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Objectives: MDR MRSA isolates cultured from primates, their facility and primate personnel from the Washington
National Primate Research Center were characterized to determine whether they were epidemiologically related
to each other and if they represented common local human-associated MRSA strains.

Methods: Human and primate nasal and composite environmental samples were collected, enriched and
selected on medium supplemented with oxacillin and polymyxin B. Isolates were biochemically verified as
Staphylococcus aureus and screened for the mecA gene. Selected isolates were characterized using SCCmec
typing, MLST and WGS.

Results: Nasal cultures were performed on 596 primates and 105 (17.6%) were MRSA positive. Two of 79 (2.5%)
personnel and two of 56 (3.6%) composite primate environmental facility samples were MRSA positive. Three MRSA
isolates from primates, one MRSA from personnel, two environmental MRSA and one primate MSSA were ST188 and
were the same strain type by conventional typing methods. ST188 isolates were related to a 2007 ST188 human isolate
from Hong Kong. Both MRSA isolates from out-of-state primates had a novel MLST type, ST3268, and an unrelated
group. All isolates carried >1 other antibiotic resistance gene(s), including tet(38), the only tet gene identified.

Conclusions: ST188 is very rare in North America and has almost exclusively been identified in people from
Pan-Asia, while ST3268 is a newly reported MRSA type. The data suggest that the primate MDR MRSA was unlikely

to come from primate centre employees. Captive primates are likely to be an unappreciated source of MRSA.

Introduction

MRSA is increasingly prevalent in community settings and is a
major nosocomial pathogen.® MRSA is known to colonize and
cause infections in humans, livestock, pets, zoo animals and mar-
ine mammals.™? However, relatively little is known about the
dynamics of Staphylococcus aureus or MRSA colonization or/and
infection in non-human primates, which are important research
models for human disease.>®

The Washington National Primate Research Center (WaNPRC) is
one of seven National Primate Research Centers in the USA.
Historically, MRSA infections in WaNPRC primates have not been
considered a major concern, because they have not been frequently
identified, or the cause of significant clinical disease. However,
between February and September 2014, there were nine cases
of MRSA infection in primates with cranial implants, including two
animals with cranial implant chamber infections with MRSA and
neurological symptoms. Moreover, in December 2014, an animal
technician sustained a bite wound from a MRSA colonized primate,

and developed a severe MRSA skin infection, which required intraven-
ous daptomycin treatment. This suggests MRSA transmission from a
primate to staff personnel.® Initial antimicrobial susceptibility testing
of MRSA isolated from primates and the human skin infection
showed that they had similar MDR profiles with susceptibility to dap-
tomycin and vancomycin, and varied susceptibility to trimethoprim/
sulfamethoxazole and tetracycline. These phenotypic similarities,
the closed environment and spread of MRSA from one area to
another within the three areas of the facilities suggested that the
isolates obtained from primates and personnel could represent a
single MRSA strain or a single clone, underscoring the need for a bet-
ter understanding of primate MRSA isolates and their transmission.

In 2015, the WaNPRC implemented screening of all primates,
including Macaca fascicularis, Macaca mulatta and Macaca
nemestrina, for nasal carriage of MRSA, providing an opportunity to
explore the strain characteristics and molecular epidemiology of
primate-associated MRSA. The aims of this study were to: (i) deter-
mine the prevalence of MRSA carriage among primates, staff and the
primate centre environment; and (i) characterize a selected number

© The Author 2016. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.

For Permissions, please e-mail: journals.permissions@oup.com

2798



MRSA ST188 in people, primates and environment

JAC

of MRSA isolates to determine their relatedness to each other and
the potential source of the strain or strains recovered. In addition,
the study would determine whether transmission of MRSA was
occurring within the WaNPRC.

Materials and methods
WaNPRC Facility

The WaNPRC facility is composed of three sections: section 1 includes five
floors, and was the first area where MRSA was identified; section 2 is within
the same building, but physically separated ~1 km from the first section;
and section 3 is on a separate campus within the city. The main surgical
suites for the centre are housed in section 1, and primates from all three
sections may undergo procedures there.

Primate, human and environmental samples

Nasal samples (n=596) were taken from ketamine-sedated primates
(M. fascicularis, M. mulatta and M. nemestrina) using standard microbio-
logical swabs; BD BBL CultureSwab Plus Amies Medium (Becton Dickinson,
Franklin Lakes, NJ, USA) and Starplex Starswab II (Starplex Scientific,
Etobicoke, ON, Canada). Skin swabs from 53 animals, 4 wound samples, 2
rectal samples from animals with diarrhoea and 2 oral samples were add-
itionally processed for the presence of MRSA. All samples were processed
the same day that they were collected.

Nasal samples were taken from volunteer primate personnel (n=79) using
SANICULT™ Transport Swabs (Starplex Scientific) gently placed into the anter-
ior nares and rotated twice in each nostril as previously described.”®

Composite environmental surface samples (n=>56) were collected from
the five floors of section 1, where the MRSA was first noted in the primates,
as previously described.” No environmental samples from sections 2 and 3
were collected.

Ethics

Human samples were collected under University of Washington IRB
approval no. 35382. Primate samples were taken as part of the general
care of the animals.

Isolation and verification of S. aureus and MRSA

Samples were enriched and positive cultures were plated on oxacillin-
resistant S. aureus Base® medium (ORSAB; Oxoid Limited, Basingstoke, UK)
and incubated at 36.5°C for 48 h as previously described.” Dark blue colonies
were isolated and plated on Brucella agar (Difco Laboratories, Division BD
Sparks, MD, USA) supplemented with 5% sterile sheep blood and incubated
at 36.5°Cin 5% CO, for 24 h. Colonies that produced B-haemolysis were veri-
fied as S. aureus using the Staphaurex® test (Remel, Lenexa, KS, USA) accord-
ing to the manufacturer’s instructions. Verification of MRSA was determined
using the Thermo Scientific PBP2’ latex agglutination test kit® according to
the manufacturer’s instructions (Thermo Fisher Scientific, Remel Products,
Lenexa, KS, USA). In addition, a subset of isolates representing each of the
three areas within the facility, had the mecA gene verified by PCR assay as
previously described.’ This method identified MRSA and mecA-positive
coagulase-negative Staphylococcus spp., the latter of which were not further
characterized. However, on occasion MSSA isolates were identified. Both
MRSA and MSSA were stored frozen at —80°C.

MLST and SCCmec typing

Twelve isolates (five MRSA and two MSSA from primates, two MRSA and one
MSSA from personnel, and two environmental MRSA from the primate facil-
ity) were selected for characterization using molecular methods. In addition,
two environmental MRSA isolates (one from a local wastewater treatment
plant and one from a wetland) were included as epidemiologically unrelated

controls (Table 1). The isolates from the animals were randomly selected to
represent all three areas of the facility at the beginning of the study and
include isolates from animals sent from other locations. All isolates were
screened for SCCmec types I-V by multiplex PCR as previously described,
using controls for each type (I-V).1° The SCCmec type was confirmed by
amplification with appropriate single primer sets. MLST was performed
using previously published PCR assays, primers and cycling parameters*?
with PCR products sequenced bi-directionally at the University of
Washington’s Genome Sciences High-Throughput Sequencing facility. MLST
alleles were assigned in accordance with the S. aureus MLST database (http:/
saureus.mlst.net/). Novel MLST types were submitted to the MLST web site
for new ST assignments.

tet(38) PCR confirmatory assay

Selected isolates that were tet(38) positive by WGS were verified using
the PCR assay previously described.'? PCR amplicons were sequenced
as described above. Sequences were compared using the NCBI non-
redundant database (accessed 29 January 2016) using a BLASTN
search.’?

WGS and analysis

Libraries were prepared and sequenced on an Illumina MiSeq as previously
described'* with the addition of size selection for library fragments in the
400-800 bp range. De novo genome assemblies were generated as previ-
ously described.'* The average read depth obtained was 42x (range,
33.7-51.4x coverage). To select the most appropriate genome for epidemio-
logical analysis, contigs in each isolate’s assembly were compared with the
NCBI non-redundant database (accessed 20 March 2015) using a BLASTN
search.'® The organism(s) matched with the highest bitscore for each contig
was recorded, and weighted proportionally to the length of the contig. The
cumulative weights of top matches were then integrated across isolates.
Based on this analysis, S. aureus CN1 (GenBank accession no. 537389513)
was selected as the reference complete genome most closely related to
all isolates. Alternatively, a draft genome of ST188 SCCmec V CUHK_HK188
(GenBank accession no. JFFY00000000), isolated from a human in Hong
Kong, was also used for comparison. Sequence reads generated in this
study are available from the NCBI Sequence Read Archive (http://www.
ncbi.nlm.nih.gov/sra) under accession no. SRP067697. Sequence reads
were aligned to the CN1 genome, and variant calling (SNPs and INDELs)
was performed using bwa-mem (v0.7.12)*® and samtools (v1.1),'° except
that minimum gapped reads of 3 and minimum fraction of gapped reads
of 0.2 were used. All-by-all pairwise distance matrices were constructed as
previously described.'* Approximately maximum-likelihood phylogenetic
trees were constructed using FastTree 2.18.17

Antibiotic resistance gene content

We examined isolates with respect to a set of 48 antibiotic resistance genes
(Table S1, available as Supplementary data at JAC Online). We performed a
BLASTX search of the de novo assemblies of all isolates against these factors
and scored factors as present if a match with >80% identity and >80%
coverage was identified, as described previously.’® Mutations in gyrA and
gyrB were identified through examination of the primary variant calls.

Results

MRSA isolates from primates, personnel and the
primate facility
A total of 596 primates were cultured for nasal carriage of

MRSA, including three groups of animals that were imported
from outside the state. A total of 105 (17.6%) animals had
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Figure 1. Phylogenomic relationships of S. aureus isolates. Molecular
epidemiology of (a) all S. aureus isolates and (b) ST188 S. aureus
isolates. Relationships are shown with respect to the draft genome of
ST188 strain CUHK_HK188. The scale bars are expressed in changes per
site in both panels. STs of select clades are indicated in (a), in bold. MSSA
strains are indicated by a black star; the remaining strains are MRSA. MSSA
strain A217 has recently been assigned MLST type ST226.

The two ST3268 isolates, which originated from an outside facil-
ity, similarly formed a distinct and isolated clade. Like the ST188
isolates, the ST3268 isolates were genomically distinguishable
from one another, but demonstrated only a small absolute number
of distinguishing variants. This limited number of genomic differ-
ences suggests that the ST3268 isolates have a common ancestry.

Control strains and other isolates obtained from primate facil-
ity personnel were distributed more broadly throughout the phyl-
ogeny, indicating greater degrees of phylogenomic divergence
(Figure 1a).

Antibiotic resistance genes

The genomes were examined for the presence of 48 known
S. aureus antibiotic resistance genes (Table 1 and Table S1).
Consistent with their MDR phenotype, the WaNPRC MRSA ST188
isolates and MSSA Z1224 carried aminoglycoside resistance
gene aacB-le-aph2-la, B-lactamase gene blaZ, rRNA methylase
gene erm(B), conferring resistance to macrolides, lincosamide
and streptogramin B, and tetracycline resistance gene tet(38).
The ST3268 MRSA isolates TXA and TXB similarly carried aacB-
le-aph2-la, blaZ and erm(B). The human ST8 MRSA isolate
NPC132A carried aacB-le-aph2-la, blaZ and erm(B). The ST15
MSSA carried aacB-le-aph2-la, blaZ, erm(B) and tet(38), while
MSSA ST226 carried tet(38) (Table 1). MRSA control strain
WW2014 carried blaZ, tet(38) and aminoglycoside resistance
gene aph(3)-llla, while the UWB-405 isolate ST133 carried only
tet(38). Because the tet(38) gene has not been commonly identi-
fied in MRSA, we verified its presence in these isolates using tar-
geted PCR and conventional sequencing to verify its presence.

We separately examined WGS data for gyrA and gyrB muta-
tions, which could confer resistance to fluoroquinolones. Ten of
the strains, including all of the primate MRSA isolates, carried
the Ser84Leu gyrA mutation previously reported in S. aureus
(Table 1).%°

Discussion

SCCmec typing, MLST and WGS indicate that the primate MRSA
isolates examined in this study comprised two different groups
of genomically related strains (ST188 and ST3268), each of
which were the same strain type by conventional typing meth-
o0ds.?® We have continued to isolate MRSA over the last year
from the primates and have only identified ST188 and ST3268
in the colony. All the primate MRSA isolates were MDR carrying
both acquired genes and resistance-associated mutations
(Table 1). The majority of primate MRSA isolates were ST188
SCCmec type 1Va, which is very uncommon in North America.
MRSA ST188 has previously been isolated almost exclusively
from Pan-Asian humans and often carries other SCCmec
types.?"?? There have been few reports of MRSA ST188 strains iso-
lated from people in the USA, or from animals and/or their envir-
onment.??~?° A recent study reported three MSSA ST188 from
sanctuary chimpanzees isolated in Uganda and 10 MSSA ST188
isolated from wild Madagascar lemurs.> None of the African
MSSA ST188 isolates was phenotypically resistant to the three
antibiotics tested.”

The WaNPRC periodically hosts guest researchers from Pan-Asig,
and we cannot rule out the possibility that a foreign researcher or
another person inadvertently introduced MRSA ST188 into the pri-
mate colony. However, several observations make it more likely
that ST188 strains were brought into the USA by a primate. The pre-
dominance of ST188 in the primates studied and the paucity of that
ST within the local human community suggest that MSSA and/or
MRSA ST188 could be part of the normal primate microbiota, par-
ticularly since MSSA ST188 has been identified in 13 (15%) of 84
MSSA isolated in African primates.> We note that MRSA ST188
has also been isolated from non-human primates from another
primate facility on the East Coast (J. Lane, WaNPRC, personal com-
munication): the probability of multiple, independent human-to-
primate transmission events in independent facilities is expected
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to be low. However, it is possible that the primates became colo-
nized with MRSA ST188 through contact with humans in Asia
before being imported to domestic animal facilities. The relatively
low prevalence of human ST188 even in endemic Pan-Asian regions
makes this possibility less likely.?*? We must emphasize that the
timing of ST188 introduction cannot be determined from the pre-
sent study. ST188 strains may have initially been carried for an
indeterminate period as commensal bacteria in one or a few ani-
mals, either nationally or within the WaNPRC colony, and have
more recently acquired virulence factors, which enabled them to
spread and begin to cause disease.

The second MRSA group belonged to a new MLST type, ST3268,
and was associated with animals from one out-of-state facility.
This strain appears to be unrelated to other S. aureus STs by
eBURST analysis (data not shown). Although not sequenced in
this study, isolates of ST3268 were additionally identified from
nasal culture of three WaNPRC animals experimentally infected
with Simian immunodeficiency virus. A fourth animal had the
same ST3268 from a shoulder abscess caused by a bite wound.
Because the resident WaNPRC animals did not have direct contact
with the out-of-state primates, the most direct transmission route
connecting all four of these strains would be through environmen-
tal contamination from a common procedure room. ST3268 was
not recovered from environmental samples, but given that only
one of the three sites within the facility was sampled, it could eas-
ily have been missed by this screen. Consequently, it is unlikely
that employees of WaNPRC were the original source of the
ST3268 isolates.

It is noteworthy that an MRSA isolate from one researcher was
ST8, which is common in the community, but was not cultured
from any primates or the environment.® Our failure to identify
this or other common human MRSA STs from primates also speaks
against the likelihood of human to primate transmission within
the facility. This is in contrast to the recent Hanley et al.® publica-
tion, which identified USA300/ST8, a community-associated
strain, as the predominant MRSA strain at the Texas facility. A
report from a Greek zoological park also identified both
human-associated MRSA ST8 and ST15 within their monkey popu-
lations.?” The MRSA strains from infected M. mulatta, originally
from China, were not characterized, thus their MLST type is
unknown at this time.*

To guard against the potential spread of MRSA among primates
and to protect workers at the centre further, extensive decontamin-
ation of the WaNPRC facility has been implemented using hydrogen
peroxide cleaner and UV light systems (Chlordisys Torch Tower). In
addition, MRSA appropriate personnel protection equipment is
required. Further, MRSA-positive animals are now segregated from
other primates when possible, and extensive decontamination of
the primates themselves has been carried out with >90% success
rate at 4 weeks post-decolonization (data not shown).

MRSA infections have the potential to disrupt primate experi-
ments and, in rare cases cause occupational infections in person-
nel, at both this and other facilities. The current study suggests that
primates in US primate centres and from commercial suppliers are
likely an unappreciated source and reservoir of MRSA, and should
consequently be screened when animals are moved between
and within facilities.” We also recommend that a baseline level of
MRSA carriage be determined at all primate facilities. Studies have
isolated MSSA from wild primate populations, but no studies have
yet been published showing MRSA in wild primate populations, or

what the risk to humans the MRSA-positive primates are. This is
particularly important in locations where primates and humans
interact closely.” Future work on these primate populations would
be helpful in determining the ultimate origins and population
dynamics of primate-associated MRSA strains.
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