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a b s t r a c t 

Staphylococcus aureus is a serious human and animal pathogen. Multilocus sequence type 612 (ST612) is 

the dominant methicillin-resistant S. aureus (MRSA) clone in certain South African hospitals and is spo- 

radically isolated from horses and horse-associated veterinarians in Australia. Colonisation and infection 

by ST612-MRSA is increasing in Western Australia. Whole-genome sequencing was performed for 51 iso- 

lates of ST612-MRSA from Western Australian patients and healthcare workers, South African hospital 

patients, Australian veterinarians and New South Wales horses. Core genome phylogenies suggested that 

Australian equine and veterinarian-associated ST612-MRSA were monophyletic. Individual Western Aus- 

tralian isolates grouped either with this equine-associated lineage or more diverse lineages related to 

those in South African hospitals. Bioinformatic analyses of the complete ST612-MRSA reference genome 

SVH7513 confirmed that ST612-MRSA was closely related to ST8 USA500 MRSA. Common use of ri- 

fampicin in South Africa and equine veterinarian practice may favour ST612-MRSA in these settings. Hu- 

mans and horses colonised with ST612-MRSA are potential reservoirs for MRSA in Australia. 

Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved. 
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. Introduction 

Staphylococcus aureus is a versatile and virulent opportunistic

athogen of humans and animals [1] . The organism is increasingly

esistant to multiple antimicrobials, which has led to reduced ther-

peutic options and increased morbidity and mortality. The emer-

ence of methicillin-resistant S. aureus (MRSA) within hospitals has

rompted increased surveillance and infection control measures.

ince the 1990s, MRSA has also been increasingly associated with

nfections acquired outside of the hospital environment, referred

o as community-associated MRSA (CA-MRSA). Although MRSA is

ssociated with human hosts, MRSA carriage, infection and trans-
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ission is also observed in domestic animals such as cats, dogs,

orses and livestock, e.g. pigs and cows. As such, animals may also

ct as MRSA reservoirs and may account in part for the rise of CA-

RSA [2] . 

Expansion of the MRSA host range can be attributed to the ac-

uisition of host-specific virulence and colonisation factors carried

y a variety of mobile genetic elements [3] . Multilocus sequence

ype 612 (ST612) is a member of clonal complex 8 (CC8), which

ncludes the dominant CA-MRSA USA300 and the closely related

SA500 lineage [4] . Although ST612-MRSA is frequently identified

n South Africa [5] , where it is over-represented in bacteraemia

ases [6] , it is not a frequently reported cause of human infections

lsewhere. In Australia, ST612-MRSA has been isolated from veteri-

arians and from New South Wales (NSW) horses [7] . Furthermore

T612-MRSA is also increasingly detected in human patients living

n Western Australia (WA), with at least one case leading to seri-

https://doi.org/10.1016/j.ijantimicag.2019.08.022
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ous bacteraemia [8] . In brief, ST612-MRSA was cultured from the

nasal swab of WA Patient 9. The isolate was resistant to trimetho-

prim/sulfamethoxazole (co-trimoxazole), rifampicin, erythromycin

and doxycycline. Within a year, the partner of WA Patient 9, called

WA Patient 1, had bacteraemia with ST612-MRSA. The couple had

a close association with horses. Here we collected and analysed

the genome sequences of human-associated ST612-MRSA from WA,

NSW, South Australia and South Africa, along with horse-associated

ST612-MRSA from NSW, in an attempt to identify potential origins

of ST612-MRSA in WA. 

2. Materials and methods 

2.1. Isolates 

The ST612-MRSA isolates ( n = 51) used in this study included:

isolates from patients ( n = 10) and healthcare workers ( n = 3) liv-

ing in WA; patient isolates from Tygerberg Hospital (Cape Town,

South Africa) ( n = 8); isolates from the Scone Veterinary Hospital

(Scone, NSW, Australia) isolated from horses ( n = 24) and veteri-

narians ( n = 3) [7] ; and isolates from South Australian veterinari-

ans attending a series of Australian veterinary conferences in 2009

( n = 3) (previously described [9] ). Isolate details are provided in

Supplementary Table S1. 

2.2. Genome sequencing and assembly 

All isolates were grown in overnight cultures of tryptic soy

broth with shaking at 37 °C. Whole DNA extraction was per-

formed as described previously [10] . Genomic DNA libraries were

prepared using a Nextera XT Library Prep Kit (Illumina Inc., San

Diego, CA, USA) and were sequenced on an Illumina MiSeq plat-

form (Illumina Inc.). Reads were cleaned, assembled and anno-

tated using the nullarbor bioinformatic pipeline software pack-

age (github.com/tseemann/nullarbor). Isolate SVH7513 from the

Scone Veterinary Hospital collection was sequenced using long-

read SMRT (single molecule, real-time) cell sequencing to produce

a finished high-quality reference genome as previously described

[10] . Genome sequence assemblies have been deposited in Gen-

Bank under BioProject accession PRJNA558684 . 

2.3. Typing and identification of mobile genetic elements 

Multilocus sequence typing (MLST) was performed with

MLST v.2.10 (github.com/tseemann/mlst). Staphylococcal protein

A ( spa ) and staphylococcal cassette chromosome mec (SCC mec )

typing were performed in silico using spaTyper 1.0 ( https://

cge.cbs.dtu.dk/services/spatyper ) and SCCmecFinder ( https://cge.

cbs.dtu.dk/services/SCCmecFinder/ ) software, respectively. Plas-

mids were detected using PlasFlow [11] . Antimicrobial re-

sistance and virulence genes were detected using abricate

v.0.8 (github.com/tseemann/abricate) to query the ResFinder

database ( https://bitbucket.org/genomicepidemiology/resfinder _ db.

git ) and Virulence Factor Database (VFDB), respectively. Staphylo-

coccus aureus pathogenicity island (SaPI) elements were identified

manually with BLASTn by searching genomes for previously de-

scribed att sites [12] , whilst comparisons of SaPIs were made with

a BLASTn library of SaPI elements retrieved from GenBank (Supple-

mentary Table S2) and visualised in UGENE v.1.3. 

2.4. Comparison of genomes and phylogenetics 

The reference ST612-MRSA genome SVH7513 ( CP029166.1 ) was

aligned with USA500 ( CP007499 ) using BRIG v.0.95 [13] as were

their associated plasmids pSVH7513a ( CP029167.1 ) and pUSA500
 CP0 0750 0.1 ), respectively. Core genome alignments were pro-

uced using Snippy v.3.2 (github.com/tseemann/snippy). Approxi-

ately maximum-likelihood phylogenetic trees were computed us-

ng FastTree v.2.1.10 [14] with the generalised-time reversible sub-

titution model. Trees were visualised with Interactive Tree of Life

iTOL) v.3 ( https://itol.embl.de/ ). 

. Results 

.1. Genome composition of the ST612-MRSA reference genome 

VH7513 

SVH7513, isolated from an Australian horse in 2008, was se-

ected as a reference genome. Initial queries of the National Cen-

er for Biotechnology Information (NCBI) database confirmed that

VH7513 was closely related to the ST8 strain USA500. The closest

elated USA500 strains were from CC8-USA500 clade I, the same

lade as the USA500 clinical isolate reference genome USA500

395 [15,16] . Whole-genome comparisons revealed that SVH7513

nd USA500 2395 ( CP007499 ) shared 99% identity and > 97% cov-

rage of the genome. USA500 is a highly virulent hospital and CA-

RSA strain whose virulence has been attributed to the modula-

ion of virulence gene expression through the acquisition of in-

ertion sequence (IS) elements within virulence-associated gene-

egulatory regions. Sixteen copies of IS 256 are found throughout

he USA500 chromosome, whilst fourteen copies were found in

he SVH7513 chromosome. Seven copies of IS 256 were located in

dentical positions to those in USA500 2395 (Supplementary Table

3), including a copy located upstream of the virulence-associated

brinogen-binding gene sdrD and one copy interrupting the ‘re-

ressor of toxins’ gene rot , to which to the enhanced virulence of

SA500 is attributed [16] . Of the seven unique IS 256 disruptions in

VH7513, five were within intergenic regions, whilst two occurred

ithin coding sequences for predicted genes with no homologues

Supplementary Table S3). 

Sequence queries of SVH7513 and USA500 2395 genomes with

he VFDB revealed both lineages share the same number of known

irulence-associated genes ( n = 68), including leukotoxin lukEv–

ukDv and cytotoxin genes ( hla, hld and hlgABC ). Like USA500,

VH7513 carried a type IVd SCC mec element and a 27 887-

p multiresistance plasmid named pSVH7513a ( CP029167 ), which

as 99% identical (98% coverage) to pUSA500. pSVH7513a car-

ied resistance genes for trimethoprim ( dfrC ), cadmium ( cadC ),

minoglycosides ( aac6–aph2 ) and β-lactams ( blaZ ). In addition,

VH7513 carried a small 2496-bp plasmid, named pSVH7513b

 CP029165.1 ), which encodes the inducible erythromycin resis-

ance gene ermC and the repL -family rolling circle replication ini-

iation gene. USA500 2395 and SVH7513 shared several prophage

nd pathogenicity islands, including hlb -converting prophage ϕSA3,

hich carries the human immune evasion genes sak and scn and

nterotoxin sea , and the staphylococcal pathogenicity island SaPI3

ncoding enterotoxin genes seb, selk and selq. The SVH7513 genome

as 40.3 kb smaller than the USA500 2395 genome, primarily due

o variations within SaPI elements and prophage ϕSA2 and the ab-

ence of prophage ϕSA7. SVH7513 contained a previously uniden-

ified SaPI, named here SaPIsvh7513 ( Fig. 1 ). 

.2. Sequencing and whole-genome comparisons of ST612-MRSA 

solated from humans and horses in Australia and from humans in 

outh Africa 

To determine the origin of ST612-MRSA in WA, ST612-MRSA

 n = 51) genomes were sequenced with an average 56-fold depth

f coverage . The majority of isolates (42/51; 82%) were spa type

064. The remaining isolates were t1257 (6/51; 12%), t723 (2/51;

https://cge.cbs.dtu.dk/services/spatyper
https://cge.cbs.dtu.dk/services/SCCmecFinder/
https://bitbucket.org/genomicepidemiology/resfinder_db.git
https://itol.embl.de/
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Fig. 1. Unique Staphylococcus aureus pathogenicity island (SaPI) elements found in ST612-MRSA genomes. BLASTn matches represent regions of > 95% nucleotide identity to 

the indicated SaPI elements. SaPIsvh7513 and SaPIthw70 both integrate into the 30S ribosomal S18 gene, whilst SaPItkn92 has displaced Tn 5801 at the guaA GMP synthase 

gene site. Distribution of these SaPI among ST612-MRSA isolates is indicated in Fig. 2 . ST, sequence type; MRSA, methicillin-resistant S. aureus . 
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%) and a single t7571, all of which are closely related to t064, con-

aining either insertions, rearrangements or deletions of spa repeat

equences. Overall, there was little variation in the core genome

etween ST612-MRSA genomes. All isolates harboured SCC mec IVd,

ukEv–lukDv and carried a tetracycline resistance gene ( tetM ) on an

ntegrative and conjugative element (ICE) related to Tn 5801 , inte-

rated at the 3 ′ end of the GMP synthase gene guaA . The isolates

hared identical RNA polymerase subunit B ( rpoB ) genes conferring

ifampicin resistance (His481 → Asn, Ile527 → Met). All isolates car-

ied pSVH7513a (described above), whilst the erythromycin resis-

ance plasmid pSVH7513b was sporadically present in 59% of iso-

ates (30/51). The β-lactamase gene blaZ was present in all isolates

nd was disrupted by an IS 256 insertion in all but three isolates

NSW Horse 18 and 21, and South African Patient 4). Some resis-

ance genes were present only sporadically, such as the macrolide–

treptogramin resistance gene msrA ( n = 3), the quaternary ammo-

ium disinfectant resistance gene qacB ( n = 1), and the chloram-

henicol ( catA7 ) and streptomycin ( str ) resistance genes ( n = 1).

n two isolates, loss of prophage ϕSA3 resulted in restoration

f the β-haemolysin gene hlb . Two unique SaPIs were identified

mong the South African isolates, named SaPItkn92 and SaPIthw70

 Fig. 1 ). Differences in virulence-associated and antimicrobial resis-

ance genes are depicted in Fig. 2 . 

.3. Equine-associated ST612-MRSA form a distinct clade and both 

uman and equine-associated lineages are possible sources of 

T612-MRSA in Western Australia 

A maximum-likelihood phylogenetic tree was constructed using

he core genomes of the 51 ST612-MRSA isolates and represented a

otal of 3988 single nucleotide polymorphisms (SNPs) across a core

enome of 2 915 384-bp. All horse and veterinarian-isolated ST612-

RSA grouped within a single clade together with several WA pa-

ient isolates ( Fig. 2 ). The greatest SNP difference was between WA

atient 2 and South African Patient 3 (134 bp), whilst the mini-

um number of SNP differences were between NSW Horses 16, 18

nd 22 (0 bp) and NSW Horses 1 and 15 (0 bp). Five of the WA hu-

an isolates grouped with the equine-associated clade, whilst the

emaining eight clustered with various more diverse South African

T612-MRSA isolates. 

. Discussion 

This study aimed to identify the origins of ST612-MRSA in WA.

haracterisation of ST612-MRSA was performed by comparison
ith a high-quality ST612-MRSA genome and a closely-related and

ell-characterised USA500 MRSA genome ( CP007499 ) [16] . Except

or variation in prophages and SaPIs, ST612-MRSA SVH7513 shared

any mobile genetic elements and an identical suite of charac-

erised virulence-associated genes. 

‘Hypervirulence’ of USA500 has been attributed to the increased

xpression of virulence genes mediated by chromosomal insertions

f IS 256 . Many IS 256 sites of USA500 were shared with SVH7513,

ncluding a copy inserted into the ‘repressor of toxins’ gene rot.

nsertion of IS 256 in rot causes increased toxin production, result-

ng in enhanced spleen colonisation and survival in the presence

f neutrophils [16] . Disruption of rot suggests that SVH7513 may

hare a similar virulence gene expression profile as the hyperviru-

ent USA500. Variations in IS 256 distribution amongst ST612-MRSA

enomes, such as the absence of a disruptive IS 256 insertion in the

laZ gene of three isolates, as well as the different distributions of

even IS 256 in SVH7513 relative to USA500, demonstrates the mo-

ility of IS 256 in these isolates. 

The ST612-MRSA core genome phylogeny was consistent with

ultiple introductions of ST612-MRSA into WA. The phylogenetic

ree formed a single low-diversity clade containing all horse and

eterinarian-associated ST612-MRSA along with several WA ST612-

RSA isolated from humans. The remainder of Western Australian

nd South African ST612-MRSA were relatively more diverse, but

roupings suggested multiple exchanges of distinct ST612-MRSA.

A has a significant South African population (1.7% of the WA

opulation [17] ), so the potential for direct introductions of ST612-

RSA from South Africa by travel is not unreasonable. 

The monophyletic grouping of equine and veterinarian-isolated

T612-MRSA in this study is unsurprising, as previous studies have

dentified an increased risk of carriage of ST612-MRSA for equine

eterinarians [9] . It is possible that this lineage of ST612-MRSA

as adapted to persistently colonise horses and may therefore

resent a reservoir of MRSA for human infections. Indeed, the

ost serious case of ST612-MRSA infection in WA (WA Patient 1)

ccurred in a patient who had direct contact with horses, sug-

esting transmission of virulent ST612-MRSA to and from horses.

owever, we additionally sampled 39 horses on the property

f WA Patient 1 by nasal swab in March 2016 in an attempt

o isolate ST612-MRSA, but no MRSA were detected. Thus, the

ource may have been a different stable, introduced for example

y personnel working between stables or following interstate

ravel. 

The equine and veterinarian-associated ST612-MRSA in this

tudy were isolated in 20 08–20 09, whilst the most recent and
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Fig. 2. Maximum-likelihood phylogenetic tree of core genomes from 43 Australian and 8 South African ST612-MRSA . Isolate names indicate origins of the represented 

genomes: SAFRICA , South Africa; WA , Western Australia; NSW, New South Wales; and SA, South Australia. Year of isolation (date) and staphylococcal protein A ( spa ) type are 

shown. The scale bar indicates average substitutions per site. Presence of resistance and virulence genes, prophage ϕSA3 and S. aureus pathogenicity island (SaPI) is indicated 

by filled squares. Names of associated mobile genetic elements are bracketed if known. ST, sequence type; MRSA, methicillin-resistant S. aureus ; HCW, healthcare worker. 
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ulations both of HIV infection and domesticated horses. 
likely zoonotic infection from a member of this clade occurred

in 2016, suggesting that ST612-MRSA has been circulating in

Australian horse populations for at least 7 years with little genetic

change occurring during that time. The presence of genetically

close ST612-MRSA in horses and humans over a wide span of

years and geographic range suggests that ST612-MRSA may have

a combination of virulence factors and antimicrobial resistance

determinants that allow it to persist in at least one of these hosts.

The equine-adaptation phage �Saeq1 was not identified in any of

the isolates here and therefore is not a requisite for colonisation

or infection of horses. The presence of a ϕSA2-type prophage

( ϕSA2svh7513) and SaPIsvh7513, all of which encode genes of

unknown function within accessory gene regions, could contribute

to equine host adaptation. The ability of ST612-MRSA to persist in

South Africa and the Australian horse population, however, may be

an unfortunate consequence of antimicrobial selection favouring

ST612-MRSA. All ST612-MRSA in this study had an identical mutant

rpoB gene providing constitutive rifampicin resistance and are con-

sistent with those previously identified in ST612-MRSA from South

Africa [5] . In addition, all ST612-MRSA carried the trimethoprim re-

sistance plasmid pSVH7513a. Jansen van Rensburg et al. suggested

that the prevalence of ST612-MRSA in South Africa could be the
esult of selection by the use of rifampicin and co-trimoxazole [18] .

ifampicin is used in South Africa for the treatment of tuberculosis

5] , whilst co-trimoxazole is used prophylactically for the control of

acterial and Pneumocystis infections in human immunodeficiency

irus (HIV)-infected patients. Rifampicin is uncommonly prescribed

n Australia, with only 6020 prescriptions recorded in 2015 by the

ational Prescribing Benefit Scheme compared with 5.6 million

rescriptions for the commonly prescribed antibiotic cefalexin [19] .

owever, Saputra et al. suggest that the prevalence of rifampicin-

esistant ST612-MRSA in Australian horses is the result of the treat-

ent of foals with rifampicin, in combination with macrolides, for

he prevention of Rhodococcus equi infection [20] . Trimethoprim

as been used orally in horses for the treatment of respiratory in-

ections, which would further select for ST612-MRSA in Australian

orses. 

These findings support current local policy of MRSA screening

t the time of hospital admission for patients recently treated in

verseas health facilities, but a targeted campaign raising aware-

ess among equine veterinarians may also be warranted. The

oonotic potential of ST612-MRSA also raises the question of

hether the problem could be greater in nations with larger pop-
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Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.ijantimicag.2019.08.

22 . 

cknowledgments 

The authors wish to acknowledge Matthew Power, Prof. Mike

unce and Dr Megan Coghlan (Curtin TrEnD Laboratory, Curtin

niversity, Perth, WA, Australia) for their patient guidance and

equencing expertise, and the Gram-positive typing laboratory at

iona Stanley Hospital (Murdoch, WA, Australia) for providing the

estern Australian MRSA. 

unding: JPR is the recipient of an Australian Research Council

uture Fellowship [Project ID FT170100235] funded by the Aus-

ralian Government ( http://www.arc.gov.au/grants ). RJTM thanks

he APA scholarship, Curtin University and School of Pharmacy and

iomedical Sciences for consumables funding. 

ompeting interests: None declared. 

thical approval: Not required. 

eferences 

[1] Walther B , Wieler LH , Friedrich AW , Hanssen AM , Kohn B , Brunnberg L ,
et al. Methicillin-resistant Staphylococcus aureus (MRSA) isolated from small

and exotic animals at a university hospital during routine microbiological ex-
aminations. Vet Microbiol 2008;127:171–8 . 

[2] Cuny C , Wieler LH , Witte W . Livestock-associated MRSA: the impact on hu-

mans. Antibiotics (Basel) 2015;4:521–43 . 
[3] Richardson EJ , Bacigalupe R , Harrison EM , Weinert LA , Lycett S , Vrieling M ,

et al. Gene exchange drives the ecological success of a multi-host bacterial
pathogen. Nat Ecol Evol 2018;2:1468–78 . 

[4] Li M , Diep BA , Villaruz AE , Braughton KR , Jiang X , DeLeo FR , et al. Evolution of
virulence in epidemic community-associated methicillin-resistant Staphylococ-

cus aureus . Proc Natl Acad Sci U S A 2009;106:5883–8 . 
[5] Jansen van Rensburg MJ , Whitelaw AC , Elisha BG . Genetic basis of rifampicin
resistance in methicillin-resistant Staphylococcus aureus suggests clonal expan-

sion in hospitals in Cape Town, South Africa. BMC Microbiol 2012;12:46 . 
[6] Perovic O , Iyaloo S , Kularatne R , Lowman W , Bosman N , Wadula J , et al. Preva-

lence and trends of Staphylococcus aureus bacteraemia in hospitalized pa-
tients in South Africa, 2010 to 2012: laboratory-based surveillance map-

ping of antimicrobial resistance and molecular epidemiology. PLoS One
2015;10:e0145429 . 

[7] Axon JE , Carrick JB , Barton MD , Collins NM , Russell CM , Kiehne J , et al. Me-

thicillin-resistant Staphylococcus aureus in a population of horses in Australia.
Aust Vet J 2011;89:221–5 . 

[8] Raby E , Coombs GW , Pang S , Pearson J , Robinson OJ , Dyer J . Zoonotic transmis-
sion of the methicillin-resistant Staphylococcus aureus ST612-IV equine strain.

Australian Society for Antimicrobials; 2016. Break Point Newsletter p. 4–6 . 
[9] Groves MD , Crouch B , Coombs GW , Jordan D , Pang S , Barton MD , et al. Molec-

ular epidemiology of methicillin-resistant Staphylococcus aureus isolated from

Australian veterinarians. PLoS One 2016;11:e0146034 . 
[10] Murphy RJT , Lee YT , Pang S , Bastholm TR , Crow JE , Davis AM , et al. Complete

genome sequence of a Staphylococcus aureus sequence type 612 isolate from
an Australian horse. Microbiol Resour Announc 2018;7 pii: e00869-18 . 

[11] Krawczyk PS , Lipinski L , Dziembowski A . PlasFlow: predicting plasmid se-
quences in metagenomic data using genome signatures. Nucleic Acids Res

2018;46:e35 . 

[12] Novick RP , Ram G . Staphylococcal pathogenicity islands—movers and shakers
in the genomic firmament. Curr Opin Microbiol 2017;38:197–204 . 

[13] Alikhan NF , Petty NK , Ben Zakour NL , Beatson SA . BLAST Ring Image Generator
(BRIG): simple prokaryote genome comparisons. BMC Genomics 2011;12:402 . 

[14] Price MN , Dehal PS , Arkin AP . FastTree 2—approximately maximum-likelihood
trees for large alignments. PLoS One 2010;5:e9490 . 

[15] Frisch MB , Castillo-Ramirez S , Petit RA 3rd , Farley MM , Ray SM , Albrecht VS ,

et al. Invasive methicillin-resistant Staphylococcus aureus USA500 strains from
the U.S. Emerging Infections Program constitute three geographically distinct

lineages. mSphere 2018;3 e00571-17 . 
[16] Benson MA , Ohneck EA , Ryan C , Alonzo F 3rd , Smith H , Narechania A ,

et al. Evolution of hypervirulence by a MRSA clone through acquisition of a
transposable element. Mol Microbiol 2014;93:664–81 . 

[17] . 2016 Census of Population and Housing: Western Australia . Australian Bureau of

Statistics; 2016 . 
[18] Jansen van Rensburg MJ , Eliya Madikane V , Whitelaw A , Chachage M , Haffe-

jee S , Gay Elisha B . The dominant methicillin-resistant Staphylococcus aureus
clone from hospitals in Cape Town has an unusual genotype: ST612. Clin Mi-

crobiol Infect 2011;17:785–92 . 
[19] Mabbott V , Storey P . Australian statistics on medicines. Australian Government,

Department of Health, Pharmaceutical Benefits Advisory Committee; 2015 . 

20] Saputra S , Jordan D , Worthing KA , Norris JM , Wong HS , Abraham R , et al. An-
timicrobial resistance in coagulase-positive staphylococci isolated from com-

panion animals in Australia: a one year study. PLoS One 2017;12:e0176379 . 

https://doi.org/10.1016/j.ijantimicag.2019.08.022
http://www.arc.gov.au/grants
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020
http://refhub.elsevier.com/S0924-8579(19)30240-7/sbref0020

	Multiple introductions of methicillin-resistant Staphylococcus aureus ST612 into Western Australia associated both with human and equine reservoirs
	1 Introduction
	2 Materials and methods
	2.1 Isolates
	2.2 Genome sequencing and assembly
	2.3 Typing and identification of mobile genetic elements
	2.4 Comparison of genomes and phylogenetics

	3 Results
	3.1 Genome composition of the ST612-MRSA reference genome SVH7513
	3.2 Sequencing and whole-genome comparisons of ST612-MRSA isolated from humans and horses in Australia and from humans in South Africa
	3.3 Equine-associated ST612-MRSA form a distinct clade and both human and equine-associated lineages are possible sources of ST612-MRSA in Western Australia

	4 Discussion
	Supplementary materials
	Acknowledgments
	References


