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A B S T R A C T

We previously reported that laboratory mice from all global vendors are frequently colonized with
Staphylococcus aureus (S. aureus). Genotyping of a snap sample of murine S. aureus isolates from Charles River,
US, showed that mice were predominantly colonized with methicillin-sensitive CC88 strains. Here, we expanded
our view and investigated whether laboratory mice from other global animal facilities are colonized with similar
strains or novel S. aureus lineages, and whether the murine S. aureus isolates show features of host adaptation. In
total, we genotyped 230 S. aureus isolates from various vendor facilities of laboratory mice around the globe
(Charles River facilities in the USA, Canada, France, and Germany; another US facility) and university- or
company-associated breeding facilities in Germany, China and New Zealand. Spa typing was performed to
analyse the clonal relationship of the isolates. Moreover, multiplex PCRs were performed for human-specific
virulence factors, the immune-evasion cluster (IEC) and superantigen genes (SAg). We found a total of 58 dif-
ferent spa types that clustered into 15 clonal complexes (CCs). Three of these S. aureus lineages had spread
globally among laboratory mice and accounted for three quarters of the isolates: CC1 (13.5%), CC15 (14.3%),
and CC88 (47.0%). Compared to human colonizing isolates of the same lineages, the murine isolates frequently
lacked IEC genes and SAg genes on mobile genetic elements, implying long-term adaptation to the murine host.
In conclusion, laboratory mice from various vendors are colonized with host-adapted S. aureus-strains of a few
lineages, predominantly the CC88 lineage. S. aureus researchers must be cautioned that S. aureus colonization
might be a relevant confounder in infection and vaccination studies and are therefore advised to screen their
mice before experimentation.

1. Introduction

The Gram-positive bacterium Staphylococcus aureus is a dangerous
opportunistic pathogen and a leading cause of bacterial infection in
hospitals and in the community world-wide. Apart from being a human
pathogen, S. aureus also colonizes and infects a large range of hosts,
including companion animals, livestock, and wild animals (Fitzgerald
and Holden, 2016; McCarthy et al., 2012). The treatment of S. aureus

infections is hampered by the spread of methicillin-resistant S. aureus
(MRSA) strains, which have dwelled and spread in hospitals for dec-
ades, and are nowadays also found in the community and even livestock
(Cuny et al., 2015; DeLeo et al., 2010; World Health Organization,
2014). Unfortunately, all attempts to develop a protective S. aureus
vaccine have failed so far (Fowler and Proctor, 2014). Thus, novel ap-
proaches for the prevention and treatment of S. aureus infections are
urgently required. The development of new interventional strategies
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relies on robust and clinically relevant infection models. Most re-
searchers use laboratory mice as a surrogate host, because they have a
well characterized immune system and are relatively easy and in-
expensive to breed. Moreover, cause-effect studies are facilitated by
numerous gene knock-out mouse strains. However, we have recently
reported that laboratory mice are natural hosts of S. aureus and that
colonization of specific-pathogen-free mice is far more common than
expected (Schulz et al., 2017). We observed that S. aureus spreads in
mouse colonies by efficient transmission from parents to offspring and
can persistently colonize young mice. Just like humans, colonized la-
boratory mice mount a systemic immune response against S. aureus.
Moreover, both mice and men frequently suffer from abscess formation.
These similarities in the interaction between S. aureus and humans or
mice suggest that laboratory mice are better models for colonization
and infection studies than previously assumed.

Adaptation to new hosts is a complex evolutionary process, invol-
ving the loss and/or acquisition of mobile genetic elements (MGEs),
such as phages, as well as the accumulation of mutations, resulting in
host-specific allelic variants or loss of function (Fitzgerald and Holden,
2016). We have previously genotyped 99 murine S. aureus isolates from
Charles River Laboratories, USA, and observed that CC88-MSSA is the
dominant murine S. aureus lineage (Schulz et al., 2017). The murine
strains showed features of host adaptation, e.g. the absence of super-
antigen (SAg)-encoding mobile genetic elements, as well as the lack of
the Sa3int phages. SAgs are highly potent T cell mitogens which show a
10–100-fold reduced activity on murine as compared to human T cells
(Holtfreter and Broker, 2005). Sa3int phages encode the human-specific
immune evasion gene cluster (IEC) carrying staphylo-kinase (sak),
staphylococcal complement inhibitor (scn) and chemotaxis inhibitory
protein of S. aureus (CHIPS; chp) as well as staphylococcal enterotoxins
A or P (sea, sep) (Sung et al., 2008; van Wamel et al., 2006). These
phages are common in human isolates, but usually absent in animal-
adapted strains, including the murine S. aureus isolates from Charles
River, US (Holtfreter et al., 2013; Markham and Markham, 1966; Sung
et al., 2008).Worryingly, natural S. aureus colonization of laboratory
mice primed the adaptive immune system and could hence affect ex-
perimental infection and vaccination studies.

The aims of this study were to investigate (1) whether laboratory
mice from other commercial but also university-associated breeding
facilities are colonized with CC88 strains or novel S. aureus lineages,
and (2) to look for features of host adaptation by comparing the murine
isolates with corresponding human strains.

2. Materials and methods

2.1. Murine S. aureus isolates

S. aureus isolates were provided by several vendors or university
breeding facilities. Specimen were obtained during routine health
monitoring, and occasionally from euthanized mice suffering from
S. aureus infections (e.g. preputial gland adenitis). To avoid a sampling
bias, we included a maximum of 4 isolates of the same spa type, barrier,
mouse strain and time point in the study cohort.

CR, USA: The CR strains (n = 121) were provided by Charles
River’s Research Animal Diagnostic Services (Wilmington, USA).
Strains were submitted by different Charles River facilities in Hollister
(n = 13), Kingston (n = 10), Raleigh (n = 10), and Canada (n = 6), as
well as from Charles River customers (n = 70) (Table 1). Another
twelve strains were provided by an anonymous US vendor. Spa type,
SAg gene patterns, IEC genes and ampicillin resistance of the majority
of these strains (n = 84) have been previously reported (Schulz et al.,
2017). The PGA strains were obtained from C57BL/6CRL mice with
preputial gland adenitis (PGA) from Charles River breeding facilities at
Kingston (n = 6) and Hollister (n = 9).

CR, France: 14 S. aureus isolates were obtained during routine
health monitoring at the Charles River facilities in L’Arbresle cedex,

France.
Auckland: 13 S. aureus strains were isolated from fecal samples of

BALB/c and C57BL/6 mice at the animal facility at the University of
Auckland. A single isolate was obtained from a mouse with a severe
purulent vaginal infection. JSNZ, the prototypical murine CC88-MSSA
strain, was isolated from a C57BL/6 mouse with PGA in 2008
(Holtfreter et al., 2013).

China: DNA of twelve murine S. aureus strains was provided by an
anonymous Chinese pharmaceutical company. Three samples were
obtained from mice that originated from Beijing Vital River
Biotechnologies (Charles River, China). Some mice were symptom-free,
while others had PGA or facial infections (Table S1).

DKFZ Heidelberg: 37 S. aureus isolates were obtained during rou-
tine health monitoring, and occasionally from euthanized mice suf-
fering from S. aureus infections (e.g. PGA, dermatitis, abscesses) at the
animal facilities of the Deutsche Krebsforschungszentrum (DKFZ) in
Heidelberg, Germany. Samples were obtained between 1983 and 2015
from various mouse strains, directly derived from several different
vendors or obtained from in-house-breeding facilities.

Ulm: Eight S. aureus isolates were obtained from various mouse
strains during routine health monitoring, and occasionally from eu-
thanized mice at the animal facilities (Tierforschungszentrum) of the
University of Ulm, Germany.

Greifswald: This cohort comprises 14 S. aureus isolates from stool
samples of mostly C57BL/6 mice at the Central Service and Research
Facility for laboratory animals at the University Medicine in Greifswald,
Germany.

2.2. Human S. aureus isolates

CC-matched human S. aureus strains were obtained from several
S. aureus colonization studies (T, SH, SHIP). The T and SH strains were
obtained from healthy blood donors in Northern Germany in 2002 and
2005–2006, respectively. Spa types as well as agr type, SAg gene pat-
terns and Saint phage groups of these strains were previously reported
(Holtfreter et al., 2004; Holtfreter et al., 2007). The SHIP studies (SHIP-
LEGENDE, SHIP-2, SHIP-Trend-0) are population-based studies in
Western Pomerania. They are described in depth elsewhere (Holtfreter
et al., 2016; Volzke et al., 2011) (Table S2). Human CC88 isolates were
obtained from various sources as previously reported (Schulz et al.,
2017).

2.3. Ethics statement

CR, US: Most murine S. aureus isolates were obtained during routine
health monitoring at Charles River facilities in Hollister CA, Kingston
NY, and Wilmington MA, USA (Protocol number P06172002–Holding &
Euthanasia of Animals for Diagnostic Testing and Health Monitoring).
Few animals (PGA samples) were selected from animals destined for
euthanasia, either due to surplus animal production or for their pre-
sentation with PGA. All animal work was performed in accordance with
United States Public Health Service Policy on Humane Care and Use of
Laboratory Animals and the US Animal Welfare Act.

S. aureus isolates from Charles River, France, the University
Medicine of Greifswald, the University of Ulm and the DKFZ Heidelberg
were obtained during routine health monitoring laboratory rodent co-
lonies. S. aureus isolates from the anonymous Chinese company were
obtained during routine health monitoring, and from euthanized mice
suffering from S. aureus infections (e.g. PGA, facial infections).

2.4. S. aureus identification and genotyping

S. aureus was identified by colony morphology on mannitol salt agar
(MSA) plates (Becton Dickinson, Franklin Lakes, USA),
S. aureus–specific latex agglutination test (Staph Xtra Latex kit,
ProLexTM, Richmond Hill, ON, Canada) as well as gyrase and nuclease
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PCR as previously reported (Schulz et al., 2017). Spa genotyping and
multilocus sequence typing (MLST) were performed as described else-
where (Enright et al., 2000; Harmsen et al., 2003). Spa types were
clustered into clonal lineages using the BURP algorithm of the Ridom
Software and the spaserver database (http://www.spaserver.ridom.de/
). MLST was performed on selected isolates to confirm the spa clustering
results. Profiles were submitted to the spaserver and the MLST database
(https://pubmlst.org/saureus/).

2.5. Virulence gene detection

Multiplex PCRs were applied to detect a total of 25 S. aureus species
markers, resistance and virulence genes, including gyrase (gyr), peni-
cillin binding protein 2A (mecA), Panton-Valentine leukocidin (pvl),
staphylococcal superantigens (sea-selu, tst), exfoliative toxins (eta, etd)
and agr group 1–4 (Goerke et al., 2009; Holtfreter et al., 2007). The
Sa3int phage-encoded immune evasion cluster (IEC; Sa3int, sak, chp,
scn) was detected by multiplex PCR according to published protocols
(Schulz et al., 2017).

2.6. Antibiotic resistances

The minimal inhibition concentration (MIC) values for penicillin
were determined according to EUCAST guidelines. Briefly, S. aureus
colonies from blood agar plates were suspended in 0.9% (w/v) sodium
chlorite solution to a McFarland of 0.5 and subsequently diluted 1:50 in
Mueller Hinton broth 2 (Sigma-Aldrich, Germany). 50 μL of the bac-
terial suspension were incubated with serial dilutions of penicillin
(Sigma-Aldrich, Germany) (0.016–125 μg/mL). Bacterial growth was
visually inspected after 24 und 48 h. Isolates with a MIC value above
0.125 μg/mL were considered as penicillin- resistant.

Methicillin resistance was determined for all murine and human
isolates by PCR amplification of the mecA and mecC genes as previously
reported (Holtfreter et al., 2016). mecA-positive strains were subse-
quently subjected to a disc diffusion antimicrobial susceptibility assay
using 30 μg cefoxitin (BBL™ Sensi-Disc™, BD Germany).

2.7. Statistics

Categorical data were assessed by using Pearson’s chi-square test. P
values of ≤0.05 were considered statistically significant.

3. Results

3.1. The study cohort comprises S. aureus isolates from 11 animal facilities
from around the globe

To characterize the S. aureus population in laboratory mice on a
global scale, we obtained 230 S. aureus isolates from various vendors
(Charles River, US; Charles River, Canada; Charles River, France, an
anonymous US vendor), four research institutes (University of
Auckland, New Zealand; University Medicine of Greifswald, Germany;
DKFZ, Germany; University of Ulm, Germany) and a pharmaceutical
company (Beijing, China) (Table 1). Most isolates (n = 121) were
provided by Charles River’s Research Animal Diagnostic Services
(Wilmington, USA). These strains originated from customers (uni-
versities and pharmaceutical companies) (n = 74), as well as different
Charles River breeding facilities in the US (i.e. Hollister, Kingston,
Raleigh) and Canada. We also included a comprehensive sample col-
lection from the DKFZ, comprising S. aureus isolates from the early
1980s until 2015 (n = 37). Some of the DKFZ isolates (n = 11) were
obtained from the mice from commercial vendors immediately upon
arrival and were hence regarded as vendor-derived samples. For details
on the S. aureus isolates from the other vendors, university-associated
animal facilities and the included pharmaceutical company, please refer
to Table 1. To avoid a sampling bias, we included a maximum of four
isolates from the same genotype (as determined by an identical spa type
and virulence gene pattern), barrier, mouse strain and time point in the
study cohort.

3.2. S. aureus lineages CC1, CC15, and CC88 have spread in laboratory
mice around the globe

We have previously reported that CC88 strains are the predominant

Table 1
Overview on participating animal breeding facilities and detected S. aureus lineages.

Cohort Facility1 Year of isolation (No. of isolates) detected S. aureus lineages (No. of isolates; mouse
strains)

N

Charles River, Hollister, USA Vendor 2004 (5), 2013 (8) CC1 (8; BL/6), CC188 (5; BL/6) 13
Charles River, Kingston, USA Vendor 2004 (5), 2013 (5) CC88 (10; BL/6) 10
Charles River, Raleigh, USA Vendor 2004 (10) CC88 (10; BL/6) 10
Charles River, St. Constant, CAN Vendor 2004 (6) CC88 (4; BL/6), CC188 (2; BL/6) 6
Charles River, L’Arbresle cedex, FRA Vendor 2014 (13), unkn (1) CC1 (8; diverse), CC15 (2; diverse), CC88 (3; diverse), singleton (1; diverse) 14
Charles River, USA Uni, Pharma

(customers)
2004 (5), 2011 (64), 2012 (1) CC5 (11; outbred, CD1, Nude), CC8 (4; BALB/C, CD1), CC15 (7; diverse),

CC25 (2; BALB/C, outbred), CC30 (3; outbred, Nude), CC72 (1; CD1), CC88
(40; outbred, BL/6, Nude and others), CC101 (1; BALB/c), CC188 (1; outbred)

70

anon. vendor, USA Vendor 2004 (1), 2012 (11) CC15 (11; mainly BL/6), CC88 (1; BL/6) 12
DKFZ, Heidelberg, GER Uni 1983 (3), 2007 (3), 2008 (9),

2009 (1), 2012 (3), 2013 (1),
2014 (8)

CC1 (5; NMRI, tg), CC15 (3; BL/6, tg), CC20 (3; NMRI, BL/6), CC22 (6; BL/6,
CD1, tg), CC30 (1; CD1), CC88 (9; BL/6, tg), CC97 (1; BL/6)

28

Vendor* 2008 (3), 2014 (4), 2015 (2) CC15 (2; FVB/N), CC30 (1; BL/6), CC88 (3; BL/6), CC398 (2; BL/6), ST4948
(1, C3HHe/N)

9

University of Auckland, Auckland,
NZL

Uni 2008 (1), 2011 (12) CC88 (13; BALB/C, BL/6) 13

Vendor* 2011 (11) CC1 (4; CD1), CC88 (7; CD1 and BL/6) 11
University Medicine Greifswald,

Greifswald, GER
Uni 2011 (4), 2013 (10) CC1 (3; BL/6), CC7 (3; diverse), CC15 (4; Albino BL/6), CC88 (4; BL/6) 14

University of Ulm, Ulm, GER Uni 2007 (4), 2008 (4) CC15 (4; BL/6, tg, NMRI), CC88 (4; diverse) 8
Anon. pharmaceutical company,

Bejing, CHN
Pharma 2014 (12) CC1 (3; BL/6), CC8 (9; BL/6) 12

Abbreviations: BL/6, C57BL/6; tg, transgenic; Uni, university-associated animal breeding facility; Pharma, pharmaceutical company-associated animal facility.
Vendor* are mice from commercial vendors that were analyzed at the University facility right after quarantine.

1 Animal facilities were classified as commercial vendors (“Vendor”) as opposed to customer facilities at universities (including the DKFZ; “Uni”) and pharmaceutical industry
(“Pharma”).
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S. aureus lineage in laboratory mice derived from Charles River facilities
in the US. To determine whether laboratory mice from different geo-
graphical locations and facilities are colonized with CC88 or rather
facility-specific lineages, we spa-typed all murine S. aureus isolates. We
detected a total of 58 different spa types that clustered into 15 clonal
complexes (CCs) and a single sequence type (ST2948) (Fig. 1). One spa
type singleton (t2176) could not be assigned to a lineage. Almost half of
the murine isolates (47.0%) belonged to CC88, followed by CC15
(14.3%), CC1 (13.5%), CC8 (5.7%), CC5 (4.8%), and CC188 (3.5%)
(Fig. 1, Tables 1 and S1). The earliest isolates were obtained from
murine abscesses at the DKFZ in 1983 and belonged to CC20 (spa type
t164) (Table 1 and S1), which was not detected again thereafter.

Fig. 2 illustrates the global spread of S. aureus lineages within an-
imal breeding facilities of commercial vendors and research facilities.
S. aureus isolates derived from Charles River customers were excluded

from this analysis (n = 70). Overall, three S. aureus lineages had spread
globally and were frequently isolated from laboratory mice: CC1, CC15,
and CC88.

CC88 was by far the predominant S. aureus lineage in laboratory
mice and has spread around the globe. CC88 isolates were found in
mice from almost all tested vendors and university-associated breeding
facilities (except in China) on three continents (Fig. 2, Table 1 and S1).
This lineage is prevailing in C57BL/6 mice from two US Charles River
facilities (Kingston, Raleigh). CC88 isolates were also detected at the
Charles River facilities in Canada and France, as well as another
(anonymous) US American vendor. Moreover, they were frequently
detected in the university-associated animal breeding facilities, e.g.
Greifswald, Heidelberg, Ulm, and Auckland. Since some mice bought
from vendors were sampled straight after arrival at the research in-
stitute (DKFZ) or quarantine (Auckland), one can speculate that CC88
strains are also present in Jackson Laboratories, US, and Charles River
facilities in Germany. This lineage is likely a long-standing companion
of laboratory mice, as the population is genetically diverse (22 different
spa types) and the oldest CC88 isolates were obtained from C57BL/6
mice as early as in 2004 (Charles River, US), and 2008 (DKFZ, Ger-
many).

The S. aureus lineage CC1 has also spread around the globe, being
present in vendor or university facilities from five countries on four
continents (Fig. 2, Table 1 and S1). In detail, CC1 isolates were detected
in the Hollister branch of Charles River, US, but not in the other North-
American Charles River facilities. Moreover, CC1 strains were found in
animals from Charles River France, from a Chinese pharmaceutical
company (n = 3), as well as from all tested university-associated an-
imal facilities.

CC15 strains were also wide-spread: We detected these strains in
mice from two vendors (US vendor; Charles River, France), and two
university-associated animal facilities (Greifswald; DKFZ) (Fig. 2). The
lineages CC7, CC8, CC22, and CC188 were less frequently found in
laboratory mice from breeding facilities (Fig. 2). CC188 isolates were
only detected in the Hollister and St Constant branch of Charles River,

Fig. 1. CC88 is the predominant S. aureus lineage among laboratory mice. Spa genotyping
was employed to resolve the population structure of murine S. aureus isolates. Spa types
were clustered into MLST-derived CCs.

Fig. 2. Global spread of mouse-adapted S. aureus lineages CC1, CC15, and CC88 in mouse breeding facilities. The graph illustrates the occurrence of S. aureus lineages (CCs) at each
vendor (shown in red; three branches of Charles River, USA; Charles River, Canada; Charles River, France, an anonymous US vendor), four research institutes (blue; University of
Auckland, New Zealand; University Medicine of Greifswald, Germany; DKFZ, Germany; University of Ulm, Germany) and a pharmaceutical company (blue; China). The absolute number
of isolates per (CC) is depicted in the bars.
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suggesting that this lineage was introduced at some point and has
successfully spread within these facilities thereafter.

3.3. Murine S. aureus isolates show features of host adaptation

We have previously reported that murine S. aureus isolates from
Charles River facilities in the US are adapted to their murine host, be-
cause in contrast to matched human strains they lacked MGE-encoded
SAg genes, the Sa3int phages encoding the human specific IEC genes,
and ampicillin resistance (Schulz et al., 2017). To test whether murine
isolates from this study share these features, we compared their viru-
lence gene profile and penicillin resistance with matched human colo-
nizing isolates (Table 2).

3.3.1. MGE-encoded SAg genes
MGE-encoded SAg genes were less frequent in murine CC1, CC8,

CC88 and CC188 as compared to the matched human strains (Table 2).
For example, almost all murine CC88 strains lacked the MGE-encoded
SAg genes, whereas they were common in human CC88 isolates (1.9%
vs. 45.8%; p < 0.001). If SAg genes were present in murine strains, the
pattern was also often different from human strains. For example,
murine CC1 isolates frequently carried sec, sel and seq, which are likely
co-localized on a pathogenicity island. On the contrary, human CC1
strains (spa type t127) lacked the sec/sel/seq-encoding element, but
often carried seb and/or sek/seq, which are located on a related pa-
thogenicity island (Tables S1 and S2). Surprisingly, murine CC188 were
often SAg gene-positive (6/8), while none of the lineage-matched
human isolates encoded SAg genes. All SAg-positive murine CC188
strains carried the Sa3int phage-encoded SAg sep, belonged to the same
spa type, and were derived from Charles River facilities in Hollister and
Canada (Table S1). The murine sep sequence was identical to the se-
quence found in human S. aureus isolates (data not shown).

3.3.2. IEC-encoding Sa3int phages
IEC-encoding phages are common in human isolates, but frequently

lacking in animal-adapted strains, including the murine S. aureus iso-
lates from Charles River, US (Holtfreter et al., 2013; Sung et al., 2008).
In this study, the IEC-encoding Sa3int phages were less prevalent in
murine CC5, CC8, CC22, and CC88 isolates than their human counter-
parts (Table 2). The most striking example is CC88: Only 13.0% of
murine CC88 strains carried IEC-encoding Sa3int phages compared to
100% of the human CC88 isolates (p < 0.001). The lineage CC15 is a
special case: These strains harbor remnants of Sa3int phages including
the IEC genes scn and chp in the same location in the bacterial genome,
while most of the phage genome including sak and Sa3int are missing
(Schulz et al., 2017). Hence, scn and chp were present in all murine and
human CC15 isolates.

3.3.3. Penicillin resistance
Penicillin resistance was less frequent in murine CC1, CC5, and

CC88 isolates than in their matched human counterparts (Table 2). For
example, all murine CC88 isolates were sensitive to penicillin, while
70.6% of the human isolates were resistant to this antibiotic. Interest-
ingly, two murine strains (both CC398) carried the mecA gene, but were
phenotypically sensitive to cefoxitin (Table S1). All other murine strains
were mecA and mecC-negative.

In summary, most S. aureus lineages have one or more genetic
features that could be associated with adaptation to the murine host.

4. Discussion

4.1. The lineages CC1, CC15, and CC88 are common and widespread
among laboratory mice

We detected a total of 15 lineages in our S. aureus strain collection
from laboratory mice with CC88 being the predominant lineage, fol-
lowed by CC15, CC1, CC8, CC5, and CC188. These findings are in very
good agreement with a previous study from our group that focused on
S. aureus isolates from Charles River, US (n = 99), and reported that
CC88 accounts for 54.5% of murine isolates, followed by CC15, CC5,

Table 2
Prevalence of IEC-encoding Sa3int phages, MGE-encoded superantigen genes, and penicillin resistance in murine and matched human isolates.

Genetic feature Clonal cluster % positive murine S. aureus isolates (absolute No.) % positive human S. aureus isolates (absolute No.) p value

MGE-encoded SAg genes CC1 32.3% (10/31) 72.2% (13/18) p < 0.01
CC5 54.5% (6/11) 75.0% (15/20) n.s.
CC8 38.4% (5/13) 90.0% (18/20) p < 0.01
CC15 0.0% (0/33) 0.0% (0/20) n.s.
CC22 0.0% (0/6) 15.0% (3/20) n.s.
CC88 1.9% (2/108) 45.8% (11/24) p < 0.001
CC188 75% (6/8) 0.0% (0/5) p < 0.01
all strains 16.5% (38/230) 44.9% (57/127) p < 0.001

IEC-encoding Sa3int phages1 CC1 48.4% (15/31) 55.5% (10/18) n.s.
CC5 54.5% (6/11) 90.0% (18/20) p < 0.05
CC8 53.3% (8/15) 90.0% (18/20) p < 0.05
CC152 0.0% (0/33) 0.0% (0/20) n.s.
CC22 0.0% (0/6) 90.0% (18/20) p < 0.001
CC88 13.0% (14/108) 100.0% (24/24) p < 0.001
CC188 100.0% (8/8) 20.0% (4/5) n.s.
all strains 28.3% (65/230) 72.4% (92/127) p < 0.001

Penicillin resistance CC1 28.6% (8/283) 72.2% (13/18) p < 0.01
CC5 9.1% (1/11) 50.0% (10/20) p < 0.05
CC8 75.0% (3/43) 75.0% (15/20) n.s.
CC15 60.6% (20/333) 80.0% (17/20) n.s.
CC22 100.0% (6/6) 65.0% (13/20) n.s.
CC88 0.0% (0/1073) 70.6% (12/17) p < 0.001
CC188 85.7% (7/8) 80.0% (4/5) n.s.
all strains 26.9% (54/2173) 70.0% (84/120) p < 0.001

Abbreviations: IEC, immune evasion cluster; MGE, mobile genetic element
1 The immune evasion cluster (IEC) encodes staphylokinase, staphylococcal complement inhibitor, chemotaxis inhibitory protein of S. aureus, as well as staphylococcal enterotoxins A

or P.
2 All CC15 isolates carry immobilized remnants of the Sa3int phage with most of the phage genome including the integrase missing. The IEC locus, however, is partially intact.
3 Penicillin resistance could not be determined for all isolates, because in some cases only DNA was available.
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CC188, and CC8 (Schulz et al., 2017).This is no surprise, because most
of these Charles River isolates (n = 84) were included in the presented
strain collection. However, there were also some differences. For ex-
ample, the lineage CC1 was not detected in the previous study, but now
found in mice from the Charles River facilities in Hollister and France as
well as in two university-associated facilities.

Among the 15 observed lineages, only three lineages had spread
globally: CC88, CC15, and CC1. All these lineages were very likely long-
standing companions of laboratory mice, because they were genetically
highly diverse, as indicated by a spa type diversification, and (except for
CC15) showed features of host adaptation, i.e. loss of IEC-encoding
Sa3int phages, MGE-encoded SAg genes and penicillin resistance. The
lineage CC88, for example, has persisted in the Charles River facilities
for at least 13 years. Interestingly, a single CC88 isolate (t2311) was
recently detected in a field vole captured in a remote area in Central
Germany (Mrochen et al.; IJMM this issue). Thus, it seems possible, that
a CC88 sublineage has been persisting in small rodents for a long time
and has been part of the endogenous flora of laboratory mice since their
derivation from common house mice. Alternatively, this lineage might
have been introduced into wild small rodents and laboratory mice in-
dependently by humans. However, this seems more unlikely because
the CC88 lineage is very rare among the North-American and European
human S. aureus populations (Gorwitz et al., 2008; Holtfreter et al.,
2016). A direct transmission of CC88 strains from wild mice to la-
boratory mice is nigh impossible at vendor and university facilities,
because pest control is strictly managed. Ongoing whole genome se-
quencing of CC88 isolates from laboratory mice, wild mice, and humans
will clarify the evolutionary events.

The lineage CC15 was also a common colonizer of laboratory mice
from different breeding facilities. This lineage is a well-known human
lineage that has spread around the globe. Among S. aureus carriers
frequencies vary between 10 and 19% (Holtfreter et al., 2016; Mehraj
et al., 2014; Ruimy et al., 2009). CC15 isolates have only occasionally
been reported from animals, including companion animals (Cuny et al.,
2010), primates (Schaumburg et al., 2015), moose, rooks (Monecke
et al., 2016), and common voles (Gomez et al., 2014). We did not detect
any CC15 isolates in Muroidea and common shrews in Central Europe
(Mrochen et al., IJMM, this issue). Hence, it seems likely that the CC15
sublineage in laboratory mice was introduced by contact persons. CC15
strains generally lack SAg genes and carry remnants of the Sa3int
phage, so these genetic features were not helpful in identifying host
adaptation features in this lineage. Whole genome sequencing will
likely shed some light on adaptation mechanisms of murine CC15 iso-
lates.

CC1 also represents a widespread and common lineage in laboratory
mice. We detected CC1 isolates in vendor- and university-associated
breeding facilities from five countries on four continents. Similar to
CC15, CC1 is a common lineage among humans including both MSSA
and community-acquired MRSA strains (Holtfreter et al., 2016;
Monecke et al., 2011). CC1-MSSA and −MRSA are also frequently
found in cattle (Alba et al., 2015), and occasionally in wild animals
(Loncaric et al., 2013; Monecke et al., 2016).

4.2. There is almost no overlap between S. aureus populations in laboratory
mice and wild rodents

Apart from studying the molecular epidemiology of S. aureus in
laboratory mice, we also investigated the prevalence and molecular
epidemiology of S. aureus in wild rodents and shrews in Central Europe
(Mrochen et al., IJMM, this issue). Notably, there was almost no overlap
in the population structure between laboratory mice (Mus musculus)
and the screened wild Muroidea, which included Mus musculus (house
mouse), Apodemus flavicollis (yellow-necked mouse), Myodes glareolus
(bank vole), Microtus agrestis (field vole), Microtus arvalis (common
vole), and the unrelated Sorex araneus (common shrew). Among wild
rodents we most frequently observed CC49, followed by CC1956,

ST890, ST3033, CC130, and a single CC88 isolate. As discussed above,
CC88 might have been part of the endogenous flora of laboratory mice
since their separation from common house mice.

Routes of transmission among laboratory mice differ strongly from
those observed among wild mice, resulting in different S. aureus po-
pulations in both cohorts. Laboratory mice live in an almost sterile
environment with their cage mates and caretakers being the only source
for acquiring S. aureus. In contrast, wild mice actively explore a number
of different environments and will therefore likely encounter various
S. aureus strains throughout their lifetime. Depending on their habitat,
these strains could be of human, livestock, or wild animal origin.
Indeed, it has been reported that wild rats and mice living around pig
barns are colonized with pig MRSA strains, while human CA-MRSA,
such as USA300, was frequently isolated from Canadian urban rats, as
well as mice living around an Afghanistan army camp (Himsworth
et al., 2014; Pletinckx et al., 2013; Schlegel et al., 2012).

4.3. Apart from CC88, laboratory mice are colonized by S. aureus lineages
that are common in humans

Apart from CC88, most other lineages that we detected in laboratory
mice, e.g. CC1, CC15, CC22, and CC30 represent common human
lineages that are only occasionally found in companion animals or wild
animals (Cuny et al., 2010; Strommenger et al., 2006). The only ex-
ceptions are CC5 and CC8. CC5 is common in humans, but has recently
spread into domestic poultry and wild fowl (Lowder et al., 2009;
Monecke et al., 2016). CC8 has a broad host reservoir, including hu-
mans, horses, and wildlife (Holtfreter et al., 2016; Nowakiewicz et al.,
2016; Walther et al., 2009). Therefore, we propose that the lineages
CC1, CC5, CC8, CC15, CC22, and CC30 have been introduced into the
mouse colonies by the staff at the animal facilities, and have thereafter
adapted to their murine host and spread within the colony. Notably, the
most common human lineages CC30 and CC45 were not at all or rarely
detected in our murine strain collection, suggesting that these lineages
have some fitness disadvantages in the murine host.

Nevertheless, human-to-mouse transmission is likely a rare event.
We have previously screened staff and mice at a local university-asso-
ciated animal facility for S. aureus colonization and observed no overlap
in the genotypes (Schulz et al., 2017). Indeed, vendors and university-
associated breeding facilities efficiently limit human-to-animal trans-
mission by using isolators or other forms of containment housing (with
S. aureus regarded as an unwanted pathogen), protected cage changing
stations, performing regular microbiological screenings and adhering to
a strict hygiene practice (Baker, 2003).

Our data suggest that mouse–mouse transmission represents the
most effective route. We present evidence that each vendor facility
harbors its own specific S. aureus genotype (Fig. 2). Moreover, we
previously reported that parental mice pass their S. aureus strain on to
the offspring with a 100% success rate. This very efficient vertical
transmission allows the persistence of defined S. aureus clones within a
barrier room for years. Moreover, the spread of S. aureus between cages
can be facilitated by insufficient disinfection of cages, bottles etc. be-
cause S. aureus is able to survive on various non-living surfaces for
several weeks.

We also observed some isolates from lineages that are typically re-
ferred to as livestock-associated, i.e. CC97 (n = 1) and CC398 (n = 2)
(Fitzgerald and Holden, 2016; McCarthy et al., 2012; Monecke et al.,
2016). All of them were isolated from mice at customer facilities,
suggesting that they have been transferred into the facility by people
with pets or close contact with livestock.

Overall, our data suggest that most murine S. aureus lineages in
laboratory mice are probably the result of a small number of host jumps
of S. aureus strains of human origin, followed by genetic adaptation to
mice. Thus, human S. aureus strains may be evolutionary precursors of
modern laboratory mouse- adapted strains. The evolutionary history of
the predominant lineage C88 might be different though, since this
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lineage is rare in humans but was occasionally detected in wild mice.

4.4. Most murine S. aureus lineages show features of host adaptation

A comparison of murine and matched human S. aureus isolates
showed that murine strains are probably adapted to their murine host.
These strains frequently lacked SAg-encoding MGEs (lineages CC1, 8,
88 and 188), the Sa3int phages encoding the human-specific IEC genes
(CC5, 8, 22, and 88) and penicillin resistance (CC1, 5, and 88). SAgs
have a 10–100-fold reduced activity on murine as compared to human
T cells (Holtfreter and Broker, 2005). The elimination of SAg genes in
murine S. aureus strains, wherever their genetic location permits this,
reflects the expendability of these toxins in mice. Similarly, Sa3int
phages encode immune evasion factors, which show no or negligible
activity in the murine system (de Haas et al., 2004; Gladysheva et al.,
2003; Holtfreter and Broker, 2005; Rooijakkers et al., 2005). These
phages integrate into the hlb gene, which encodes the sphingomyelinase
hemolysin beta (Hlb). This toxin mediates hemolysis of ruminant ery-
throcytes and is an important virulence factor in mouse infection
models (Katayama et al., 2013). In conclusion, the hlb-encoded toxin
provides a clear advantage in the murine host, whereas the IEC-encoded
factors do not, resulting in a selection against hlb-integrating IEC-en-
coding phages in murine S. aureus isolates.

Finally, penicillin resistance, which is conferred by a ß-lactamase,
was scarce among murine isolates. When facing bacterial infections in
mouse colonies, vendors prefer to cull the animals over using anti-
biotics, thereby eliminating any selective pressure for acquiring or
maintaining this resistance gene. The difference between murine and
human isolates is even more striking, considering that most of the
matched human strains were obtained from healthy human carriers and
were thus probably exposed to an only moderate antibiotic pressure as
compared to S. aureus isolates from hospitals. We have two possible
explanations for this finding: Either the host jump to laboratory mice
occurred before the acquisition and spread of penicillin resistance in the
S. aureus population, or ß-lactamase-encoding plasmids or transposons
were deleted following the host jump.

Notably, two murine CC398 isolates were phenotypically cefoxitin
sensitive, even though the mecA gene could be amplified by PCR. Whole
genome sequencing will reveal the structure of the mecA-encoding
staphylococcal chromosomal cassette and will clarify whether a muta-
tion led to a loss-of-function.

4.5. S. aureus colonization can impact vaccination and infection studies

The frequent colonization of laboratory mice with S. aureus is of
concern, because it could significantly affect S. aureus infection and
vaccination studies. Working with either S. aureus-free or consistently
primed mice will improve the validity and reproducibility of murine
infection models. There are two ways to ensure that researchers work
with S. aureus-free mice: First, specific-and-opportunistic-pathogen-free
(SOPF) mice are guaranteed S. aureus-free. However, SOPF mice are
expensive and only available for a few commonly used mouse strains.
Second, researchers can buy S. aureus-free SPF mice. Depending on the
vendor, between 1 and 20% of SPF mice are colonized with S. aureus.
Importantly, the colonization status is not reported for im-
munocompetent mice in Europe (Mahler Convenor et al., 2014; Schulz
et al., 2017). Therefore, European researchers will have to approach
their vendor, or screen their mice for colonization or seroconversion as
reported in Holtfreter et al. to ensure that they work with S. aureus-free
mice (Holtfreter et al., 2013). In contrast, US researchers can easily
identify S. aureus-free barriers at their vendor of choice, because all US
vendors publish S. aureus screening results in their health certificates.

Since all humans are immunologically primed against S. aureus,
infection studies using primed mice might represent the most physio-
logical situation. To our best knowledge, the impact of nasal S. aureus
colonization on subsequent infection has not been addressed in animal

models so far. However, several studies reported that prior exposure
due to either sub-lethal intraperitoneal inoculations or mild skin in-
fections can partially protect from a subsequent lethal challenge with
the same strain (Murphy et al., 2014; Brown et al., 2015; Selle et al.,
2016; Montgomery et al., 2014; van den Berg et al., 2015). We have
previously reported that colonized SPF mice mount a systemic antibody
response against a panel of S. aureus proteins, including numerous
S. aureus vaccine candidates from past or current clinical trials (Schulz
et al., 2017). Unrecognized colonization and hence priming may,
therefore, be a significant confounder of murine infection and vacci-
nation studies, especially if the proportion of immunized mice varies
between experimental groups (Broker et al., 2014; Brown et al., 2015;
Murphy et al., 2014; Stentzel et al., 2015).

4.6. Murine infection models could be improved by using mouse-adapted
S. aureus strains

The murine S. aureus isolates characterized in this study could be-
come valuable tools for future S. aureus infection and vaccination stu-
dies. Currently, researchers are using human-adapted strains to infect
mice, resorting to unphysiologically high infection doses to compensate
for poor adaptation. We propose that the use of mouse-adapted
S. aureus strains in their natural host – the mouse – will provide a more
physiological model for studying S. aureus host interaction and testing
novel therapeutics. As a proof of principle, we have previously shown
that the murine CC88 strain JSNZ shows a better fitness and virulence
in mouse colonization and infection models, respectively (Holtfreter
et al., 2013). We are currently testing representative S. aureus isolates
from the predominant lineages found in laboratory mice (this study)
and wild mice (Mrochen et al., IJMM, this issue) for their suitability in
murine infection models. However, one has to keep in mind that mice
and mouse-adapted strains are not suited to study the effect of human-
specific virulence factors, such as PVL and SAgs (Loffler et al., 2010).

5. Summary

In summary, the S. aureus lineages CC1, CC15, and CC88 have
spread within commercial and university-associated animal breeding
facilities around the globe. While the first two lineages are likely of
human origin and have adapted to their new murine host following host
jump, the origin of CC88 isolates remains to be clarified. S. aureus co-
lonization of laboratory mice is of prime importance for S. aureus basic
research and vaccine development, because colonized mice are im-
munologically primed and hence will deal more effectively with an
S. aureus challenge.
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