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Abstract (max 250 words) 33 

Staphylococcus epidermidis is a pathogen emerging worldwide as a leading cause of health-34 
care associated infections. A standardized high-resolution typing method to document 35 
transmission and dissemination of multidrug-resistant S. epidermidis strains is needed. Our 36 
aim was to provide a core genome multilocus sequence typing (cgMLST) typing scheme for 37 
S. epidermidis to improve the international surveillance of S. epidermidis.  38 
We defined a cgMLST scheme based on 699 core genes and used it to investigate the 39 
population structure of the species, and the genetic relatedness of isolates recovered from 40 
infants hospitalized in several wards of a French hospital. Our results show the long-lasting 41 
endemic persistence of S. epidermidis clones within and across wards of hospitals and 42 
demonstrate the ability of our cgMLST approach to identify and track these clones. 43 
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We made the scheme publicly available through the Institut Pasteur BIGSdb server 44 
(http://bigsdb.pasteur.fr/epidermidis/). This tool should enable international harmonization of 45 
the epidemiological surveillance of multidrug-resistant S. epidermidis clones. By comparing 46 
gene distribution among infection and commensal isolates, we also confirmed the association 47 
of the mecA locus with infection isolates and of the fdh gene with commensal isolates. 48 
 49 
 50 
 51 
 52 

53 

http://bigsdb.pasteur.fr/epidermidis/


 3 

 Introduction 54 

Staphylococcus epidermidis, a member of coagulase-negative staphylococci, is an 55 

abundant and ubiquitous resident of the human skin and mucosal microbiota (1). The most 56 

frequently isolated microorganisms in intensive care units (ICU)-acquired bloodstream 57 

infections are coagulase-negative staphylococci, among which S. epidermidis is prominent 58 

(2). S. epidermidis infections are almost exclusively associated with health care and occur 59 

primarily in patients with implanted medical devices, such as intravascular devices or 60 

orthopaedic and cardiac implants. In addition, neonates and immunocompromised patients 61 

represent a population at particular risk for nosocomial infections (3). The ability of S. 62 

epidermidis to form biofilms contributes to the chronicity and difficulties to treat these 63 

infections (3, 4). 64 

The proportion of MRSE (methicillin resistant S. epidermidis) among clinical isolates is 65 

greater than 70% (5), leading to the probabilistic prescription of vancomycin in patients with 66 

suspected S. epidermidis infections. Resistance to linezolid is rare but emerging (5, 6). The 67 

emergence and global spread of multidrug-resistant S. epidermidis clones causing invasive 68 

diseases has been largely documented (7, 8). In addition, the transmission of S. epidermidis 69 

strains among patients and between patients and medical staff, mostly in neonatal intensive 70 

care units, is possible (3, 9-11). However, the significance of S. epidermidis transmission is 71 

likely to be underestimated, and the identification of subtypes that could represent higher risks 72 

for transmission or pathogenesis, remains difficult using available subtyping methods. 73 

The classification of S. epidermidis isolates has so far largely relied on Multilocus 74 

Sequence Typing (MLST) based on the sequencing of 7 conserved loci (12). This typing 75 

method allows the assignment of a Sequence Type (ST) to each unique allelic profile. STs can 76 

be grouped into clonal complexes (CCs) with eBURST algorithm (13). While an extensive 77 

strain-level diversity has been observed between healthy individuals (1), only a few health-78 

care associated clones are found in hospital environments worldwide (4, 14). Indeed, more 79 

than 50% of the clinical strains and less than 10% of the community strains belong to a clonal 80 

complex encompassing ST2 and ST5 (4, 5, 14). The global dissemination of these two 81 

genotypes suggests an adaptation to the hospital environment. ST2 strains are almost all 82 

resistant to methicillin (15, 16). Similar to the closely related S. aureus species, the mecA 83 

gene confers resistance to methicillin and is found within the SCCmec (staphylococcal 84 

cassette chromosome mec) genomic island (17, 18).  85 

The high-resolution whole-genome sequencing (WGS) approach has been used to study S. 86 
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epidermidis linezolid-resistant isolates epidemiology (6, 19). A major insight from WGS-87 

based epidemiological studies is the description of long-lasting endemic persistence of S. 88 

epidermidis clones across wards of hospitals (20, 21).  89 

The population structure of S. epidermidis is divided into three main phylogenetic lineages 90 

(17, 22), which encompass six previously defined clonal groups (23, 24). These subsets of S. 91 

epidermidis show distinct associations with clinical infections and carriage. Besides, they 92 

have distinctive genetic and phenotypic features including association with biofilm synthesis 93 

genes, SSCmec and antimicrobial resistance. However, both asymptomatic carriage and 94 

invasive isolates are found in all major phylogenetic groups (22), and the epidemiological 95 

relationships of carriage and invasive isolates need to be deciphered at microevolutionary 96 

timescales.  97 

Genotyping of bacterial isolates is best performed with WGS for molecular 98 

epidemiological studies (25-28). Core-genome MLST (cgMLST) provides the high resolution 99 

of genome-wide methods while maintaining the benefits of standardization, reproducibility 100 

and portability of classical 7-gene MLST (28, 29). While infections with multidrug resistant 101 

S. epidermidis strains are an increasingly important issue in hospitals worldwide, an effective 102 

tool for international strain comparison is still lacking.  103 

The main aims of this study were i) To define a cgMLST scheme for S. epidermidis 104 

genotyping; ii) To provide a publicly accessible international database for S. epidermidis 105 

genomic typing; and (iii) To investigate the genetic relatedness of isolates recovered from 106 

infants hospitalized in several wards of a French hospital, including a Neonatal Intensive Care 107 

Unit (NICU). We also explored the population structure of S. epidermidis and the association 108 

of previously reported marker genes and lineages.  109 

Methods 110 

Routine procedures for bacterial isolation from clinical samples 111 

The 25 isolates sequenced here were recovered from one healthy adult and from cultures 112 

performed routinely on clinical samples in the clinical microbiology laboratory at Necker-113 

Enfants Malades Hospital (Paris, France). The strains were grown on Columbia agar 114 

supplemented with 5% horse blood and incubated 24-48 h at 37°C (INCUCELL incubator, 115 

MMM group, Germany). Coagulase-negative staphylococci isolates were identified at the 116 

species level by MALDI-TOF MS (Bruker Daltonics, Bremen, Germany). 117 

 118 

Core genome MLST (cgMLST) scheme definition 119 



 5 

For the determination of the cgMLST scheme, 5 closed S. epidermidis genomes and 299 draft 120 

genome assemblies available at NCBI GenBank (on the 22th of December 2015) were 121 

downloaded. We also downloaded 83 draft genome assemblies deposited by Meric et al. (17) 122 

in the Dryad repository. All used assemblies are publicly available from the Institut Pasteur 123 

instance of the BIGSdb database at https://bigsdb.pasteur.fr/epidermidis/.  124 

Low quality assemblies were excluded based on the following criteria: assembled genome 125 

size >150 % of the reference genome; organism identified as non S. epidermidis as 126 

determined using Kraken v0.10.5 (30) and Average Nucleotide Identity < 95% compared to 127 

ATCC 12228 strain reference (GCF_000007645) (31). This resulted in the selection of 371 128 

genomes for core genes definition. Supplementary table S1 provides a detailed description 129 

of the strain collection used for the establishment of the cgMLST scheme (e.g., date of 130 

isolation, geographic origin and source). 131 

From this set we inferred the species core genome using the CoreGeneBuilder pipeline default 132 

settings (26) and S. epidermidis ATCC 12228 strain (GCF_000007645) as a reference. The 133 

pipeline’s first step relies on the eCAMBer software (32), which consists of a de novo 134 

annotation of the genomes (except the reference) using Prodigal (33) and the harmonization 135 

of the positions of the stop and start codons. In the next step, the core genome is inferred with 136 

a bidirectional best hits (BBH) approach as previously described by Touchon et al. (34). We 137 

used CoreGeneBuilder default settings. A gene was considered as part of the core genome if it 138 

was found in at least 95% of the genomes under study. This resulted in an initial core genome 139 

containing 1623 genes. We then filtered out some genes based on the following criteria. (i) 140 

First, we removed 14 potential paralogous loci. The rationale behind this is that the presence 141 

of paralogs inside a typing scheme can lead to ambiguities, as a candidate gene might be 142 

attributable to two different core gene loci. To detect those potential paralogs, we compared 143 

each allele of each locus against all the alleles of all the other loci using the software BLAT 144 

(35). If a single hit was found between two different loci (more than 70% protein identity 145 

between two alleles), we removed both loci. (ii) Second, we removed 840 loci whose length 146 

varies among alleles, which is useful in reducing ambiguities during the genotyping process. 147 

(iii) We also removed 10 loci for which alleles contained ambiguous characters. (iv) Last, we 148 

removed 582 loci with variation within the start and stop codons; the rationale is that allele 149 

calling relies on BLASTn, which may not produce full-length alignments when the start 150 

or stop codons differ, resulting in incomplete alleles. Note that these sets of filtered loci can 151 

overlap. After applying these four steps, 699 core genes were retained and constitute our 152 

cgMLST scheme. 153 

https://bigsdb.pasteur.fr/epidermidis/
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 154 

cgMLST allele definitions and tagging of publicly available genomes using BIGSdb 155 

The BIGSdb server is designed to host separately a database of allele sequence definitions and 156 

a database of genomic assemblies with attached source information (36). Newly imported 157 

assemblies were scanned using BIGSdb to designate alleles of each locus. A locus was tagged 158 

when its sequence had > 90% nucleotide sequence identity over at least 90% of the alignment 159 

length with a reference allele. In case of exact match with an allele found in the database, the 160 

locus was designated by the allele number. In case of partial match, if the locus corresponded 161 

to a protein-coding sequence (beginning with a start codon and ending with a stop codon), the 162 

allele was added to the allele database. Then, a subsequent scan allowed tagging isolates with 163 

novel alleles. A locus was considered missing when there was no match with alleles in the 164 

database. 165 

To evaluate the conservation of the chosen genes in an independent sample of the 166 

S. epidermidis population, we analyzed 289 additional genome assemblies from NCBI 167 

GenBank and from Harris et al. (4) that were not yet available at the time of scheme 168 

definition. The validation set is described in Supplementary table S1. 169 

All assemblies, allele sequences designations and profiles are available at 170 

http://bigsdb.pasteur.fr/epidermidis/.  171 

 172 

Assessment of the population structure of S. epidermidis  173 

The population structure of S. epidermidis was assessed based on 703 available genomes. To 174 

obtain the alignment required for the phylogenetic analysis, we extracted, for each genome 175 

assembly, the allelic sequences of the 699 loci. For each locus the alleles sequences were 176 

translated to proteins, aligned using MAFFT (37) and the G-INS-i algorithm, and back-177 

translated to nucleotide sequences, thus resulting in codon alignments. We finally 178 

concatenated the 699 alignments into one supermatrix, containing 703 sequences (isolates) 179 

and 539 151 sites (the nucleotide positions of missing alleles were replaced by gaps in the 180 

concatenate of alignments of individual loci). A phylogenetic tree was obtained with the 181 

maximum likelihood (ML) criterion after purging recombination using Gubbins v2.2.0 (38) 182 

with default parameters resulting in an alignment of 31,385 sites. RAxML v8.2.8 (39) was 183 

used for the phylogenetic inference under the GTRCAT model (final tree optimized under the 184 

GTRGAMMA model). The tree was drawn using iTOL (40). 185 

http://bigsdb.pasteur.fr/epidermidis/
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The same methodology was applied to compare clusters obtained based on cgMLST allelic 186 

profiles with those observed by phylogenetic analysis of the concatenated allele sequences of 187 

the 699 core loci. 188 

 189 

Patients and isolates 190 

To evaluate the ability of cgMLST to identify potential transmission events within hospital 191 

settings, we selected 25 isolates including 24 clinical isolates from patients hospitalized in 192 

several wards between November 2014 and August 2016. 193 

The 25 isolates were recovered from 21 hospitalized individuals (16 hospitalized neonates and 194 

5 hospitalized children) and one non-hospitalized healthy adult. All neonates have stayed in a 195 

NICU, 3 children have stayed in a gastroenterology ward and 2 children have stayed in an 196 

orthopedic ward. One isolate was sequenced per patient except for 3 patients who had 2 197 

isolates sequenced (patients 3, 7 and 21). Information on patients and sources of isolates is 198 

summarized in Table 1. 199 

The study of S. epidermidis clinical isolates collected from the Necker-Enfants Malades 200 

Hospital was approved by the ethics review board of our institution and registered with 201 

clinicaltrials.gov Identifier#NCT03374371. All experiments were performed in accordance 202 

with the guidelines and regulations described by the Declaration of Helsinki and the low 203 

Huriet-Serusclat on human research ethics and informed consent was obtained for all 204 

participating subjects. 205 

 206 

Whole-genome sequencing and assembly 207 

DNA extractions were performed on pure culture using DNeasy Blood and Tissue Kit 208 

(Qiagen) following manufacturer’s instructions with addition of lysostaphin (Sigma) to the 209 

Gram-positive lysis buffer (final concentration 20 μg/mL). 210 

Whole-genome shotgun libraries sequenced on an Illumina MiSeq sequencing platform (2 x 211 

150 bp paired-end reads) were prepared with the Nextera XT Kit (Illumina). Whole-genome 212 

shotgun libraries sequenced on an Illumina HiSeq-2500 sequencing platform (2 x 130 bp 213 

paired-end reads) were prepared with the Ovation Ultralow V2 kit (NuGEN).  214 

Reads were trimmed using Trimmomatic v0.36 (41) and assembled using SPAdes v3.9.0 (42). 215 

De novo assemblies quality was assessed with QUAST (43). In silico MLST was performed 216 

on the de novo assemblies with MLST v2.6 (https://github.com/tseemann/mlst). De novo 217 

assemblies were imported and scanned in BIGSdb.  218 

 219 

https://github.com/tseemann/mlst
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Cluster analysis of clinical isolates using BIGSdb 220 

To validate the ability of cgMLST to cluster related isolates, we first used sequence data from 221 

a recently published study of linezolid resistant isolates (6). Raw Illumina reads (accession 222 

number SRP039360) were downloaded from NCBI Sequence Read Archive (SRA) and 223 

processed as newly sequenced genomes. Assemblies were imported and scanned in BIGSdb 224 

except isolate UCLA-Sa-LR-01, which was discarded due to poor quality of its de novo 225 

assembly.  We also tested our cgMLST scheme using the 25 newly sequenced clinical isolates 226 

(Table 1). The PHYLOViZ tool (integrated as a plugin of BIGSdb) was used to generate 227 

minimum spanning trees based on the cgMLST allelic profiles (44). Here, clusters were 228 

defined as groups of genotypes showing ≤ 21 cgMLST allele mismatches with at least one 229 

other member of the group.  230 

 231 

Data availability 232 

This Whole Genome Shotgun project has been deposited in GenBank under the Bioproject ID 233 

PRJNA608162. 234 

All assemblies, sequences and their allelic designations and cgMLST profiles are available 235 

from the Institut Pasteur BIGSdb database access web page at 236 

https://bigsdb.pasteur.fr/epidermidis/. 237 

 238 

Results 239 

Definition and evaluation of a cgMLST scheme for S. epidermidis using public genomes 240 

Using 371 publically available genomes, we developed a cgMLST scheme consisting of 699 241 

core-genes, which includes 30% of the 2,348 CDS of S. epidermidis ATCC 12228 reference 242 

genome. As shown in Supplementary figure S1, the distribution along the S. epidermidis 243 

genome of the 699 cgMLST genes was even. 244 

To evaluate the conservation of gene loci of the newly defined cgMLST scheme, a 245 

validation set of 289 additional publically available genome assemblies was analyzed (NCBI 246 

genomes, last accessed on Sept. 27
th

, 2017). These additional genomes were made public after 247 

the definition of our cgMLST scheme and thus represent a non-overlapping strain collection. 248 

These genomes had 97.5% tagged loci on average, showing that the cgMLST scheme loci are 249 

highly conserved, and can therefore be expected to be mostly present in future sequenced 250 

genomes. Supplementary figure S2 shows the distribution of the number of missing loci 251 

among the 699 genes of the scheme. 252 

https://bigsdb.pasteur.fr/epidermidis/
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The cgMLST genotyping system is publicly available through the Institut Pasteur BIGSdb 253 

server (https://bigsdb.pasteur.fr/epidermidis/).  254 

 255 

Population structure of S. epidermidis genomes  256 

We next used 703 genomes to assess the phylogenetic structure of S. epidermidis based on 257 

cgMLST gene sequences (Supplementary Figure 1), which confirmed that the population is 258 

divided into 3 main clades (A-C) as previously reported (17). Most of the isolates belong to 259 

clade A, which encompasses clonal groups 5 and 6 associated with the two major nosocomial 260 

clones, ST2 and ST5 respectively (23, 24). 261 

The supplementary figure S3 shows the concordance with clades A, B and C as defined 262 

previously by Méric and colleagues (17), with the clonal groups defined previously (23, 24), 263 

and with classical 7-gene MLST. 264 

In addition to the core genes, we scanned the assemblies for the presence of accessory genes 265 

associated with the SCCmec locus (mecA, ccrA and ccrB) and the ica genes associated with 266 

biofilm formation capacity through polymeric N-acetyl-glucosamine (PNAG) synthesis. In 267 

addition, we searched for the putative commensal marker fdh encoding a formate 268 

dehydrogenase (14). 269 

The distribution of SCCmec associated genes among infection and commensal isolates 270 

showed a positive association between infection strains and the SCCmec locus (Fisher <1e-3) 271 

(Figure 1). The search of the co-occurrence of the icaAD genes, commonly used as a proxy to 272 

evaluate the biofilm formation potential of isolates (45), yielded no significant association 273 

(Figure 1). In contrast, a positive association between commensal isolates compared to 274 

infection isolates was observed for the putative commensal marker gene fdh (Fisher <0.005) 275 

(Figure 1).  276 

 277 

Application of the S. epidermidis cgMLST scheme to hospital linezolid-resistant isolates 278 

To evaluate the ability of cgMLST to cluster S. epidermidis isolates, we analyzed the 279 

relationships among isolates from a previous study of linezolid resistant isolates (6).  280 

All genomes had > 93% of tagged loci (95.5% on average). Cluster analysis based on 281 

cgMLST allelic profiles showed 4 clusters and 1 outgroup isolate (Figure 2). The same 282 

clusters were found after phylogenetic analysis of the concatenated sequences of core genes 283 

(Figure 2). These results were concordant with the ones reported by Tewhey et al. based on 284 

the alignments of 2,093 core genes (6). However, there was no description of potential 285 

https://bigsdb.pasteur.fr/epidermidis/
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epidemiological links between the isolates of this study, which were compared only because 286 

of their common phenotypic linezolid resistance. 287 

 288 

Application to S. epidermidis epidemiology in a French hospital 289 

To assess the ability of cgMLST to cluster S. epidermidis isolates with defined 290 

epidemiological sources, we next sequenced 24 clinical isolates recovered from several wards 291 

of a pediatric French hospital and an isolate from a healthy adult (total of 25 sequenced 292 

isolates). The mean number of contigs was 211 (range, 137 to 410) (Table S2). After 293 

cgMLST genotyping of the genomic assemblies, the mean percentage of tagged loci was 294 

97.6% (range, 96.1 to 100%) (Table S2). As expected, most isolates recovered from 295 

hospitalized patients (20 out of 24) belonged to ST2 (n = 12) and ST5 (n = 8) (Table 1). 296 

Nineteen isolates were grouped into 6 clusters (≤ 21 allele differences), whereas there were 6 297 

ungrouped isolates (Figure 3). Five clusters were observed among isolates from the NICU 298 

during one year (span time of clusters ranging from 49 to 354 days), whereas another cluster 299 

contained isolates from the orthopedic and the gastroenterology wards. The maximum number 300 

of differing alleles among isolates of the same cluster was 21, whereas the minimum number 301 

of differing alleles between isolates of distinct clusters was 39 (Figure 3). For the 3 pairs of 302 

isolates recovered from 3 individual patients, collected between 7 to 38 days apart, we 303 

observed a maximum of 7 differences. The timeline shown in Figure 4 illustrates that isolates 304 

belonging to the same cluster were sometimes found in patients hospitalized in distinct wards 305 

(i.e., cluster IV in patients hospitalized in gastroenterology and orthopedic units) and in 306 

patients hospitalized up to 1-year apart (i.e., cluster I for patients 3, 16 and 18). 307 

 308 

Discussion 309 

S. epidermidis is a leading cause of bacteremia and device-related infections and can cause 310 

severe infections in immunocompromised patients and neonates. S. epidermidis infections are 311 

mostly caused by strains belonging to multidrug-resistant nosocomial clones ST2 and ST5 (5, 312 

10, 19, 46). Our results corroborate the predominance of ST2 and ST5 among hospitalized 313 

patients. Although the 7-gene MLST has played an important role to recognize the worldwide 314 

emergence and nosocomial endemic persistence of multidrug-resistant clones, there is a need 315 

for higher resolution genotyping, allowing strain comparison within endemic clones. 316 

Moreover, standardization is paramount for worldwide tracking of strain dissemination and 317 
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recognizing subtypes with medically important properties. We therefore explored a core 318 

genome MLST (cgMLST) approach, which provides a high resolution and has the potential 319 

for a universal typing method both for epidemiological investigations and for population 320 

biology studies. Standardized cgMLST schemes are available for many pathogens including 321 

Klebsiella pneumoniae, Campylobacter jejuni, Campylobacter coli, Staphylococcus aureus 322 

and Listeria monocytogenes (28, 47-49). However, a cgMLST scheme has been lacking until 323 

now for S. epidermidis.  324 

The potential of the developed S. epidermidis cgMLST scheme to delineate closely related 325 

isolates was investigated by comparing genomes obtained from children hospitalized in 326 

several wards of the same hospital. Our analysis showed that the cgMLST scheme of 699 327 

genes had an adequate discriminatory power to delineate distinct clusters of very closely 328 

related isolates within the same ST. The maximum allelic distance among epidemiologically 329 

related isolates (2 isolates recovered from 2 patients hospitalized several months apart in the 330 

orthopedic ward) was 21, and we chose this cutoff to define clusters. This relatively high 331 

number of differences is likely to reflect the fact that clones are able to persist several years in 332 

hospitals where they diversify and are likely transferred to patients on multiple occasions (7, 333 

20, 21). For instance, Dortet et al. investigated a long-lasting outbreak spanning 2 years 334 

caused by linezolid-resistant S. epidermidis clones and report 22 ST2 isolates with 13 SNPs 335 

along their core genome (19). Our findings also show that several clones can co-exist and 336 

persist over months in a NICU. This is concordant with previous observations showing that 337 

patients acquire genetically related strains belonging to multidrug-resistant endemic clones 338 

that persist in clinical settings (10, 50). 339 

In addition, we leveraged the ability of the BIGSdb database tool to analyse the presence of 340 

genes of medical interest to compare the distribution of several putative marker genes 341 

associated with infection or carriage. We confirmed a positive association between infection 342 

strains and the SCCmec locus (22) and a positive association between commensal isolates and 343 

the fdh gene (14). The co-occurrence of icaAD genes has been proposed as a marker for 344 

biofilm formation ability (45) linked with isolate virulence. However, the presence of the ica 345 

locus does not always correlate with biofilm production in vitro (45). For instance in a study 346 

of 200 S. epidermidis isolates from hospitalized patients in Germany, among 124 icaAD-347 

positive isolates, only 49% were able to produce biofilm in vitro, whereas only 50% of in 348 

vitro biofilm-producing isolates were ica-positive (51). The weak correlation between ica 349 

presence and biofilm formation ability is corroborated by Du et al. who reported biofilm 350 

production in less than 60% of their icaA-positive isolates (52). 351 
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In another study, when nosocomial isolates associated with infection or contamination were 352 

compared only mecA, but neither icaA nor fdh, was differentially found among infection and 353 

contamination isolates (24). 354 

 355 

In conclusion, we developed a cgMLST scheme for WGS-based typing of S. epidermidis, 356 

integrated it in a publically available BIGSdb web application platform and illustrated its 357 

application to the molecular epidemiology of S. epidermidis in a French university hospital. 358 

We hope that the novel genotyping tool will contribute to allowing reproducible comparisons 359 

among clinical laboratories for the epidemiological surveillance and biological studies of S. 360 

epidermidis clones causing infections.  361 

 362 

 363 

 364 

365 
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Figure legends 598 

Figure 1. Distribution of gene presence and absence for mecA, ccrAB, ica and fdh loci 599 

among 252 infection isolates and 194 commensal isolates from the BIGSdb database.  600 

mecA encodes penicillin-binding protein 2 (PBP2); ccrA and ccrB encode cassette 601 

chromosome recombinase A and B respectively; icaA and icaD genes are involved in 602 

polysaccharide intercellular adhesin (PIA) production; fdh encodes a formate dehydrogenase. 603 

There was a positive association between infection isolates and mecA, ccrA and ccrB loci 604 

compared to commensal isolates (** Fisher<0.001) and there was a positive association 605 

between commensal isolates and fdh locus compared to infection isolates (* Fisher <0.005). 606 

 607 

 608 

 609 

Figure 2. Comparison of cluster analysis based on cgMLST allelic profiles with 610 

phylogenetic analysis based on core genes alignments for 20 linezolid-resistant isolates. 611 

The minimum-spanning tree based on cgMLST allelic profiles is shown on the left side. The 612 

tree was generated from allelic profiles of 699 core genes and visualised with PHYLOViZ. 613 

Each node represents an isolate and is coloured according to the 7-loci ST. In silico MLST 614 

performed on the de novo assemblies revealed that isolates UCLA-Sa-LR-14 (497) and 615 

UCLA-Sa-LR-21 (503) had been erroneously assigned to ST24 and ST186-like respectively 616 

in the original publication (6). We found that in fact both strains belonged to ST186. Black 617 

numbers next to the nodes indicate the BIGSdb identifiers of each isolate. Red numbers on the 618 

connecting lines indicate the number of core gene allele differences between adjacent nodes. 619 

Link lengths are loosely related to the number of allelic differences.  620 

The tree based on 699 core gene sequences alignments is shown on the right side. The tip 621 

labels indicate the BIGSdb identifiers of each isolate.  622 

Clusters reported by Tewhey et al. based on the alignments of 2,093 core genes (6) are 623 

indicated by circles and letters (A, B, C and D). 624 

 625 

 626 

 627 

Figure 3. Comparison of clustering analyses based on cgMLST allelic profiles and on 628 

core gene sequences alignment, for 25 S. epidermidis isolates sequenced in this study. 629 

The minimum-spanning tree based on cgMLST allelic profiles is shown on the left side. The 630 

tree was generated from allelic profiles of 699 core genes. Each node represents an allelic 631 
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profile and corresponds to a single isolate except the node corresponding to cluster VI where 632 

2 isolates have the same profile. Nodes are coloured according to the ward where patients 633 

were hospitalised. Black numbers next to the nodes indicate the BIGSdb identifiers of each 634 

isolate. Red numbers on the connecting lines indicate the number of core gene alleles 635 

differences between adjacent nodes. Link lengths are not proportional to the number of allelic 636 

differences. Clusters of closely related genotypes (≤ 21 allele differences) are surrounded by 637 

circles and are numbered (I to VI). 638 

The tree based on 699 core genes alignment is shown on the right side. The tip labels indicate 639 

the BIGSdb identifiers and names of each isolate. Clusters are indicated by circles and are 640 

numbered (I to VI) as in the minimum-spanning tree. 641 

 642 

 643 

Figure 4. Timeline of the 21 hospitalized patients from which 24 S. epidermidis isolates 644 

were sequenced. 645 

The patient numbers indicated in the coloured boxes and the patient isolate numbers indicated 646 

between brackets correspond to those in Table 1. The clusters to which isolates belong 647 

correspond to those in Figure 3. The isolate sequence type (ST) is indicated on the right side 648 

of the graph. 649 
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