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ABSTRACT 35 

The correct interpretation of microbial sequencing data applied to surveillance and outbreak 36 

investigation depends on accessible genomic databases to provide vital genetic context. Our aim was 37 

to construct and describe a UK MRSA database containing over 1,000 methicillin-resistant 38 

Staphylococcus aureus (MRSA) genomes drawn from England, Northern Ireland, Wales, Scotland and 39 

the Republic of Ireland over a decade. We sequenced 1,013 MRSA submitted to the British Society 40 

for Antimicrobial Chemotherapy by 46 laboratories between 2001 and 2010. Each isolate was 41 

assigned to a regional healthcare referral network in England, and otherwise grouped based on 42 

country of origin. Phylogenetic reconstructions were used to contextualise MRSA outbreak 43 

investigations, and to detect the spread of resistance. The majority of isolates (n=783, 77%) belonged 44 

to CC22, which contains the dominant UK epidemic clone (EMRSA-15). There was marked geographic 45 

structuring of EMRSA-15, consistent with widespread dissemination prior to the sampling decade 46 

followed by local diversification. The addition of MRSA genomes from two outbreaks and one 47 

pseudo-outbreak demonstrated the certainty with which outbreaks could be confirmed or refuted. 48 

We identified local and regional differences in antibiotic resistance profiles, with examples of local 49 

expansion, as well as widespread circulation of mobile genetic elements across the bacterial 50 

population. We have generated a resource for the future surveillance and outbreak investigation of 51 

MRSA in the UK and Ireland, and have shown the value of this during outbreak investigation and 52 

tracking of antimicrobial resistance.  53 

54 
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INTRODUCTION  55 

Methicillin-resistant Staphylococcus aureus (MRSA) was first isolated in 1961 in the UK, one year 56 

after methicillin was introduced into clinical practice (Jevons 1961). The prevalence of MRSA 57 

gradually increased thereafter, and by 1971 5% of S. aureus isolates referred to the National 58 

Staphylococcal Reference Laboratory were MRSA (Marples and Reith 1992). Outbreaks of 59 

gentamicin-resistant MRSA in several hospitals during the late 1970s (Shanson 1981) were followed 60 

by the emergence of MRSA with potential for epidemic spread (Johnson et al. 2005). By the mid-61 

1980s, MRSA had spread across the UK and the majority were epidemic (E)MRSA-1, later assigned as 62 

sequence type (ST) 239 by multilocus sequence typing (MLST) (Kerr et al. 1990; Johnson et al. 2005). 63 

A decline in EMRSA-1 in the late 1980s and early 1990s was associated with an increase in EMRSA-3 64 

(ST 5) (Marples and Reith 1992; Richardson and Reith 1993; Cox et al. 1995; Enright et al. 2002). This 65 

dynamic process continued with the emergence in the early 1990s of EMRSA-15 (ST 22) and EMRSA-66 

16 (ST 36) (Richardson and Reith 1993; Cox et al. 1995; Enright et al. 2002), which disseminated 67 

across the UK. These two clones continue to predominate, with EMRSA-15 accounting for around 68 

85% of MRSA bloodstream infections in the UK in 2007, and trends suggesting that EMRSA-16 is in 69 

decline (Ellington et al. 2010; McAdam et al. 2012). Antimicrobial resistance is known to differ 70 

between EMRSA-15 and -16, with EMRSA-16 being the more resistant lineage of the two. However, 71 

for both lineages, the acquisition of the SCCmec element conferring methicillin resistance, and 72 

mutations in gyrA and grlA conferring fluoroquinolone resistance, are considered to be major 73 

contributors to the success of these epidemic lineages (Knight et al. 2012; McAdam et al. 2012; 74 

Holden et al. 2013). 75 

 76 

Bacterial genotyping using pulsed-field gel electrophoresis (PFGE), MLST and spa typing has been 77 

used to identify epidemic clones, and to give insights into the microevolutionary dynamics of 78 

predominant MRSA lineages in the UK. However, these methods have limited resolution and lack 79 

discriminatory power when one or a small number of clones predominate (McAdam et al. 2012; 80 
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Miller et al. 2014; Bartels et al. 2015). This means that once widely established, the subsequent 81 

dynamics of clonal MRSA spread within and between healthcare facilities cannot be fully elucidated. 82 

As a result, bacterial typing does not form a central component of MRSA transmission and outbreak 83 

investigation. Several recent publications have confirmed the ability of whole genome sequencing 84 

(WGS) to define transmission dynamics of a single clone at different geographic and temporal scales. 85 

This has identified global and local transmission routes and, when combined with epidemiological 86 

data, can confirm or refute putative MRSA outbreaks (Köser et al. 2012; Harris et al. 2013; Nubel et 87 

al. 2013; Miller et al. 2014; Török et al. 2014; Bartels et al. 2015). Similarly, whilst surveillance of 88 

MRSA has been carried over several years, and a limited number of point prevalence studies of 89 

variable methodology have been undertaken in different settings, serial systematic prevalence 90 

studies of individual epidemic lineages are lacking (Johnson et al. 2012; Afshinnekoo et al. 2015; 91 

Bartels et al. 2015; Peng et al. 2015). WGS could potentially be used for national and local 92 

surveillance of MRSA lineages, and to enhance the investigation of suspected outbreaks, but 93 

comprehensive genomic databases are required to provide the context that would allow robust 94 

epidemiological interferences. Here, we describe the analysis of over 1,000 MRSA genomes drawn 95 

from across the UK and Ireland over a period of a decade, and the first evaluation of this rich dataset 96 

to describe the macro-epidemiology of MRSA. 97 

 98 

RESULTS 99 

Sampling framework for MRSA genome database 100 

Our first objective was to define the population structure and dynamics of MRSA across England, 101 

Northern Ireland, Wales, Scotland (together making up the United Kingdom, UK) and the Republic of 102 

Ireland over the last decade using WGS. This was achieved by partnering with the British Society for 103 

Antimicrobial Chemotherapy (BSAC), which coordinates an antimicrobial resistance surveillance 104 

project across this geographical area (for details see www.bsacsurv.org) (Reynolds et al. 2008). The 105 

sampling framework is systematic and unbiased since diagnostic microbiology laboratories submit a 106 
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defined number of consecutive but non-duplicate S. aureus isolated from blood cultures each year. A 107 

total of 47 centres contributed S. aureus bacteraemia isolates to the BSAC Bacteraemia Resistance 108 

Surveillance Programme between 2001 and 2010, 24-25 centres each year from 2001-2009 and 38 in 109 

2010 when the network was expanded. Sixteen centres contributed in all 10 years; 13 contributed 110 

only in 2010. The BSAC target was to receive 10 S. aureus isolates per centre per year in 2001-2007, 111 

20 in 2008-2009, and 14 in 2010. Actual collections were 97% of target on average, and less than 5% 112 

of 261 centre-year collections were less than 90% complete. MRSA bacteraemia isolates were 113 

confirmed and sequenced from the 45 laboratories between 2001 and 2010, the geographic 114 

locations of which are shown in Figure 1 (see supplementary table S1 for details). The number of 115 

MRSA isolates sequenced by year is shown in Figure S1.  116 

 117 

Regional healthcare referral networks have been described for England. These consist of hospitals in 118 

geographical proximity that frequently exchange patients through referrals and are defined by 119 

boundaries beyond which there is a sharp fall in patient movement (Donker et al. 2014). Patient 120 

transfer between hospitals is highly relevant to patterns of MRSA transmission, and so we placed our 121 

phylogenetic analysis in the context of these referral networks. Each network contained at least one 122 

submitting laboratory, with some networks containing multiple laboratories (Figure 1; 123 

supplementary table S1). Around 100 MRSA samples were sequenced per year, with an average of six 124 

isolates per year per network. Published data are not available on referral networks within Wales, 125 

Scotland, Northern Ireland and the Republic of Ireland, and these were each treated as single entities 126 

for the purposes of the analysis (Figure 1; supplementary table S1).  127 

 128 

Overview of the population structure of MRSA in the UK 129 

The frequency of each clonal complex (CC) by year is shown in Table 1. Clonal complexes are STs that 130 

share 5 or more alleles across the 7 loci examined (Cooper and Feil 2004). The majority of isolates 131 

(n=783, 77%) belonged to CC22, which contains the dominant epidemic clone in the UK and Ireland, 132 
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EMRSA-15. The second most frequent CC was CC30 (n=144, 14%) containing the epidemic clone 133 

EMRSA-16 (ST36). Isolates in CC1, CC5, and CC8 each made up between 1 and 3% of the population, 134 

with less than 1% of isolates assigned to CCs 9, 15, 25, 45, 59, 97 and previously undefined CCs. Just 135 

two isolates were found to belong to the USA300 clone, which is the most dominant MRSA clone in 136 

the United States of America (Uhlemann et al. 2014). Of the isolates submitted, only three clonal 137 

complexes, CC22, CC30 and CC5, had been retrieved continuously in every year of the study period, 138 

whereas all other CCs were found sporadically. These data describe a period of clonal stability with 139 

no evidence for newly emerging lineages. Subsequent analyses of the MRSA populations were 140 

lineage-specific and examined the fine-scale variation within the two major lineages. 141 

 142 

Lineage-specific phylogenetic analyses 143 

Phylogenetic reconstruction based on 21,848 core SNPs within the 783 CC22 isolates (Figure S2 and 144 

S3) revealed a tightly related, hospital-adapted lineage containing EMRSA-15 (ST22-A2) and its 145 

progenitor lineage (non-ST22-A1), and a genetically more divergent community-associated 146 

population (non-ST22-A) as described previously (Holden et al. 2013). Therefore we reconstructed 147 

the phylogeny focussing only on EMRSA-15, which gave 20,488 core SNP sites in 775 isolates (Figure 148 

2 and S4). Genome-based studies of global clones of MSRA (e.g. ST239 (Harris et al. 2010), ST22 149 

(Holden et al. 2013)) have demonstrated genetic clustering of isolates according to 150 

country/continent of isolation, and therefore we hypothesised that EMRSA-15 would demonstrate 151 

geographical clustering in the UK and Ireland. By colour coding each isolate in the phylogeny 152 

according to the referral network, we showed the presence of strong phylogenetic clustering by 153 

referral network (Figure 2). Based on all internal nodes in the phylogeny of isolates from England, 154 

quantitative analysis revealed that 44.1% of all internal nodes had descendants from strictly the 155 

same referral network, thus clustering within their respective originating network or region. To 156 

substantiate this hypothesis, isolates were randomly assigned to referral network locations. The 157 

average of these 1000 permutation tests showed on average only 3.0% (IQR: 2.4%-3.6%) of isolates 158 
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clustered with isolates within their referral network, indicating that the strong geographic signal is 159 

not arbitrary.   160 

 161 

Study isolates were drawn from a period of time that post-dates the dissemination of EMRSA-15 162 

across the UK and Ireland, and the sequence data generated here are consistent with regional 163 

diversification following widespread dissemination. In some instances, EMRSA-15 appears to have 164 

been introduced into a region on several occasions, as reflected by the existence of several distinct 165 

clades (for example in referral networks South-West and North-Central, Figure 2). We also observed 166 

that an introduction event was sometimes followed by this lineage becoming established and co-167 

existing with other distinct clades, for example in North-Central.   168 

 169 

A phylogenetic tree based on 4,400 core SNP sites for 140 EMRSA-16 (ST36) isolates revealed a 170 

similar structure to the EMRSA-15 (ST22-A) phylogeny. Although EMRSA-16 was more sparsely 171 

populated, it was widely disseminated with evidence of geographic structuring (Figure 3), as reported 172 

previously (McAdam et al. 2012). Analysis of less common clonal complexes suggested some 173 

clustering; for example, eight of 12 CC1 isolates were from the South-West, and 11 of the 28 CC5 174 

isolates were from Wales.  175 

 176 

Using the genomic framework to contextualise outbreaks  177 

Next, we tested the utility of this genetic database for the investigation of suspected MRSA 178 

outbreaks. We have described previously the use of WGS to both confirm and refute local outbreaks 179 

at the Cambridge University Hospitals NHS Foundation Trust (Köser et al. 2012; Harris et al. 2013; 180 

Török et al. 2014), and we placed these within the context provided by the national BSAC collection. 181 

The first MRSA outbreak involved seven infants in a single Neonatal Intensive Care Unit (NICU) 182 

caused by EMRSA-15, in which one isolate in the cluster was genetically divergent compared with the 183 

other isolates as a result of being a hypermutator (Köser et al. 2012). The second MRSA outbreak 184 
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initially involved the Special Care Baby Unit (SCBU), but MRSA was shown through genetic analysis to 185 

have spread to mothers on a post-natal ward, to ten patients in the community who developed skin 186 

and soft tissue infections, and involved a colonised healthcare worker in the SCBU (Harris et al. 187 

2013).
 

The outbreak MRSA was a novel ST (ST2371), which is highly related to ST22 (a single locus 188 

variant). A third investigation of four patients with five episodes of MRSA who had overlapping 189 

periods of admission on a hepatology ward showed that they had been infected by their carriage 190 

strain and thus refuted an outbreak on the ward (Török et al. 2014). Placing genomes from these 191 

three investigations into the phylogenetic tree of the 783 CC22 isolates demonstrated striking 192 

demarcation for the two outbreak clusters, but scattering throughout the tree for MRSA from the 193 

hepatology pseudo-outbreak. This analysis also demonstrated that the two outbreaks in units 194 

contained within the same hospital building were caused by phylogenetically distant lineages (Figure 195 

4).  196 

 197 

Determining distribution and spread of resistance at different regional levels 198 

The database could also be used for the surveillance of antimicrobial resistance in MRSA. To test this 199 

we mined the BSAC dataset to illustrate the potential to highlight (i) local expansion of resistance, (ii) 200 

regional expansion of a specific resistance determinant, and (iii) resistance determinants that are 201 

more widely disseminated. Localised emergence of antimicrobial resistance was observed for isolates 202 

in a closely related lineage (pairwise SNP difference of 28 to 114) belonging to CC5 from a healthcare 203 

institution in Wales, which were clearly separate from the rest of the CC5 isolates (Figure 5). These 204 

11 isolates all contain the Tn554 transposon encoding ermA for erythromycin and clindamycin 205 

resistance, as well as type II Staphylococcal cassette chromosome mec element encoding methicillin 206 

resistance (SCCmec II). Further antibiotic resistance mutations were apparent in this cluster with the 207 

presence of both grlA and gyrA mutations for fluoroquinolone resistance. Additionally, 10 out of 11 208 

isolates also contained a mutation in dfrA conferring trimethoprim resistance. This extended 209 
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spectrum of antibiotic resistance may explain their apparent regional success in a single healthcare 210 

institution.  211 

 212 

We noted that EMRSA-15 isolates from the Republic of Ireland had a higher prevalence of fusidic acid 213 

resistance compared with isolates from the UK (37·5% versus 10·4%, respectively). A high prevalence 214 

of fusidic acid resistance has been noted previously for Ireland and Greece (Castanheira et al. 2010). 215 

Fusidic acid resistance can be conferred through gene acquisition (fusB or fusC), or by chromosomal 216 

mutations (fusA). Genomic analysis readily demonstrated that mutation dominated over gene 217 

acquisition as the basis for resistance (53 versus 4 events, respectively, Figure 2). Resistance in Irish 218 

isolates arose through a single L461K mutation in fusA prior to expansion of this clade, and can be 219 

found in several contributing centres. Two other Irish clades, found in the same hospitals over the 220 

same time period, only showed sporadic acquisition of resistance as singular, independent events 221 

(Figure 2).  222 

 223 

Examples of more widely distributed resistance profiles included trimethoprim resistance in EMRSA-224 

15 and gentamicin/mupirocin resistance in EMRSA-16. Acquisition of gentamicin (aacA-aphD), 225 

mupirocin (ileS-2), erythromycin (ermC), and aminoglycoside (ant4-1) resistance genes were found to 226 

coincide with each other as well as with plasmid-related genes in EMRSA-16 (Figure 3). The presence 227 

of these clustered genes in several referral networks (West Midlands, South-East) suggests a number 228 

of circulating plasmids in the EMRSA-16 population. Similarly, in EMRSA-15 acquisition of dfrA was 229 

identified to be the genetic basis for trimethoprim resistance in isolates from Northern Ireland (10 230 

isolates), Scotland (7 isolates) and West Midlands/North-Central (4, and 5 isolates, respectively, 231 

Figure 2). This is consistent with the carriage of this gene on a mobile genetic element, but since dfrA 232 

was found separately on its own small contig we cannot deduce whether it was carried on a plasmid 233 

or transposon. Trimethoprim resistance was also encoded by chromosomal mutations in dfrA, with 234 

L41F and F99Y being prominent mutations basal to a number of referral network clusters (Figure 2).  235 
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 236 

We also observed that the extent of antibiotic resistance within a lineage is governed by the mobile 237 

element on which it is carried, an example of which is erythromycin resistance. Contrary to other 238 

resistance determinants that appeared to be locally restricted, erythromycin resistance was very 239 

unstable within the EMRSA-15 population. This is likely due to the fact that the resistance 240 

determinant ermC is carried on a small 2kb plasmid, which is readily lost and gained. By contrast, 241 

erythromycin resistance is ubiquitous in the EMRSA-16 lineage as ermA is carried on transposon 242 

Tn554, which stably integrates into the chromosome as part of the SCCmec II element.  243 

 244 

DISCUSSION  245 

This evaluation of over 1,000 MRSA genomes representing isolates from the UK and Republic of 246 

Ireland describes the genetic structure of dominant lineages (EMRSA-15 and EMRSA-16) over the last 247 

decade. Parallels were observed between the dominant epidemic clone EMRSA-15 and the declining 248 

epidemic clone EMRSA-16 including geographic structuring and clonality. Numerous other MRSA 249 

lineages were identified at low prevalence, which mostly lacked specific phylogenetic structuring and 250 

showed no evidence of expansion over time. There was strong evidence for region-specific sub-251 

clones of EMRSA-15, which at a finer level echoes a previous finding of regional and country-specific 252 

clustering for this lineage (Holden et al. 2013). Regional clustering was also observed for EMRSA-16, 253 

as was described before (McAdam et al. 2012; Miller et al. 2014). Owing to the lack of network data 254 

for Scotland, Ireland, Wales, and Northern Ireland, it was not possible to undertake any further 255 

regional stratification within these countries. However, for the English referral network, isolates from 256 

a specific referral network were more likely to cluster with isolates from the same region than with 257 

isolates from a different network. This could be influenced by the submitting hospitals, since not all 258 

hospitals contributed MRSA isolates in every year. The current sampling strategy did, however, 259 

achieve good temporal and regional coverage. We also observed the presence of multiple sub-clones 260 

within individual referral networks. This is consistent with a model in which the initial UK-wide 261 
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dissemination of EMRSA-15 included several introductions into each location with subsequent local 262 

diversification.  263 

 264 

Local and regional structuring was also observed for antibiotic resistance determinants, with both 265 

epidemic clones showing regional clades with specific antibiotic resistance patterns. Country- or 266 

region-specific antibiotic treatment regimens impact on the evolution of drug resistance. This has 267 

been exemplified previously for clindamycin in EMRSA-15, where Germany shows higher prescription 268 

levels than the UK and where resistance levels are significantly higher (Holden et al. 2013). 269 

Differences in antimicrobial resistance have also been noted for the USA-300 clone that is successful 270 

in the USA, with the co-existence of fluoroquinolone-resistant and -susceptible lineages (Alam et al. 271 

2015). Here, we provide evidence for higher levels of resistance to fusidic acid in Ireland compared to 272 

the UK. Antimicrobial prescription policies or usage may differ between the UK and the Republic of 273 

Ireland, exerting a potential selective pressure leading to higher prevalence of fusidic acid resistance 274 

in Irish isolates. Locally successful clones may also differ in antibiotic resistance patterns, such as the 275 

expansion of CC5 isolates in a single healthcare institution, or distribution of trimethoprim resistance 276 

within referral networks. Wider dissemination of antibiotic resistance determinants can also be 277 

facilitated through carriage of multiple plasmids, as shown by linked gentamicin/mupirocin 278 

resistance putatively carried on plasmids in the EMRSA-16 population. The fluidity of antimicrobial 279 

resistance markers such as ermC in EMRSA-15 impacts on clinical practise, as the pattern of 280 

antimicrobial resistance is often used during infection control investigations as a proxy to determine 281 

whether isolates are related and therefore might be part of an outbreak. This was demonstrated 282 

during an outbreak on SCBU, where the ermC plasmid was lost in some patients (Harris et al. 2013). 283 

By looking at a wider range of isolates within geographically defined regions it becomes possible to 284 

distinguish between widespread resistance markers and locally emerging strains, as well as the 285 

stability of mobile genetic elements within a population. 286 

 287 
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This sequence dataset has considerable long-term value, since it provides a genomic framework for 288 

the surveillance of MRSA lineages and tracking of MRSA transmission between referral networks in 289 

the UK as well as globally circulating lineages like EMRSA-15. The likely introduction of bacterial 290 

genome sequencing to confirm or refute MRSA outbreaks will need to use such data as a source of 291 

reference genomes and region-specific comparators, and the availability of this dataset in public 292 

databases will provide the ability to of visualise such comparisons. Equally, it can also be used to 293 

discern differences within regional clones relating to antibiotic resistance, and will provide valuable 294 

information on resistance determinants as well as their horizontal propagation and targeted patient 295 

care.  296 

 297 

METHODS 298 

Isolates, sequencing and analysis  299 

A total of 1,013 MRSA isolates were provided by the British Society for Antimicrobial Chemotherapy 300 

(BSAC) bacteraemia resistance surveillance programme (Reynolds et al. 2008) from 2001-2010 301 

(www.bsacsurv.org; Table S2). DNA extraction was carried out on a QIAxtractor (QIAGEN) and library 302 

preparation was performed as previously described (Köser et al. 2012). Index-tagged libraries were 303 

created, and 96 separated libraries were sequenced in each of eight channels using the Illumina 304 

HiSeq platform (Illumina Inc.) to generate 100 base pair (bp) paired-end reads at the Wellcome Trust 305 

Sanger Institute. Average sequence depth was 82.32X and average sequence quality was 39. The ST 306 

and clonal complex (CC) of each isolate was determined from the sequence (Enright et al. 2000; 307 

Cooper and Feil 2004). Sequence reads were then mapped to relevant reference genomes based on 308 

the MLST assignment to identify single-nucleotide polymorphisms (SNPs) (Harris et al. 2010). The 309 

references genomes used were HO 5096 0412 (Köser et al. 2012) for clonal complex (CC) 22 isolates, 310 

MRSA252 (Holden et al. 2004) for CC30 isolates, and N315 (Kuroda et al. 2001) for CC5 isolates. SNPs 311 

were identified in the derived whole genome alignments as described before (Holden et al. 2013), 312 

and mobile genetic elements, phage and repetitive regions were excluded, leaving a core genome 313 
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size of 2,655,809bp. Phylogenetic estimation was done using RAxML with the general time reversal 314 

model and gamma correction (Stamatakis et al. 2005). Trees were visualized using FigTree 315 

(http://tree.bio.ed.ac.uk/software/figtree/) and iTOL (Letunic and Bork 2011).
 

De novo assembled 316 

multi-contig draft assemblies were generated running Velvet optimiser and Velvet (Zerbino and 317 

Birney 2008). Contigs with less than 300 bases were removed, and scaffolding software SSPACE 318 

(Boetzer et al. 2011) was employed. The assembly was further improved using GapFiller (Boetzer and 319 

Pirovano 2012). Antimicrobial susceptibility testing was determined by the BSAC agar dilution 320 

method (Reynolds et al. 2008). Clustering of regions was assessed on a phylogeny of English EMRSA-321 

15 isolates by counting the proportion of internal nodes whose descendants were isolated from a 322 

single region. In order to compare this proportion with the proportions expected when isolates 323 

would be distributed randomly, we randomized the leaves 1000 times and calculated the proportions 324 

accordingly.  325 

 326 

DATA ACCESS 327 

All sequences have been submitted to the European Nucleotide Archive (ENA) under the study 328 

number ERP001012 (http://www.ebi.ac.uk/ena/data/view/ERP001012), and individual accession 329 
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FIGURE LEGENDS 362 

Figure 1. Map of laboratories, submitting regions and referral networks 363 
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Laboratories submitting isolates to the British Society of Antimicrobial Chemotherapy collection are 364 

shown as a grey dot. Regions are coloured as indicated, and English regions were based on referral 365 

networks as described before (Donker et al. 2014). 366 

  367 

Figure 2. Phylogeny of EMRSA-15 and distribution of antibiotic resistance genes 368 

The maximum likelihood tree of ST22-A isolates was based on core SNPs identified by mapping to the 369 

reference ST22 genome HO 5095 0412. The total number of SNP sites present in the core genome 370 

alignment in this lineage was 20,488 SNPs. Branches are labelled with colours of the referral 371 

networks as indicated by the legend. Represented is the year of isolation as well as the acquisition of 372 

fusB or fusC, fusA mutations, acquisition of dfrA, and dfrA mutations, and ermC acquisition as 373 

indicated by the legend. 374 

 375 

Figure 3. Phylogeny of EMRSA-16 and distribution of antibiotic resistance genes 376 

Maximum likelihood tree based on core SNPs identified by mapping to the reference ST36 genome 377 

MRSA252. The total number of SNP sites present in the core genome alignment in this lineage was 378 

4,400 SNP sites. Branches are labelled with colours of the referral networks as indicated by the 379 

legend. Represented is the year of isolation as well as acquisition of ermA and ermC (erythromycin 380 

resistance), ileS-2 (mupirocin resistance), aacA-aphD (aminoglycoside resistance), dfrA and dfrG 381 

(trimethoprim resistance), and ant4-1 (aminoglycoside resistance), as indicated by the legend. 382 

 383 

Figure 4. Contextualization of outbreak investigations of CC22 MRSA studied at Cambridge 384 

University Hospitals 385 

The maximum likelihood tree was based on 22,238 core SNPs for the 783 ST22 genomes, together 386 

with 7 isolates from an MRSA outbreak on a neonatal intensive care unit (NICU, green) (Köser et al. 387 

2012), 15 isolates from an MRSA outbreak that focused on a special care baby unit (SCBU, orange) 388 

but extended to other wards and the community (Harris et al. 2013), and 42 isolates sequenced as 389 
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part of an MRSA outbreak investigation on a hepatology ward (9 isolates from 4 patients with 390 

bacteraemia (P1-4, pink filled dots) and the remainder from patients who were MRSA carriers on the 391 

same ward during a comparable timeframe (pink open dots)) (Török et al. 2014).  392 

 393 

Figure 5. Phylogeny of CC5  394 

The maximum likelihood tree was based on core SNPs identified by mapping to the reference ST5 395 

genome N315. The total number of SNP sites present in the core genome alignment in this lineage 396 

was 3,229 SNP sites. Welsh isolates have blue branches, and the branch leading to reference N315 is 397 

coloured red.  398 

 399 

TABLES 400 

Table 1. Number of MRSA isolates in each S. aureus MLST clonal complex (CC) over time 401 

 CC1 CC5 CC8 CC9 CC15 CC22 CC25 CC30 CC45 CC59 CC97 

Non-

defined 

CC 

Total 

number 

2001  4 6   75  18     103 

2002 2 2 1   58 1 24 2 1   91 

2003  3 6   61  24 1    95 

2004  4 3   93  17     117 

2005 1 3    76  8   1  89 

2006 1 2  1 1 83 1 18 1    108 

2007 3 1    75 1 8   1 1 90 

2008 2 4 1  2 92 2 14    1 118 

2009 2 2    93  7 1   2 107 

2010 1 3 6   77  6 1 1   95 

Total (n) 12 28 23 1 3 783 5 144 6 2 2 4 1013 

Total % 1·2 2·8 2·3 0·1 0·3 77·3 0·5 14·2 0·6 0·2 0·2 0·3  

 402 

  403 
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