalveolar lavage fluid.

In addition, 15 isolates from a recent study on pig CC398 in Denmark (26) were included. Isolates
were selected to represent the three described lineages (L1 to L3) and to be spa t011 or spa t034
(Table S2).

Sequencing. The whole genomes of all selected isolates were sequenced using the NextSeq platform
(Illumina Nextera XT library) to obtain paired 150-bp reads. Sequencing was performed by the external
companies Microsynth (Balgach, Switzerland) and Eurofins Genomics Germany GmbH (Ebersberg, Ger-
many) (horse isolates).

Phylogenetic analyses. Reads were mapped to a reference genome (GenBank accession no.
NC_017333.1) using the bwa 0.7.13 (40) aln command with – q option set to 15, followed by merging of
forward and reverse alignments with sampe. SAMtools 1.3 (41) was then used to convert the SAM file to
a BAM file. SNP calling was then performed using samtools 0.1.19 mpileup and bcftools. The obtained
mapping alignments were converted to FASTA files for use in downstream analyses.

To obtain an SNP tree, the mapping assemblies were loaded into MEGA 7 (42) to remove all gaps and
thus obtain a core-genome alignment. The tree was calculated with PhyML 3.3.20180214 (43, 44) after
first determining the best model according to the Bayesian information criterion with modeltest-ng 0.1.3
(https://github.com/ddarriba/modeltest).

Core-genome MLST analyses were performed using chewBBACA version 1.0 (https://github.com/B
-UMMI/chewBBACA) for allele calling and employing the schema published on PubMLST (https://pubmlst
.org/, accessed 3 August 2018).

To detect virulence and resistance genes, a de novo assembly was performed for each strain using
SPAdes 3.10.1 (45). Then, virulence and resistance genes were called with abricate (https://github.com/
tseemann/abricate) using the databases VFDB and ResFinder (https://cge.cbs.dtu.dk/services).

Data availability. All reads were submitted to the Sequence Read Archive under BioProject number
PRJNA556204.

SUPPLEMENTAL MATERIAL
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