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ABSTRACT Staphylococcus epidermidis is a pathogen emerging worldwide as a lead-
ing cause of health care-associated infections. A standardized high-resolution typing
method to document transmission and dissemination of multidrug-resistant S. epider-
midis strains is needed. Our aim was to provide a core genome multilocus sequence
typing (cgMLST) scheme for S. epidermidis to improve the international surveillance of S.
epidermidis. We defined a cgMLST scheme based on 699 core genes and used it to
investigate the population structure of the species and the genetic relatedness of iso-
lates recovered from infants hospitalized in several wards of a French hospital. Our
results show the long-lasting endemic persistence of S. epidermidis clones within and
across wards of hospitals and demonstrate the ability of our cgMLST approach to iden-
tify and track these clones. We made the scheme publicly available through the Institut
Pasteur BIGSdb server (http://bigsdb.pasteur.fr/epidermidis/). This tool should enable
international harmonization of the epidemiological surveillance of multidrug-resistant S.
epidermidis clones. By comparing gene distribution among infection and commensal iso-
lates, we also confirmed the association of the mecA locus with infection isolates and of
the fdh gene with commensal isolates. (This study has been registered at ClinicalTrials.
gov under registration no. NCT03374371.)
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S taphylococcus epidermidis, a member of coagulase-negative staphylococci, is an
abundant and ubiquitous resident of the human skin and mucosal microbiota (1).

The most frequently isolated microorganisms in intensive care unit (ICU)-acquired
bloodstream infections are coagulase-negative staphylococci, among which S. epider-
midis is prominent (2). S. epidermidis infections are almost exclusively associated with
health care and occur primarily in patients with implanted medical devices, such as
intravascular devices or orthopedic and cardiac implants. In addition, neonates and
immunocompromised patients represent a population at particular risk for nosocomial
infections (3). The ability of S. epidermidis to form biofilms contributes to the chronicity
and difficulties to treat these infections (3, 4).

The proportion of methicillin-resistant S. epidermidis (MRSE) among clinical isolates
is greater than 70% (5), leading to the probabilistic prescription of vancomycin in
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patients with suspected S. epidermidis infections. Resistance to linezolid is rare but
emerging (5, 6). The emergence and global spread of multidrug-resistant S. epidermidis
clones causing invasive diseases have been largely documented (7, 8). In addition, the
transmission of S. epidermidis strains among patients and between patients and medi-
cal staff, mostly in neonatal intensive care units, is possible (3, 9–11). However, the sig-
nificance of S. epidermidis transmission is likely to be underestimated, and the identifi-
cation of subtypes that could represent higher risks for transmission or pathogenesis
remains difficult using available subtyping methods.

The classification of S. epidermidis isolates has so far largely relied on multilocus
sequence typing (MLST) based on the sequencing of 7 conserved loci (12). This typing
method allows the assignment of a sequence type (ST) to each unique allelic profile.
STs can be grouped into clonal complexes (CCs) with the eBURST algorithm (13). While
an extensive strain level diversity has been observed between healthy individuals (1),
only a few health care-associated clones are found in hospital environments worldwide
(4, 14). Indeed, more than 50% of the clinical strains and less than 10% of the commu-
nity strains belong to a clonal complex encompassing ST2 and ST5 (4, 5, 14). The global
dissemination of these two genotypes suggests an adaptation to the hospital environ-
ment. ST2 strains are almost all resistant to methicillin (15, 16). Similar to the closely
related Staphylococcus aureus species, the mecA gene confers resistance to methicillin
and is found within the staphylococcal cassette chromosome mec (SCCmec) genomic
island (17, 18).

The high-resolution whole-genome sequencing (WGS) approach has been used to
study S. epidermidis linezolid-resistant isolate epidemiology (6, 19). A major insight
from WGS-based epidemiological studies is the description of long-lasting endemic
persistence of S. epidermidis clones across wards of hospitals (20, 21).

The population structure of S. epidermidis is divided into three main phylogenetic
lineages (17, 22), which encompass six previously defined clonal groups (23, 24). These
subsets of S. epidermidis show distinct associations with clinical infections and carriage.
In addition, they have distinctive genetic and phenotypic features, including associa-
tion with biofilm synthesis genes, SSCmec, and antimicrobial resistance. However, both
asymptomatic carriage and invasive isolates are found in all major phylogenetic groups
(22), and the epidemiological relationships of carriage and invasive isolates need to be
deciphered at microevolutionary timescales.

Genotyping of bacterial isolates is best performed with WGS for molecular epidemi-
ological studies (25–28). Core genome MLST (cgMLST) provides the high resolution of
genome-wide methods while maintaining the benefits of standardization, reproducibil-
ity, and portability of classical 7-gene MLST (28, 29). While infections with multidrug-re-
sistant S. epidermidis strains are an increasingly important issue in hospitals worldwide,
an effective tool for international strain comparison is still lacking.

The main aims of this study were to (i) define a cgMLST scheme for S. epidermidis
genotyping, (ii) provide a publicly accessible international database for S. epidermidis
genomic typing, and (iii) investigate the genetic relatedness of isolates recovered from
infants hospitalized in several wards of a French hospital, including a neonatal inten-
sive care unit (NICU). We also explored the population structure of S. epidermidis and
the association of previously reported marker genes and lineages.

MATERIALS ANDMETHODS
Routine procedures for bacterial isolation from clinical samples. The 25 isolates sequenced here

were recovered from one healthy adult and from cultures performed routinely on clinical samples in the
clinical microbiology laboratory at Necker-Enfants Malades Hospital (Paris, France). The strains were
grown on Columbia agar supplemented with 5% horse blood and incubated 24 to 48 h at 37°C (Incucell
incubator; MMM group, Germany). Coagulase-negative staphylococcus isolates were identified at the
species level by matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-
TOF MS) (Bruker Daltonics, Bremen, Germany).

cgMLST scheme definition. For the determination of the cgMLST scheme, 5 closed S. epidermidis
genomes and 299 draft genome assemblies available at NCBI GenBank (on 22 December 2015) were
downloaded. We also downloaded 83 draft genome assemblies deposited by Meric et al. (17) in the
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Dryad repository. All used assemblies are publicly available from the Institut Pasteur instance of the
BIGSdb at https://bigsdb.pasteur.fr/epidermidis/.

Low-quality assemblies were excluded based on the following criteria: assembled genome size of
.150% of the reference genome, organism identified as non-S. epidermidis as determined using Kraken
v0.10.5 (30), and average nucleotide identity of ,95% compared to the ATCC 12228 strain reference
(RefSeq accession number GCF_000007645) (31). This resulted in the selection of 371 genomes for core
gene definition. Table S1 in the supplemental material provides a detailed description of the strain col-
lection used for the establishment of the cgMLST scheme (e.g., date of isolation, geographic origin, and
source).

From this set, we inferred the species core genome using the CoreGeneBuilder pipeline default set-
tings (26) and the S. epidermidis ATCC 12228 strain (RefSeq accession number GCF_000007645) as a ref-
erence. The pipeline’s first step relies on the eCAMBer software (32), which consists of a de novo annota-
tion of the genomes (except the reference) using Prodigal (33) and the harmonization of the positions
of the stop and start codons. In the next step, the core genome is inferred with a bidirectional best hits
(BBH) approach as previously described by Touchon et al. (34). We used CoreGeneBuilder default set-
tings. A gene was considered as part of the core genome if it was found in at least 95% of the genomes
under study. This resulted in an initial core genome containing 1,623 genes. We then filtered out some
genes based on the following criteria. (i) First, we removed 14 potential paralogous loci. The rationale
behind this is that the presence of paralogs inside a typing scheme can lead to ambiguities, as a candi-
date gene might be attributable to two different core gene loci. To detect those potential paralogs, we
compared each allele of each locus against all of the alleles of all of the other loci using the software
BLAT (35). If a single hit was found between two different loci (more than 70% protein identity between
two alleles), we removed both loci. (ii) Second, we removed 840 loci whose length varies among alleles,
which is useful in reducing ambiguities during the genotyping process. (iii) We also removed 10 loci for
which alleles contained ambiguous characters. (iv) Last, we removed 582 loci with variation within the
start and stop codons; the rationale is that allele calling relies on blastn, which may not produce full-
length alignments when the start or stop codons differ, resulting in incomplete alleles. Note that these
sets of filtered loci can overlap. After applying these four steps, 699 core genes were retained and consti-
tute our cgMLST scheme.

cgMLST allele definitions and tagging of publicly available genomes using BIGSdb. The BIGSdb
server is designed to host separately a database of allele sequence definitions and a database of
genomic assemblies with attached source information (36). Newly imported assemblies were scanned
using BIGSdb to designate alleles of each locus. A locus was tagged when its sequence had.90% nucle-
otide sequence identity over at least 90% of the alignment length with a reference allele. In the case of
an exact match with an allele found in the database, the locus was designated by the allele number. In
case of partial match, if the locus corresponded to a protein-coding sequence (beginning with a start
codon and ending with a stop codon), the allele was added to the allele database. Then, a subsequent
scan allowed tagging isolates with novel alleles. A locus was considered missing when there was no
match with alleles in the database.

To evaluate the conservation of the chosen genes in an independent sample of the S. epidermidis
population, we analyzed 289 additional genome assemblies from NCBI GenBank and from Harris et al.
(4) that were not yet available at the time of scheme definition. The validation set is described in Table
S1.

All assemblies, allele sequence designations, and profiles are available at http://bigsdb.pasteur.fr/
epidermidis/.

Assessment of the population structure of S. epidermidis. The population structure of S. epidermi-
dis was assessed based on 703 available genomes. To obtain the alignment required for the phyloge-
netic analysis, we extracted, for each genome assembly, the allelic sequences of the 699 loci. For each
locus, the allele sequences were translated to proteins, aligned using MAFFT (37) and the G-INS-i algo-
rithm, and back-translated to nucleotide sequences, thus resulting in codon alignments. We finally con-
catenated the 699 alignments into one supermatrix, containing 703 sequences (isolates) and 539,151
sites (the nucleotide positions of missing alleles were replaced by gaps in the concatenation of align-
ments of individual loci). A phylogenetic tree was obtained with the maximum likelihood (ML) criterion
after purging recombination using Gubbins v2.2.0 (38) with default parameters resulting in an alignment
of 31,385 sites. RAxML v8.2.8 (39) was used for the phylogenetic inference under the GTRCAT model
(final tree optimized under the GTRGAMMA model). The tree was drawn using iTOL (40).

The same methodology was applied to compare clusters obtained based on cgMLST allelic profiles
with those observed by phylogenetic analysis of the concatenated allele sequences of the 699 core loci.

Patients and isolates. To evaluate the ability of cgMLST to identify potential transmission events
within hospital settings, we selected 25 isolates including 24 clinical isolates from patients hospitalized
in several wards between November 2014 and August 2016.

The 25 isolates were recovered from 21 hospitalized individuals (16 hospitalized neonates and 5 hos-
pitalized children) and one nonhospitalized healthy adult. All neonates have stayed in a NICU, 3 children
have stayed in a gastroenterology ward, and 2 children have stayed in an orthopedic ward. One isolate
was sequenced per patient except for 3 patients who had 2 isolates sequenced (patients 3, 7, and 21).
Information on patients and sources of isolates is summarized in Table 1.

The study of S. epidermidis clinical isolates collected from the Necker-Enfants Malades Hospital was
approved by the ethics review board of our institution and registered with ClinicalTrials.gov under regis-
tration number NCT03374371. All experiments were performed in accordance with the guidelines and
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regulations described by the Declaration of Helsinki and the Huriet-Serusclat law on human research
ethics, and informed consent was obtained for all participating subjects.

Whole-genome sequencing and assembly. DNA extractions were performed on pure culture using
DNeasy blood and tissue kit (Qiagen) following the manufacturer’s instructions with addition of lysosta-
phin (Sigma) to the Gram-positive lysis buffer (final concentration, 20mg/ml).

Whole-genome shotgun libraries sequenced on an Illumina MiSeq sequencing platform (2� 150-bp
paired-end reads) were prepared with the Nextera XT kit (Illumina). Whole-genome shotgun libraries
sequenced on an Illumina HiSeq 2500 sequencing platform (2� 130-bp paired-end reads) were pre-
pared with the Ovation Ultralow V2 kit (NuGEN).

Reads were trimmed using Trimmomatic v0.36 (41) and assembled using SPAdes v3.9.0 (42). De novo
assembly quality was assessed with QUAST (43). In silico MLST was performed on the de novo assemblies
with MLST v2.6 (https://github.com/tseemann/mlst). De novo assemblies were imported and scanned in
BIGSdb.

Cluster analysis of clinical isolates using BIGSdb. To validate the ability of cgMLST to cluster
related isolates, we first used sequence data from a recently published study of linezolid-resistant iso-
lates (6). Raw Illumina reads (accession number SRP039360) were downloaded from NCBI Sequence
Read Archive (SRA) and processed as newly sequenced genomes. Assemblies were imported and
scanned in BIGSdb except isolate UCLA-Sa-LR-01, which was discarded due to the poor quality of its de
novo assembly. We also tested our cgMLST scheme using the 25 newly sequenced clinical isolates (Table
1). The PHYLOViZ tool (integrated as a plugin of BIGSdb) was used to generate minimum spanning trees
based on the cgMLST allelic profiles (44). Here, clusters were defined as groups of genotypes
showing#21 cgMLST allele mismatches with at least one other member of the group.

Data availability. This whole-genome shotgun project has been deposited in GenBank under
BioProject number PRJNA608162. All assemblies, sequences, and their allelic designations and cgMLST
profiles are available from the Institut Pasteur BIGSdb access Web page at https://bigsdb.pasteur.fr/
epidermidis/.

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

genomes. Using 371 publicly available genomes, we developed a cgMLST scheme
consisting of 699 core genes, which includes 30% of the 2,348 coding DNA sequences
(CDS) of the S. epidermidis ATCC 12228 reference genome. As shown in Fig. S1 in the
supplemental material, the distribution along the S. epidermidis genome of the 699
cgMLST genes was even.

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

TABLE 1 S. epidermidis isolates sequenced in this study

Isolate (BIGSdb ID)
Isolation date
(yr/mo/day)

Patient information
(patient no.) ST Source

Methicillin
susceptibility Ward

NCK_SE0001 (510) 15/12/24 Healthy adult Skin MSSEa Community
NCK_SE0002 (54) 14/12/17 Hospitalized child (1) 2 Blood MRSE Gastroenterology
NCK_SE0004 (59) 14/12/10 Hospitalized child (2) 5 Blood MRSE Gastroenterology
NCK_SE0005 (511) 15/7/10 Hospitalized neonate (3) 2 Blood MRSE NICU
NCK_SE0006 (520) 15/7/17 Hospitalized neonate (3) 2 Blood MRSE NICU
NCK_SE0008 (521) 15/10/16 Hospitalized neonate (4) 2 Blood MRSE NICU
NCK_SE0009 (522) 15/12/1 Hospitalized neonate (5) 2 Blood MRSE NICU
NCK_SE0010 (512) 16/4/18 Hospitalized neonate (6) 2 Blood MRSE NICU
NCK_SE0011 (523) 15/10/24 Hospitalized neonate (7) 5 Blood MRSE NICU
NCK_SE0012 (524) 15/11/13 Hospitalized neonate (7) 5 Central catheter MRSE NICU
NCK_SE0013 (513) 16/6/17 Hospitalized neonate (8) 2 Blood MRSE NICU
NCK_SE0014 (525) 15/11/24 Hospitalized neonate (9) 2 Blood MRSE NICU
NCK_SE0015 (526) 15/12/18 Hospitalized neonate (10) 22 Blood MRSE NICU
NCK_SE0016 (527) 15/12/19 Hospitalized neonate (11) 5 Blood MRSE NICU
NCK_SE0017 (514) 16/7/25 Hospitalized neonate (12) 2 Blood MRSE NICU
NCK_SE0019 (515) 16/7/12 Hospitalized neonate (13) 2 Blood MRSE NICU
NCK_SE0020 (528) 16/6/27 Hospitalized neonate (14) 22 Blood MRSE NICU
NCK_SE0021 (529) 15/12/15 Hospitalized children (15) 5 Bone biopsy MRSE Orthopedic
NCK_SE0022 (530) 16/5/19 Hospitalized neonate (16) 2 Trachea MRSE NICU
NCK_SE0023 (516) 16/1/19 Hospitalized neonate (17) 5 Postoperative wound MRSE NICU
NCK_SE0027 (518) 16/6/26 Hospitalized neonate (18) 2 Blood MRSE NICU
NCK_SE0028 (519) 16/4/15 Hospitalized neonate (19) 22 Blood MRSE NICU
NCK_SE0029 (75) 14/12/8 Hospitalized child (20) 59 Blood MSSE Gastroenterology
NCK_SE0030 (82) 15/4/10 Hospitalized child (21) 5 Wound biopsy MRSE Orthopedic
NCK_SE0031 (99) 15/5/18 Hospitalized child (21) 5 Bone biopsy MRSE Orthopedic
aMSSE, methicillin susceptible S. epidermidis.
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validation set of 289 additional publicly available genome assemblies was analyzed
(NCBI genomes, last accessed on 27 September 2017). These additional genomes were
made public after the definition of our cgMLST scheme and thus represent a nonover-
lapping strain collection. These genomes had 97.5% tagged loci on average, showing
that the cgMLST scheme loci are highly conserved and can, therefore, be expected to
be mostly present in future sequenced genomes. Figure S2 in the supplemental mate-
rial shows the distribution of the number of missing loci among the 699 genes of the
scheme.

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

Population structure of S. epidermidis genomes. We next used 703 genomes to
assess the phylogenetic structure of S. epidermidis based on cgMLST gene sequences
(see Fig. S1), which confirmed that the population is divided into 3 main clades (A to C)
as previously reported (17). Most of the isolates belong to clade A, which encompasses
clonal groups 5 and 6 associated with the two major nosocomial clones ST2 and ST5,
respectively (23, 24).

Figure S3 in the supplemental material shows the concordance with clades A, B,
and C as defined previously by Meric and colleagues (17), with the clonal groups
defined previously (23, 24) and with classical 7-gene MLST.

In addition to the core genes, we scanned the assemblies for the presence of acces-
sory genes associated with the SCCmec locus (mecA, ccrA, and ccrB) and the ica genes
associated with biofilm formation capacity through polymeric N-acetylglucosamine
(PNAG) synthesis. In addition, we searched for the putative commensal marker fdh
encoding a formate dehydrogenase (14).

The distribution of SCCmec-associated genes among infection and commensal iso-
lates showed a positive association between infection strains and the SCCmec locus
(Fisher, ,1e23) (Fig. 1). The search of the cooccurrence of the icaAD genes, commonly
used as a proxy to evaluate the biofilm formation potential of isolates (45), yielded no
significant association (Fig. 1). In contrast, a positive association between commensal
isolates compared to infection isolates was observed for the putative commensal
marker gene fdh (Fisher,,0.005) (Fig. 1).

Application of the S. epidermidis cgMLST scheme to hospital linezolid-resistant
isolates. To evaluate the ability of cgMLST to cluster S. epidermidis isolates, we ana-
lyzed the relationships among isolates from a previous study of linezolid-resistant iso-
lates (6).

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

FIG 1 Distribution of gene presence and absence for mecA, ccrAB, ica, and fdh loci among 252 infection
isolates and 194 commensal isolates from the BIGSdb. mecA encodes penicillin-binding protein 2 (PBP2);
ccrA and ccrB encode cassette chromosome recombinase A and B, respectively; icaA and icaD genes are
involved in polysaccharide intercellular adhesin (PIA) production; fdh encodes a formate dehydrogenase.
There was a positive association between infection isolates and mecA, ccrA, and ccrB loci compared to
commensal isolates (**, Fisher, 0.001), and there was a positive association between commensal isolates
and fdh locus compared to infection isolates (*, Fisher , 0.005).
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on cgMLST allelic profiles showed 4 clusters and 1 outgroup isolate (Fig. 2). The
same clusters were found after phylogenetic analysis of the concatenated sequen-
ces of core genes (Fig. 2). These results were concordant with the ones reported
by Tewhey et al. based on the alignments of 2,093 core genes (6). However, there
was no description of potential epidemiological links between the isolates of this
study, which were compared only because of their common phenotypic linezolid
resistance.

Application to S. epidermidis epidemiology in a French hospital. To assess the
ability of cgMLST to cluster S. epidermidis isolates with defined epidemiological sour-
ces, we next sequenced 24 clinical isolates recovered from several wards of a pediatric
French hospital and an isolate from a healthy adult (total of 25 sequenced isolates).
The mean number of contigs was 211 (range, 137 to 410) (see Table S2 in the supple-
mental material). After cgMLST genotyping of the genomic assemblies, the mean per-
centage of tagged loci was 97.6% (range, 96.1% to 100%) (Table S2). As expected, most
isolates recovered from hospitalized patients (20 out of 24) belonged to ST2 (n=12)
and ST5 (n=8) (Table 1).

Nineteen isolates were grouped into 6 clusters (#21 allele differences), whereas
there were 6 ungrouped isolates (Fig. 3). Five clusters were observed among isolates
from the NICU during 1 year (span time of clusters ranged from 49 to 354 days),
whereas another cluster contained isolates from the orthopedic and the gastroenterol-
ogy wards. The maximum number of differing alleles among isolates of the same clus-
ter was 21, whereas the minimum number of differing alleles between isolates of dis-
tinct clusters was 39 (Fig. 3). For the 3 pairs of isolates recovered from 3 individual
patients, collected between 7 and 38 days apart, we observed a maximum of 7 differ-
ences. The timeline shown in Fig. 4 illustrates that isolates belonging to the same clus-
ter were sometimes found in patients hospitalized in distinct wards (i.e., cluster IV in
patients hospitalized in gastroenterology and orthopedic units) and in patients hospi-
talized up to 1 year apart (i.e., cluster I for patients 3, 16, and 18).

FIG 2 Comparison of cluster analysis based on cgMLST allelic profiles with phylogenetic analysis
based on core gene alignments for 20 linezolid-resistant isolates. The minimum spanning tree based
on cgMLST allelic profiles is shown on the left side. The tree was generated from allelic profiles of
699 core genes and visualized with PHYLOViZ. Each node represents an isolate and is colored
according to the 7-locus ST. In silico MLST performed on the de novo assemblies revealed that
isolates UCLA-Sa-LR-14 (497) and UCLA-Sa-LR-21 (503) had been erroneously assigned to ST24 and
ST186-like, respectively, in the original publication (6). We found that in fact both strains belonged to
ST186. Black numbers next to the nodes indicate the BIGSdb identifiers of each isolate. Red numbers
on the connecting lines indicate the number of core gene allele differences between adjacent nodes.
Link lengths are loosely related to the number of allelic differences. The tree based on 699 core gene
sequence alignments is shown on the right side. The tip labels indicate the BIGSdb identifiers of each
isolate. Clusters reported by Tewhey et al. based on the alignments of 2,093 core genes (6) are
indicated by circles and letters (A, B, C, and D).
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DISCUSSION

S. epidermidis is a leading cause of bacteremia and device-related infections and
can cause severe infections in immunocompromised patients and neonates. S. epider-
midis infections are mostly caused by strains belonging to multidrug-resistant nosoco-
mial clones ST2 and ST5 (5, 10, 19, 46). Our results corroborate the predominance of
ST2 and ST5 among hospitalized patients. Although 7-gene MLST has played an impor-
tant role in recognizing the worldwide emergence and nosocomial endemic persist-
ence of multidrug-resistant clones, there is a need for higher-resolution genotyping,
allowing strain comparison within endemic clones. Moreover, standardization is para-
mount for worldwide tracking of strain dissemination and recognizing subtypes with
medically important properties. We, therefore, explored a core genome MLST (cgMLST)
approach, which provides a high resolution and has the potential for a universal typing
method both for epidemiological investigations and for population biology studies.
Standardized cgMLST schemes are available for many pathogens including Klebsiella
pneumoniae, Campylobacter jejuni, Campylobacter coli, Staphylococcus aureus, and
Listeria monocytogenes (28, 47–49). However, a cgMLST scheme has been lacking until
now for S. epidermidis.

The potential of the developed S. epidermidis cgMLST scheme to delineate closely
related isolates was investigated by comparing genomes obtained from children hos-
pitalized in several wards of the same hospital. Our analysis showed that the cgMLST
scheme of 699 genes had an adequate discriminatory power to delineate distinct clus-
ters of very closely related isolates within the same ST. The maximum allelic distance
among epidemiologically related isolates (2 isolates recovered from 2 patients hospi-
talized several months apart in the orthopedic ward) was 21, and we chose this cutoff

FIG 3 Comparison of clustering analyses based on cgMLST allelic profiles and on core gene sequences alignment for 25 S.
epidermidis isolates sequenced in this study. The minimum spanning tree based on cgMLST allelic profiles is shown on the left side.
The tree was generated from allelic profiles of 699 core genes. Each node represents an allelic profile and corresponds to a single
isolate except the node corresponding to cluster VI where 2 isolates have the same profile. Nodes are colored according to the ward
where patients were hospitalized. Black numbers next to the nodes indicate the BIGSdb identifiers of each isolate. Red numbers on
the connecting lines indicate the number of core gene allele differences between adjacent nodes. Link lengths are not proportional
to the number of allelic differences. Clusters of closely related genotypes (#21 allele differences) are surrounded by circles and are
numbered (I to VI). The tree based on 699 core gene alignment is shown on the right side. The tip labels indicate the BIGSdb
identifiers and names of each isolate. Clusters are indicated by circles and are numbered (I to VI) as in the minimum spanning tree.
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to define clusters. This relatively high number of differences is likely to reflect the fact
that clones are able to persist several years in hospitals where they diversify and are
likely transferred to patients on multiple occasions (7, 20, 21). For instance, Dortet et al.
investigated a long-lasting outbreak spanning 2 years caused by linezolid-resistant S.
epidermidis clones and report 22 ST2 isolates with 13 single nucleotide polymorphisms
(SNPs) along their core genome (19). Our findings also show that several clones can
coexist and persist over months in a NICU. This is concordant with previous observa-
tions showing that patients acquire genetically related strains belonging to multidrug-
resistant endemic clones that persist in clinical settings (10, 50).

In addition, we leveraged the ability of the BIGSdb tool to analyze the presence of
genes of medical interest to compare the distribution of several putative marker genes
associated with infection or carriage. We confirmed a positive association between
infection strains and the SCCmec locus (22) and a positive association between com-
mensal isolates and the fdh gene (14). The cooccurrence of icaAD genes has been pro-
posed as a marker for biofilm formation ability (45) linked with isolate virulence.
However, the presence of the ica locus does not always correlate with biofilm produc-
tion in vitro (45). For instance, in a study of 200 S. epidermidis isolates from hospitalized

FIG 4 Timeline of the 21 hospitalized patients from which 24 S. epidermidis isolates were sequenced. The patient numbers
indicated in the colored boxes and the patient isolate numbers indicated between brackets correspond to those in Table 1. The
clusters to which isolates belong correspond to those in Fig. 3. The isolate sequence type (ST) is indicated on the right side of
the graph.

Jamet et al. Journal of Clinical Microbiology

March 2021 Volume 59 Issue 3 e02454-20 jcm.asm.org 8

https://jcm.asm.org


patients in Germany, among 124 icaAD-positive isolates, only 49% were able to pro-
duce biofilm in vitro, whereas only 50% of in vitro biofilm-producing isolates were ica
positive (51). The weak correlation between ica presence and biofilm formation ability
is corroborated by Du et al. who reported biofilm production in less than 60% of their
icaA-positive isolates (52).

In another study, when nosocomial isolates associated with infection or contamina-
tion were compared, only mecA, but neither icaA nor fdh, was differentially found
among infection and contamination isolates (24).

In conclusion, we developed a cgMLST scheme for WGS-based typing of S. epidermi-
dis, integrated it in a publicly available BIGSdb Web application platform, and illus-
trated its application to the molecular epidemiology of S. epidermidis in a French uni-
versity hospital. We hope that the novel genotyping tool will contribute to allowing
reproducible comparisons among clinical laboratories for the epidemiological surveil-
lance and biological studies of S. epidermidis clones causing infections.
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