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Abstract 41	

Clonal complex (CC) 398 methicillin-resistant Staphylococcus aureus (MRSA) and 42	

methicillin-susceptible S. aureus (MSSA) are associated with carriage and infection among 43	

animals and humans but only a single case of CC398 MRSA has been reported in the 44	

Republic of Ireland (ROI). The present study investigated the molecular epidemiology of 45	

CC398 MRSA (n = 22) and MSSA (n = 10) from animals and humans in the ROI from 2010-46	

2014. Isolates underwent antimicrobial susceptibility testing, spa typing, DNA microarray 47	

profiling and PCR for CC398-associated resistance genes. All MRSA underwent SCCmec IV 48	

or V subtyping.  49	

 Four distinct CC398-MRSA incidents were identified from (i) a man in a nursing 50	

home (spa type t011-SCCmec IVa, immune evasion complex (IEC) negative), (ii) a horse and 51	

veterinarian who had recently travelled to Belgium (t011-IVa, IEC positive), (iii) pigs (n = 9) 52	

and farm workers (n = 9) on two farms, one which had been restocked with German gilts and 53	

the other which was a finisher farm (t034-VT, IEC negative, 3/9 pigs; t011- VT, IEC negative, 54	

6/9 pigs & 9/9 farm workers), and (iv) a child who had worked on a pig farm in the UK (t034-55	

VT, IEC negative). Isolates also carried different combinations of multiple resistance genes 56	

including erm(A), erm(B), tet(K), tet(M) & tet(L), fexA, spc, dfrG, dfrK aacA-aphD and aadD 57	

further highlighting the presence of multiple CC398-MRSA strains. CC398 MSSA were 58	

recovered from pigs (n = 8) and humans (n = 2). CC398 MSSA transmission was identified 59	

among pigs but zoonotic transmission was not detected with animal and human isolates 60	

exhibiting clade-specific traits.  61	

 This study highlights the importation and zoonotic spread of CC398 MRSA in the 62	

ROI and the spread of CC398 MSSA among pigs. Increased surveillance is warranted to 63	

prevent further CC398 MRSA importation and spread in a country that was considered 64	

CC398 MRSA free. 65	

 66	



	 3	

Introduction 67	

Clonal complex 398 (CC398) livestock-associated methicillin-resistant Staphylococcus 68	

aureus (LA-MRSA) was first reported in 2005 from pigs, pig handlers and their close 69	

contacts in the Netherlands [1]. Subsequently it was identified from a range of livestock and 70	

livestock-derived food products and horses as well as in humans, predominantly those with 71	

contact with livestock, in several countries, particularly in regions with high-density pig 72	

farming in continental Europe, Canada, Asia and the USA [2]. While CC398 MRSA is 73	

predominantly associated with animal colonisation, serious human infections as well as 74	

spread to and within the healthcare system have been reported [2]. Methicillin-susceptible S. 75	

aureus (MSSA) belonging to CC398 have also been reported from animals and humans and 76	

have been associated with community- and healthcare-associated infections in humans, many 77	

without livestock contacts [3-6]. Phylogenetic studies have identified human and LA CC398 78	

clades and have revealed that LA CC398 MRSA emerged from human CC398 MSSA via 79	

acquisition of the staphylococcal cassette chromosome mec (SCCmec) element and 80	

tetracycline resistance genes tet(M) and loss of the phage-encoded immune evasion complex 81	

(IEC) genes [7, 8]. In human S. aureus strains (both MSSA and MRSA) the IEC genes are 82	

encoded in the genomes of a specific group of related lysogenic bacteriophages that integrate 83	

into and inactivate the S. aureus chromosomal beta-toxin gene hlb [9, 10]. Animal strains of S. 84	

aureus usually lack these bacteriophages and are IEC-negative. 85	

 Despite its prevalence in continental Europe and sporadic reports of CC398 MRSA in 86	

the UK (including Northern Ireland) among piglets, horses, turkeys, bovine bulk tank milk 87	

and retail pork [11-15], only a single case of CC398 MRSA has been reported in the Republic 88	

of Ireland (ROI), from an elderly man in a nursing home in 2012 and our pig population has 89	

remained CC398 free [16, 17]. Here we report molecular epidemiological evidence of the 90	

emergence and spread of CC398 MRSA and MSSA among animals and humans in the ROI, 91	

and evidence of the importation and zoonotic spread of CC398 MRSA.  92	
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Materials and Methods 93	

Ethics statement. All isolates identified by the Irish National MRSA Reference Laboratory 94	

(NMRSARL) were collected as part of routine clinical care. The samples from the horse and 95	

the pig submitted for postmortem at the University College Dublin Veterinary Hospital 96	

(UVH) were collected as part of routine veterinary care. The UVH human samples were 97	

collected in compliance with UVH infection control policy and approved by University 98	

College Dublin Safety, Insurance, Operational and Compliance Office i.e the samples were 99	

collected by the person themselves and were processed as screening samples only. The extra 100	

samples collected from pigs on the farm were exempt from ethical review because they were 101	

part of a clinical investigation for the farmer. No medical records or identifying information 102	

about patients or owners were accessed as part of this study. The isolates and any relevant 103	

information about the cases was obtained and analysed in a fully anonymised and de-104	

identified form. 105	

Isolates. Thirty-two CC398 isolates, 22 MRSA and 10 MSSA, recovered in the ROI from 106	

animals (pigs, n = 17; horses, n = 1) and humans (n = 14) were investigated in the present 107	

study. The majority of isolates (n = 28) were identified at the UVH Microbiology Laboratory, 108	

which processes samples from UVH (a tertiary referral centre) and from private veterinary 109	

practitioners. The horse from which CC398 MRSA was isolated was one of 19 equine cases 110	

from which MRSA was isolated in the UVH Microbiology Laboratory between 2010 and 111	

2014. CC398 MRSA was subsequently recovered from a nasal swab of the veterinarian 112	

attending the horse. The remaining UVH CC398 MRSA isolates were recovered from pigs on 113	

one farm (Farm A) or farm workers on two farms (Farms A and B) which were investigated 114	

due to the finding of CC398 MRSA in a pig from Farm A during a post mortem at UVH and 115	

an epidemiological link between Farms A and B. The porcine CC398 MSSA isolates were 116	

recovered from two farms which were investigated as part of a UVH research project where 117	

between 15% and 69% of pigs on Irish farms were MSSA positive (unpublished UVH data). 118	
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CC398 MSSA	 represented	 1.5%	 of	 MSSA	 isolated	 from	 one	 farm	 and	 0.7%	 of	 MSSA	119	

isolated	from	another.	 120	

The remaining CC398 S. aureus isolates (n = 4) were identified at the NMRSARL 121	

between 2010 and 2014 as part of routine investigations. This represented 0.05% (2/3426) and 122	

0.35% (2/574) of MRSA and MSSA isolates, respectively, investigated by NMRSARL, 123	

between 2010 and 2014. CC398 S. aureus represented 0.19% (4/2074) of S. aureus genotyped 124	

in the NMRSARL between 2010 and 2014. The NMRSARL investigates MRSA and MSSA 125	

isolates at the request of microbiology laboratories throughout Ireland and can include isolates 126	

recovered from various different patient and environmental sites from both hospital and 127	

community sources. It also analyses all MRSA bloodstream infection (BSI) isolates from 128	

patients in Irish hospitals that participate in The European Antimicrobial Resistance 129	

Surveillance Network (EARS-Net) project, which includes one isolate per patient per quarter 130	

from 26 participating hospitals. 131	

Isolates were identified as S. aureus using the tube coagulase test as described 132	

previously [18] or a commercial latex agglutination assay (Pastorex Staph-Plus Bio-Rad, 133	

France). Isolates were initially assigned to CC398 by spa typing and this, and the species 134	

identification was confirmed by DNA microarray profiling (see below). Isolates were stored 135	

at -80oC on cryoprotective beads (Technical Service Consultants Ltd., UK).  136	

Antimicrobial susceptibility testing. MRSA and MSSA were differentiated using Brilliance 137	

MRSA agar (Oxoid Ltd., Basingstoke, UK) or cefoxitin disks (30-µg) (Oxoid) using the 138	

European Committee on Antimicrobial Susceptibility Testing (EUCAST) methodology and 139	

interpretive criteria [19, 20]. Isolates also underwent susceptibility testing against an 140	

additional 23 antimicrobial agents and heavy metals as described previously [21] according to 141	

EUCAST methodology [19] using previously described quality control strains, disk 142	

concentrations, and interpretive criteria [21]. In brief, where available, EUCAST disk 143	

concentrations and interpretive criteria were used [19, 21]. If not available, Clinical 144	
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Laboratory Standards Institute (CLSI) disk concentrations and interpretive criteria were used, 145	

[21, 22] or for the remaining agents (including all heavy metals tested) the disk concentrations 146	

and interpretive criteria of Rossney et al. [21, 23] were used. The 23 agents tested were 147	

amikacin, ampicillin, cadmium acetate, chloramphenicol, ciprofloxacin, erythromycin, 148	

ethidium bromide, fusidic acid, gentamicin, kanamycin, lincomycin, mercuric chloride, 149	

mupirocin, neomycin, phenyl mercuric acetate, rifampicin, spectinomycin, streptomycin, 150	

sulphonamide, tetracycline, tobramycin, trimethoprim and vancomycin.   151	

Molecular characterisation of isolates. Genomic DNA for all molecular tests was extracted 152	

from all isolates by enzymatic lysis using the buffers and solutions provided with the 153	

StaphyType DNA microarray kit (Alere Technologies GmbH, Jena, Germany) and the 154	

DNeasy Blood and Tissue kit (Qiagen, Crawley, West Sussex, UK). All isolates underwent 155	

DNA microarray profiling. The DNA microarray (version 2.0) consists of a DNA microarray 156	

chip adhered to each well of a microtitre strip; each chip consists of 334 S. aureus target 157	

sequences including species-specific, antimicrobial and heavy metal resistance, SCCmec, 158	

virulence-associated and typing genes [24, 25]. Data generated by the StaphyType arrays 159	

were analysed for the presence or absence of these genes using Arraymate software (Alere 160	

Technologies) which can assign S. aureus isolates to sequence types (STs) and/ CCs by 161	

comparing each isolate’s DNA microarray results to those of a reference collection of 162	

previously characterised strains in the Arraymate database [25]. The DNA microarray primers, 163	

probes and protocols have been described previously in detail [24, 25].  164	

 All isolates were genotyped by spa typing and underwent PCRs for additional 165	

antimicrobial resistance genes commonly associated with CC398 but not included on the 166	

DNA microarray. Isolates found to harbour SCCmec by DNA microarray profiling underwent 167	

additional SCCmec typing PCRs. PCRs were performed using GoTaq Flexi DNA polymerase 168	

(Promega Corporation, Madison, Wisconsin, USA) according to the manufacturer’s 169	

instructions and a G-storm GS1 (Applied Biosystems, Foster City, CA) or a Thermo Hybaid 170	
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HBPX2 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) thermocycler. PCR 171	

products were visualised by conventional agarose gel electrophoresis. spa typing, which 172	

involves PCR and sequencing of the S. aureus protein A gene spa [26], was performed using 173	

the primers and thermal cycling conditions described by the European Network of 174	

Laboratories for Sequence Based Typing of Microbial Pathogens (SeqNet, www.seqnet.org.). 175	

spa typing PCR products were purified with the GenElute PCR clean-up kit (Sigma-Aldrich 176	

Ireland Ltd., Arklow, County Wicklow Ireland) and sequencing was performed commercially 177	

by Source Bioscience (Tramore, Waterford, Ireland) using an ABI 3730xl Sanger sequencing 178	

platform. The Ridom StaphType software version 1.3 (Ridom Gmbh, Wurzburg, Germany) 179	

was used for spa sequence analysis and assignment of spa types [27]. Antimicrobial 180	

resistance gene PCRs were performed using previously described primers and thermal cycling 181	

conditions and included detection of spc, tet(L), erm(T), dfrK and dfrG, [28-30]. Isolates with 182	

SCCmec IV were subtyped using a previously described multiplex PCR, which detects the 183	

SCCmec IV subtypes IVa-IVh [31]. Isolates with SCCmec V underwent ccrC allotype 184	

identification using a previously described multiplex PCR to differentiate between SCCmec 185	

type V (ccrC2) and VT (ccrC2 and ccrC8) [32]. Details of primers, thermal cycling conditions 186	

and control strains used are shown in supplemental S1 Table. 187	

 188	

 189	

 190	

 191	

 192	

 193	

 194	

 195	

 196	



	 8	

Results 197	

Importation and zoonotic spread of multiple CC398 MRSA strains in the Republic of 198	

Ireland. The 22 CC398-MRSA isolates were from four epidemiologically distinct incidents, 199	

two of which included both human and animal isolates (Incidents 2 & 3, Table 1). All MRSA 200	

isolates were spa type t011 (18/22) or t034 (4/22), SCCmec types VT (5C2 & 5 i.e. type 5 ccr 201	

genes (ccrC1 allele 2), class C2 mec and class 5 ccr genes (ccrC1 allele 8); 19/22) or IVa (2B 202	

i.e. type 2 ccr genes (ccrAB2) and class B mec; 3/22) and the majority lacked IEC genes 203	

(20/22) (Table 1). All isolates exhibited resistance to multiple classes of antimicrobial agents 204	

and carried multiple resistance genes including those encoding resistance to beta lactams 205	

(blaZ 22/22), tetracycline (tet(M) 22/22, tet(K) 18/22), tet(L) 6/22), macrolides, lincosamides 206	

and streptogramin B (MLSB) compounds (erm(A) 15/22, erm(B) 6/22, erm(C) 2/22), 207	

spectinomycin (spc 14/22), trimethoprim (dfrG 12/22, dfrK 9/22), aminoglycosides (aacA-208	

aphD 5/22, aadD 6/22) and chloramphenicol (fexA 5/22) (Table 1). All isolates lacked 209	

Panton-Valentine leukocidin, enterotoxin, toxic shock toxin, exfoliative toxin and heavy 210	

metal resistance (merA, merB, qacA and qacC) genes and were susceptible to the heavy 211	

metals tested (cadmium acetate and ethidium bromide). 212	

 The first CC398 MRSA isolate has been reported previously [16] and was recovered 213	

in 2011 from a nursing home patient who had been a part-time cattle farmer and was spa type 214	

t011-SCCmec IVa (Incident 1, Table 1). Similar to the majority of other t011 isolates 215	

identified here, this isolate lacked IEC genes but harboured less resistance genes (Table 1). 216	

Incident 2 involved two t011-SCCmec IVa isolates recovered in 2012 from a horse and an 217	

attending Belgian veterinarian who had recently returned from Belgium. The veterinarian was 218	

tested for MRSA nasal carriage following identification of MRSA in the horse and was 219	

subsequently treated and successfully decolonised. Unlike Incident 1, these isolates harboured 220	

IEC genes and additional resistance determinants (erm(C) & dfrG) (Table 1).  221	
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Incident 3 yielded 18 isolates from two farms during 2012/2013. The initial farm A 222	

CC398 MRSA isolate was recovered from a pig joint abscess during a post mortem 223	

examination at UVH. Subsequently, the farm was visited and nasal swabs were collected from 224	

100 pigs and five farm workers who had contact with the pigs. CC398 MRSA was recovered 225	

from 8/100 pigs and 4/5 farm workers sampled. This farm had been restocked prior to isolate 226	

recovery with Irish and German gilts. Farm B was a finisher unit for Farm A; all weaned pigs 227	

were transported from Farm A to Farm B at approximately 12 weeks of age. Isolates were 228	

recovered from nasal swabs of 5/10 Farm B workers. All isolates within Incident 3 harboured 229	

SCCmec VT and lacked IEC genes. Three of the pig isolates (joint abscess and two nasal 230	

swabs) were spa type t034 and differed only in the absence of tet(K) in one nasal isolate 231	

(Table 1). Interestingly, the Incident 4 CC398-MRSA isolate, which was recovered from a 232	

child with a skin abscess, was indistinguishable in terms of spa and SCCmec type, lack of IEC 233	

and resistance gene content from 2/3 t034 pig isolates in Incident 3 (Table 1) but no 234	

epidemiological link between the isolates was identified. However, the child had worked with 235	

his father on a pig farm in the UK.  236	

The remaining Incident 3 isolates were spa type t011 with seven different 237	

combinations of antimicrobial resistance genes identified (Table 1). However, one pig nasal 238	

t011-VT isolate was indistinguishable from 7/9 pig farmer nasal isolates and two pig nasal 239	

t011-VT isolates were indistinguishable from each other due to carriage of the same 240	

combinations of antimicrobial resistance genes detected. 241	

Distinct CC398 MSSA strains among animals and humans in the Republic of Ireland. 242	

Four distinct incidents involving CC398 MSSA, two from humans (BSIs, two isolates) and 243	

two from nasal carriage in pigs (eight isolates), were identified (Table 1). Isolates from 244	

animals and humans were distinguished from each other in spa types, IEC genes and 245	

antimicrobial resistance genes and phenotype (Table 1). The two human isolates were also 246	

distinct from each other; they were recovered from patients in two different hospitals, 247	
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exhibited different spa types (t571 and t011) and harboured different combinations of IEC 248	

and resistance genes, with one isolate harbouring erm(T) (Incidents 7 and 8, Table 1). 249	

Incident 7 involved a 75-year old male and Incident 8 involved a 51-year old male but no 250	

additional information was available regarding these patients. Each pig CC398 MSSA 251	

incident consisted of multiple isolates recovered from two farms in 2010 and these isolates 252	

lacked IEC genes and harboured multiple resistance genes (Incidents 5 and 6, Table 1). 253	

Incident 5 and 6 isolates were phenotypically and genotypically distinct from each other 254	

(Table 1). Incident 5 isolates exhibited the same or closely related spa types and harboured 255	

similar resistance genes including blaZ, tet(M) and spc with 2/3 isolates also harbouring 256	

erm(C) and exhibiting ciprofloxacin resistance (Table 1). Incident 6 isolates exhibited a 257	

different spa type (t034) from Incident 5 isolates and although they harboured similar 258	

resistance genes and exhibited ciprofloxacin resistance, Incident 5 isolates harboured erm(A) 259	

and not erm(C). These t034 MSSA isolates were similar to the t034 MRSA isolates (Incident 260	

3 & 4) but lacked dfrG and tet(K).  261	

 262	

 263	

 264	

 265	

 266	

 267	

 268	

 269	

 270	

 271	

 272	

 273	
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Discussion 274	

This study revealed the emergence of multiple CC398-MRSA strains among animals and 275	

humans in the ROI as well as its importation and spread and highlights a combination of 276	

inadequate biosecurity at the level of country, farm and veterinary hospital. The CC398 277	

MRSA identified here appear to be predominantly of animal origin based on epidemiological 278	

evidence, the lack of IEC genes and the prevalence of tet(M) [7]. The importation of gilts 279	

from Germany, where CC398 MRSA has been reported extensively among animals and 280	

humans [33-35], to restock one of the farms and subsequent spread to other pigs and farmers 281	

on this and an additional farm highlights the ability of CC398 MRSA to spread and the 282	

introduction of novel zoonotic organisms as a consequence of open border policies. These 283	

findings have implications for both human and animal health as well as the agricultural 284	

industry in the ROI. Firstly, the risk posed by contact with livestock needs to be considered 285	

when screening high-risk groups for MRSA on admission to Irish hospitals. Furthermore, 286	

animal MRSA infections are not notifiable in the ROI and there is no requirement to screen 287	

imported animals for MRSA. There is a need to reconsider this policy and to conduct further 288	

work to establish how widely CC398 MRSA has disseminated within the Irish pig industry. 289	

While the major threat identified here is the spread of CC398 MRSA from animals to humans 290	

via direct contact, CC398 MRSA have also been reported in retail meat products including 291	

pork [13, 36], representing a further potential threat to public health and the reputation of the 292	

Irish agricultural sector. The presence of IEC in the veterinarian and horse isolates and the 293	

recent travel of the veterinarian to Belgium where IEC-positive CC398-MRSA-IV have been 294	

reported [37] suggest human to animal transmission in this instance due to inadequate 295	

infection control measures within the veterinary hospital.    296	

 The extensive antimicrobial resistance of CC398 MRSA is also of concern. As is 297	

characteristic of CC398 MRSA, all isolates identified here harboured multiple antimicrobial 298	

resistance genes encoding resistance to a range of agents used in clinical and veterinary 299	
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medicine (Table 1). This multidrug resistance compromises our ability to treat CC398 MRSA 300	

infections, and due to the previously reported plasmid location of many of these resistance 301	

genes [38-40], highlights the reservoir of resistance genes that exists among LA-MRSA and 302	

the potential of these genes to spread to other S. aureus strains in animals and humans. 303	

Interestingly many of these CC398-MRSA isolates also harboured multiple genes encoding 304	

resistance to a single agent including multiple tetracycline, trimethoprim, aminoglycosides 305	

and MLSB resistance genes. While this may reflect the co-location of some of these genes on 306	

a single plasmid [38] it suggests significant pressure for the selection and maintenance of 307	

these resistance genes exists, particularly among isolates from pigs and farm workers, which 308	

carried the largest number of resistance genes (Table 1).  309	

 In the present study at least four distinct CC398 MRSA strains were identified based 310	

on spa and SCCmec typing and detection of IEC genes including (i) t011-IVa, IEC negative, 311	

(ii) t011-IVa, IEC positive, (iii) t034-VT, IEC negative, (iv) t011-VT, IEC negative,  (Table 1). 312	

Within the t034- and t011-VT isolates differences were detected in the combinations of 313	

antimicrobial resistance genes that they harboured. The three farm A and B t034-VT isolates 314	

differed only in the absence of tet(K) in one isolate and two of these were indistinguishable 315	

from the child skin abscess t034-VT isolate in terms of the antimicrobial resistance genes 316	

detected suggesting the possible spread of a single strain. However, this child had worked 317	

with his father on a pig farm in the UK, indicating that the CC398 MRSA infection may have 318	

been acquired through contact with pigs in the UK. Similar to the ROI, it is not known how 319	

widespread CC398 MRSA is among pigs in the UK with just three piglets reported to date 320	

with CC398 MRSA, two of which were assigned to the same spa type (t034) and a similar 321	

SCCmec type (V) to the child skin abscess CC398 MRSA isolate in the present study [11, 12]. 322	

The 15 farm A and B t011-VT isolates harboured between four and 10 resistance genes each 323	

and were differentiated into seven groups based on the different combinations of these genes 324	

(Table 1). While the differences detected in resistance gene content may indicate the presence 325	
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of multiple distinct t011-VT CC398 MRSA strains, these differences may also represent the 326	

loss and gain of plasmids encoding resistance genes due to different selective pressures. 327	

Further studies using whole-genome sequencing are required to determine the precise 328	

relationship between these CC398 MRSA isolates with the same spa and SCCmec types but 329	

harbouring different combinations of antimicrobial resistance genes.  330	

 Based on molecular epidemiological typing, the animal and human CC398 MSSA 331	

isolates identified here were unrelated indicating their independent emergence and both 332	

harboured traits typical of animal and human CC398 MSSA clades, respectively [4, 5, 7] i.e. 333	

the human isolates were IEC positive and carried only one or two resistance genes with one 334	

harbouring erm(T) while the pig isolates were IEC negative and harboured multiple resistance 335	

genes. Just two human CC398 MSSA isolates, both from BSIs, were identified, in 2014. A 336	

low but increasing level of CC398 MSSA among human invasive infections have been 337	

reported elsewhere in Europe [5, 41]. While molecular epidemiological typing did not reveal 338	

the spread of CC398 MSSA from animals to humans or vice versa, it did reveal the spread of 339	

CC398 MSSA among pigs on two farms. Two of the spa types identified among the CC398 340	

MSSA were also reported among the CC398 MRSA (t034 and t011) and these may be 341	

potential precursors for the emergence of CC398 MRSA. A recent study highlighted the 342	

presence of SCCmec remnants in CC398 MSSA and suggested that CC398 MRSA could 343	

emerge from these [6]. However no SCCmec genes were identified among the CC398 isolates 344	

identified here.  345	

 In conclusion, this study has, for the first time, revealed the importation and zoonotic 346	

spread of multiple multidrug resistant CC398 MRSA strains in the ROI and the spread of 347	

CC398 MSSA among pigs. It has also highlighted the reservoir of resistance genes that exists 348	

among CC398 MRSA that could potentially spread to other animal and human S. aureus 349	

strains. Increased surveillance of humans and animals in the ROI is warranted to prevent 350	
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further CC398 MRSA importation and spread in a country that was, until recently, considered 351	

CC398 MRSA free. 352	

 353	

 354	

 355	

 356	

 357	

 358	

 359	

 360	

 361	

 362	

 363	

 364	

 365	

 366	

 367	

 368	

 369	

 370	

 371	

 372	

 373	

 374	

 375	

 376	



	 15	

Acknowledgments 377	

This work was supported by the Microbiology Research Unit, Dublin Dental University 378	

Hospital and, in part, by the Food Institute Research Measure grant 08 RDD 680 from The 379	

Department of Agriculture, Food and the Marine. We thank the staff of the Irish National 380	

MRSA Reference Laboratory and University College Dublin Veterinary Hospital as well as 381	

farm staff for their support.  382	

 383	

 384	

 385	

 386	

 387	

 388	

 389	

 390	

 391	

 392	

 393	

 394	

 395	

 396	

 397	

 398	

 399	

 400	

 401	

 402	



	 16	

References 403	

1. Voss A, Loeffen F, Bakker J, Klaassen C, Wulf M. Methicillin-resistant Staphylococcus 404	

aureus in pig farming. Emerg. Infect. Dis. 2005;11(12):1965-1966. 405	

2. Pantosti A. Methicillin-Resistant Staphylococcus aureus Associated with Animals and Its 406	

Relevance to Human Health. Front. Microbiol. 2012;3:127. 407	

3. Uhlemann AC, Hafer C, Miko BA, Sowash MG, Sullivan SB, Shu Q, et al. Emergence of 408	

sequence type 398 as a community- and healthcare-associated methicillin-susceptible 409	

Staphylococcus aureus in northern Manhattan. Clin. Infect. Dis. 2013;57(5):700-703. 410	

4. Chroboczek T, Boisset S, Rasigade JP, Tristan A, Bes M, Meugnier H, et al. Clonal 411	

complex 398 methicillin susceptible Staphylococcus aureus: a frequent unspecialized human 412	

pathogen with specific phenotypic and genotypic characteristics. PloS One. 413	

2013;8(11):e68462. 414	

5. Cuny C, Layer F, Kock R, Werner G, Witte W. Methicillin susceptible Staphylococcus 415	

aureus (MSSA) of clonal complex CC398, t571 from infections in humans are still rare in 416	

Germany. PloS One. 2013;8(12):e83165. 417	

6. Vandendriessche S, Vanderhaeghen W, Larsen J, de Mendonca R, Hallin M, Butaye P, et al. 418	

High genetic diversity of methicillin-susceptible Staphylococcus aureus (MSSA) from 419	

humans and animals on livestock farms and presence of SCCmec remnant DNA in MSSA 420	

CC398. J. Antimicrob. Chemother. 2014;69(2):355-362. 421	

7. Price LB, Stegger M, Hasman H, Aziz M, Larsen J, Andersen PS, et al. Staphylococcus 422	

aureus CC398: host adaptation and emergence of methicillin resistance in livestock. mBio. 423	

2012;3(1). 424	

8. Stegger M, Liu CM, Larsen J, Soldanova K, Aziz M, Contente-Cuomo T, et al. Rapid 425	

differentiation between livestock-associated and livestock-independent Staphylococcus 426	

aureus CC398 clades. PloS One. 2013;8(11):e79645. 427	

9. Carroll D, Kehoe MA, Cavanagh D, Coleman DC. Novel organization of the site-specific 428	



	 17	

integration and excision recombination functions of the Staphylococcus aureus serotype F 429	

virulence-converting phages phi 13 and phi 42. Mol. Microbiol. 1995. 16(5):877-893.	430	

10. Coleman DC, Sullivan DJ, Russell RJ, Arbuthnott JP, Carey BF, Pomeroy HM. 431	

Staphylococcus aureus bacteriophages mediating the simultaneous lysogenic conversion of 432	

beta-lysin, staphylokinase and enterotoxin A: molecular mechanism of triple conversion.  433	

J. Gen. Microbiol. 1989;135(6):1679-1697. 434	

11. Hall S, Kearns A, Eckford S. Livestock-associated MRSA detected in pigs in Great 435	

Britain. Vet. Rec. 2015;176(6):151-152. 436	

12. Hartley H, Watson C, Nugent P, Beggs N, Dickson E, Kearns A. Confirmation of LA-437	

MRSA in pigs in the UK. Vet. Rec. 2014;175(3):74-75. 438	

13. Hadjirin NF, Lay EM, Paterson GK, Harrison EM, Peacock SJ, Parkhill J, et al. Detection 439	

of livestock-associated meticillin-resistant Staphylococcus aureus CC398 in retail pork, 440	

United Kingdom, February 2015. Euro Surveill. 2015;20(24). 441	

14. Loeffler A, Kearns AM, Ellington MJ, Smith LJ, Unt VE, Lindsay JA, et al. First isolation 442	

of MRSA ST398 from UK animals: a new challenge for infection control teams? J. Hosp. 443	

Infect. 2009;72(3):269-271. 444	

15. GOV.UK. Livestock-associated MRSA found at a farm in East Anglia. 445	

https://wwwgovuk/government/news/livestock-associated-mrsa-found-at-a-farm-in-east-446	

anglia. 2013. 447	

16. Brennan GI, O’ Connell B, Coleman DC, Shore AC. First Irish report of livestock-448	

associated MRSA strain. Epi-Insight. 2012;13(10). 449	

17. Horgan M, Abbott Y, Lawlor PG, Rossney A, Coffey A, Fitzgerald GF, et al. A study of 450	

the prevalence of methicillin-resistant Staphylococcus aureus in pigs and in personnel 451	

involved in the pig industry in Ireland. Vet. J. 2011;190(2):255-259. 452	

18. Rossney AS, English LF, Keane CT. Coagulase testing compared with commercial kits 453	

for routinely identifying Staphylococcus aureus. J. Clin. Pathol. 1990;43(3):246-52. 454	



	 18	

19. European Committee on Antimicrobial Susceptibility Testing (EUCAST). Breakpoint 455	

tables for interpretation of MICs and zone diameters. Version 4.0, 2014. http://wwweucastorg. 456	

20. European Committee on Antimicrobial Susceptibility Testing (EUCAST). Antimicrobial 457	

susceptibility testing. EUCAST disk diffusion method. Version 5.0, 2015. 458	

http://wwweucastorg. 459	

21. McManus BA, Coleman DC, Deasy EC, Brennan GI, B OC, Monecke S, et al. 460	

Comparative Genotypes, Staphylococcal Cassette Chromosome mec (SCCmec) Genes and 461	

Antimicrobial Resistance amongst Staphylococcus epidermidis and Staphylococcus 462	

haemolyticus Isolates from Infections in Humans and Companion Animals. PloS one. 463	

2015;10(9):e0138079. 464	

22. Clinical and Laboratory Standards Institute 2013. Performance standards for antimicrobial 465	

susceptibility testing; 23rd informational supplement. CLSI document M100-S23 Clinical 466	

Laboratory Standards Institute, Wayne, PA. 467	

23. Rossney AS, Shore AC, Morgan PM, Fitzgibbon MM, O'Connell B, Coleman DC. The 468	

emergence and importation of diverse genotypes of methicillin-resistant Staphylococcus 469	

aureus (MRSA) harboring the Panton-Valentine leukocidin gene (pvl) reveal that pvl is a poor 470	

marker for community-acquired MRSA strains in Ireland. J Clin Microbiol. 2007;45(8):2554-471	

63.  472	

24. Monecke S, Jatzwauk L, Weber S, Slickers P, Ehricht R. DNA microarray-based 473	

genotyping of methicillin-resistant Staphylococcus aureus strains from Eastern Saxony. Clin. 474	

Microbiol. Infect. 2008;14(6):534-545. 475	

25. Monecke S, Slickers P, Ehricht R. Assignment of Staphylococcus aureus isolates to clonal 476	

complexes based on microarray analysis and pattern recognition. FEMS Immunol. Med. 477	

Microbiol. 2008;53(2):237-251. 478	



	 19	

26. Shopsin B, Gomez M, Montgomery SO, Smith DH, Waddington M, Dodge DE, et al. 479	

Evaluation of protein A gene polymorphic region DNA sequencing for typing of 480	

Staphylococcus aureus strains. J.Clin. Microbiol. 1999;37(11):3556-3563. 481	

27. Mellmann A, Weniger T, Berssenbrugge C, Rothganger J, Sammeth M, Stoye J, et al. 482	

Based Upon Repeat Pattern (BURP): an algorithm to characterize the long-term evolution of 483	

Staphylococcus aureus populations based on spa polymorphisms. BMC Microbiol. 2007;7:98. 484	

28. Feßler A, Scott C, Kadlec K, Ehricht R, Monecke S, Schwarz S. Characterization of 485	

methicillin-resistant Staphylococcus aureus ST398 from cases of bovine mastitis. J. 486	

Antimicrob. Chemother. 2010;65(4):619-625. 487	

29. Argudin MA, Tenhagen BA, Fetsch A, Sachsenroder J, Kasbohrer A, Schroeter A, et al. 488	

Virulence and resistance determinants of German Staphylococcus aureus ST398 isolates from 489	

nonhuman sources. Appl. Environ. Microbiol. 2011;77(9):3052-3060. 490	

30. Ng LK, Martin I, Alfa M, Mulvey M. Multiplex PCR for the detection of tetracycline 491	

resistant genes. Mol. Cell. Probes. 2001;15(4):209-215. 492	

31. Milheirico C, Oliveira DC, de Lencastre H. Multiplex PCR strategy for subtyping the 493	

staphylococcal cassette chromosome mec type IV in methicillin-resistant Staphylococcus 494	

aureus: 'SCCmec IV multiplex'. J. Antimicrob. Chemother. 2007;60(1):42-48. 495	

32. Higuchi W, Takano T, Teng LJ, Yamamoto T. Structure and specific detection of 496	

staphylococcal cassette chromosome mec type VII. Biochem. Biophys. Res Commun. 497	

2008;377(3):752-756. 498	

33. Kock R, Ballhausen B, Bischoff M, Cuny C, Eckmanns T, Fetsch A, et al. The impact of 499	

zoonotic MRSA colonization and infection in Germany. Berl. Munch. Tierarztl. Wochenschr. 500	

2014;127(9-10):384-398. 501	

34. Cuny C, Abdelbary M, Layer F, Werner G, Witte W. Prevalence of the immune evasion 502	

gene cluster in Staphylococcus aureus CC398. Vet. Microbiol. 2015;177(1-2):219-223. 503	



	 20	

35. Dahms C, Hubner NO, Cuny C, Kramer A. Occurrence of methicillin-resistant 504	

Staphylococcus aureus in farm workers and the livestock environment in Mecklenburg-505	

Western Pomerania, Germany. Acta Vet. Scand. 2014;56:53. 506	

36. Krupa P, Bystron J, Podkowik M, Empel J, Mroczkowska A, Bania J. Population 507	

Structure and Oxacillin Resistance of Staphylococcus aureus from Pigs and Pork Meat in 508	

South-West of Poland. BioMed. Res. Int. 2015;2015:141475. 509	

37. Van den Eede A, Martens A, Lipinska U, Struelens M, Deplano A, Denis O, et al. High 510	

occurrence of methicillin-resistant Staphylococcus aureus ST398 in equine nasal samples. Vet. 511	

Microbiol. 2009;133(1-2):138-144. 512	

38. Kadlec K, Schwarz S. Identification of a novel trimethoprim resistance gene, dfrK, in a 513	

methicillin-resistant Staphylococcus aureus ST398 strain and its physical linkage to the 514	

tetracycline resistance gene tet(L). Antimicrob. Agents Chemother. 2009;53(2):776-778. 515	

39. Kadlec K, Fessler AT, Hauschild T, Schwarz S. Novel and uncommon antimicrobial 516	

resistance genes in livestock-associated methicillin-resistant Staphylococcus aureus. Clin. 517	

Microbiol. Infect. 2012;18(8):745-755. 518	

40. Malachowa N, DeLeo FR. Mobile genetic elements of Staphylococcus aureus. Cel. Mol. 519	

Life Sci. 2010;67(18):3057-3071. 520	

41. Valentin-Domelier AS, Girard M, Bertrand X, Violette J, Francois P, Donnio PY, et al. 521	

Methicillin-susceptible ST398 Staphylococcus aureus responsible for bloodstream infections: 522	

an emerging human-adapted subclone? PloS One. 2011;6(12):e28369. 523	

	524	

525	



	 21	

Supporting Information 525	

S1 Table. Details of primers, thermal cycling conditions and positive control strains used in 526	

the present study.527	



	 22	

Table 1. Epidemiological, phenotypic and genotypic characteristics of CC398 methicillin-resistant and methicillin-susceptible S. aureus 
(MRSA and MSSA) identified in the Republic of Ireland among animals and humans  
Methicillin 
resistance 
phenotype 

Incident 
no. 

Year No. of 
isolates 

Host Sample site/clinical 
presentation (n) 

spa type a IEC type SCCmec 
type 

Antimicrobial 
resistance patternb 

Antimicrobial resistance 
genes 

MRSA 1 2011 1 Human Nursing home 
resident nasal swab 

t011 Negative  IVa Ap, Gn, Kn, Tb, Te, 
Tp 

blaZ, aacA-aphD, tet(M), 
dfrK 

MRSA 2 2012 2 Horse & 
human 

Horse umbilical 
abscess; veterinarian 
nasal swab  

t011 B (sak, chp 
& scn) 

IVa Ap, Er, Gn, Ln, Kn, 
Tb, Te, Tp 

 

blaZ,  erm(C), aacA-
aphD, tet(M), dfrG, dfrK 

MRSA 3 2012 & 
2013 

18 Pig (n = 9) 
& human 
(n = 9) 

Pig joint abscess-farm 
A (1); pig nasal swab- 
farm A (1) 

t034 
 

Negative VT Ap, Er, Ln, Sp, Te, 
Tp 

blaZ, erm(A), tet(K), 
tet(M), dfrG, spc 

     Pig nasal swab-farm 
A (1) 

t034 Negative VT Ap, Er, Ln, Sp, Te, 
Tp 

blaZ, erm(A), tet(M), 
dfrG, spc 

     Pig nasal swab-farm 
A (1); pig farm 
worker nasal swab-
farms A (2) & B (5)  

t011 Negative VT Ap, Er, Ln, Sp, Te blaZ, erm(A), tet(K), 
tet(M), spc 

     Pig farm worker nasal 
swab-farm A (1) 

t011 Negative VT  Ap, Ch, Te blaZ, tet(K), tet(M), fexA 

     Pig farm worker nasal 
swab-farm A (1) 

t011 Negative VT Ap, Ch, Er, Kn, Ln, 
Nm, Tb, Te, Tp  

blaZ, erm(B), aadD, 
tet(K), tet(M), fexA, 
tet(L), dfrG, dfrK 

     Pig nasal swab-farm 
A (2) 

t011 Negative VT Ap, Ch, Er, Kn, Ln, 
Gn, Nm, Tb, Te, Tp  

blaZ, erm(B), aacA-
aphD, aadD, tet(K), 

tet(M), fexA, tet(L), dfrG, 
dfrK 

     Pig nasal swab-farm 
A (1) 

t011 Negative VT Ap, Ch, Er, Ln, Nm, 
Tb, Te, Tp  

blaZ, erm(A), erm(B), 
aadD, tet(M), tet(K) 

fexA, tet(L), dfrG, dfrK 
     Pig nasal swab-farm 

A (1) 
t011 Negative VT Ap, Er, Gn, Kn, Ln, 

Nm, Sp, Tb, Te, Tp 
blaZ, erm(A), erm(B), 
aadD, tet(M), tet(L), 

dfrG, dfrK, spc 
     Pig nasal swab-farm 

A (1) 
t011 Negative VT Ap, Er, Kn, Ln, Nm, 

Sp, Te, Tb, Tp  
blaZ, erm(A), erm(B), 
aadD, tet(K), tet(M), 
dfrG, dfrK, tet(L), spc 

MRSA 4 2013 1 Human Child skin abscess t034 Negative VT Ap, Er, Ln, Sp, Te, blaZ, erm(A), tet(K), 



	 23	

with family contact 
working with pigs 

Tp 
 

tet(M), dfrG, spc 

MSSA 5 2010 3 Pig Nasal swabs t108 (1) 
t108 (1) 

 
t4854 (1) 
 

Negative 
Negative  

 
Negative  

N/A 
N/A 

 
N/A 

Ap, Cp, Sp, Te 
Ap, Cp, Er, Ln, Sp, 

Te 
Ap, Er, Ln, Sp, Te 

blaZ, tet(M), spc 
blaZ, erm(C), tet(M), spc 

 
blaZ, erm(C), tet(M), spc 

MSSA 6 2010 5 Pig Nasal swabs t034 Negative N/A Ap, Cp, Er, Ln, Sp, 
Te 

blaZ, erm(A), tet(M), spc 

MSSA 7 2014 1 Human BSI  t571 C (chp & 
scn) 

N/A Ap, Er blaZ, erm(T) 

MSSA 8 2014 1 Human BSI t011 D (sea, sak 
& scn) 

N/A Ap blaZ 

aSpa repeat successions: t011, 08-16-02-25-34-24-25; t034: 08-16-02-25-02-25-34-24-25; t108: 08-16-02-25-24-25; t571: 08-16-02-25-
02-25-34-25; t4854: 08-16-02-25-24. 
bThe susceptibility of each isolate was determined against 23 antimicrobial agents including amikacin, ampicillin (Ap), cadmium acetate, 
chloramphenicol, ciprofloxacin (Cp), erythromycin (Er), ethidium bromide, fusidic acid, gentamicin (Gn), kanamycin (Kn), lincomycin 
(Ln), mercuric chloride, mupirocin, neomycin (Nm), phenyl mercuric acetate, rifampicin, spectinomycin (Sp), streptomycin, 
sulphonamide, tetracycline (Te), tobramycin (Tb), trimethoprim (Tp) and vancomycin. 
Abbreviations: BSI, bloodstream infection; n, number of isolates; N/A, not applicable; IEC, immune evasion complex.
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