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Objectives: Patient- and procedure-related changes in modern medicine have turned CoNS into one of the major
nosocomial pathogens. Treatments of CoNS infections are challenging owing to the large proportion of MDR
strains and oxazolidinones often remain the last active antimicrobial molecules. Here, we have investigated a
long-lasting outbreak (2010–13) due to methicillin- and linezolid-resistant (LR) CoNS (n"168), involving 72 car-
riers and 49 infected patients.

Methods: Antimicrobial susceptibilities were tested by the disc diffusion method and MICs were determined by
broth microdilution or Etest. The clonal relationship of LR Staphylococcus epidermidis (LRSE) was first determined
using a semi-automated repetitive element palindromic PCR (rep-PCR) method. Then, WGS was performed on
all cfr-positive LRSE (n"30) and LRSE isolates representative of each rep-PCR-defined clone (n"17).
Self-transferability of cfr-carrying plasmids was analysed by filter-mating experiments.

Results: This outbreak was caused by the dissemination of three clones (ST2, ST5 and ST22) of LRSE. In these
clones, linezolid resistance was caused by (i) mutations in the chromosome-located genes encoding the
23S RNA and L3 and L4 ribosomal proteins, but also by (ii) the dissemination of two different self-conjugative
plasmids carrying the cfr gene encoding a 23S RNA methylase. By monitoring linezolid prescriptions in two neigh-
bouring hospitals, we highlighted that the spread of LR-CoNS was strongly associated with linezolid use.

Conclusions: Physicians should be aware that plasmid-encoded linezolid resistance has started to disseminate
among CoNS and that rational use of oxazolidinones is critical to preserve these molecules as efficient treatment
options for MDR Gram-positive pathogens.

Introduction

CoNS are becoming some of the most prevalent nosocomial
pathogens.1 As typical opportunistic bacteria, they now have a
substantial impact on human health, particularly with the
increased use of immunosuppressive therapies and indwelling or

implanted foreign devices, which are essential in modern medi-
cine. Indeed, as the dominant species of skin and of several muco-
sal microbiota, CoNS are at the forefront of important sources of
endogenous infections. In addition, the treatment of CoNS infec-
tions is most often challenging due to the large proportion
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of methicillin-resistant isolates and increasing dissemination
of strains with decreased susceptibility to glycopeptides.1

Consequently, antimicrobial therapy usually relies on a few last-
resort antimicrobial molecules, including oxazolidinones.2

Linezolid is an oxazolidinone with activity against Gram-positive
pathogens, including methicillin-resistant staphylococci and gly-
copeptide-resistant enterococci.3 Fifteen years after its approval
for clinical use in the USA, linezolid remains extremely active
against most Staphylococcus aureus and CoNS clinical isolates
(mostly Staphylococcus epidermidis), with ,1% and ,2% resistant
isolates, respectively, reported from surveillance studies.2,4–6 Due
to its broad antimicrobial spectrum against Gram-positive bacteria,
its favourable short-term safety profile, its pharmacokinetics/
pharmacodynamics and its effectiveness, linezolid is widely used
in critical care.7,8 Linezolid inhibits bacterial protein synthesis by re-
versibly binding and blocking the ribosomal peptidyl-transferase
centre.7,9 The most frequently reported mechanism of resistance
is a G2576U point mutation in the V domain of the 23S rRNA
genes.6 However, the MIC of linezolid is directly related to the num-
ber of mutated 23S rRNA copies.10 Mutations in the ribosomal pro-
teins L3 and L4 have also been reported to be responsible for
linezolid resistance. The first known linezolid resistance trait trans-
ferable between Gram-positive bacteria is the cfr (chloramphenicol
florfenicol resistance) gene. This gene encodes a 23S rRNA methyl-
ase that modifies the A2503 residue in domain V of 23S rRNA,
thereby impeding binding to the ribosome of linezolid, phenicol, lin-
cosamide, streptogramin A, pleuromutilin and the 16-member ring
macrolides.11,12 Two other Cfr-like proteins, Cfr(B) and Cfr(C), have
been recently described in Enterococcus faecium and Clostridium
difficile, respectively.13,14 More recently, a novel transferable resist-
ance gene, optrA, which confers resistance to oxazolidinones and
phenicols, has been described in enterococci isolated in China.15

The optrA gene has been mainly described in Enterococcus species
and rarely in other Gram-positive bacteria, mostly of porcine origin,
such as Staphylococcus sciuri16,17 and Streptococcus suis.18

Nosocomial outbreaks with linezolid-resistant (LR) Enterococ-
cus faecalis,19 E. faecium,20,21 S. aureus22,23 and S. epidermidis24–32

have been sporadically reported. Infections caused by LR S. epider-
midis (LRSE) remain uncommon and have rarely been associated
with outbreaks.24,28–31 However, a long-lasting outbreak (23 ST2
isolates between 2004 and 2015) due to methicillin-resistant cfr-
negative LRSE was described recently in Italy.29 Using WGS we
have investigated the largest reported outbreak of linezolid- and
methicillin-resistant CoNS, involving 72 carriers and 49 infected pa-
tients. By combining epidemiological, microbiological and genomic
information we were able to show that this outbreak was related
to (i) the dissemination of three different clones (ii) and to the
transfer of two cfr-encoding plasmids.

Methods

Field investigation

A 750 bed tertiary care university teaching hospital (referred to as hospital
PB in this study) located in a southern suburb of Paris serves as a European
referral centre for liver transplantation. The hepatobiliary centre consists of
an ICU and two medical–surgical hepatology (MSH) units. All diagnostic
samples positive for LR-CoNS collected from patients between September
2010 and December 2013 were included in this study (n"168). These
samples were reassessed for diagnostic criteria to distinguish true

infections from colonization. A summary of the clinical samples from which
sequenced LRSE have been isolated is shown in Table S1 (available as
Supplementary data at JAC Online). During the same period of time, linezo-
lid usage has been assessed in hospital PB and compared with a case–con-
trol hospital (referred to as hospital B in this study), another 1000 bed
tertiary care teaching hospital located 2 km from hospital PB.

Bacterial isolates and susceptibility testing
Diagnostic samples were processed according to standard methods.
Isolates were identified at the species level using MALDI-TOF spectrometry
(Maldi-Biotyper, Bruker Daltonique SA, Wissembourg, France). Antimicrobial
susceptibilities were tested by the disc diffusion method for penicillin,
oxacillin, kanamycin, tobramycin, gentamicin, erythromycin, clindamycin,
pristinamycin, levofloxacin, chloramphenicol, tetracycline, fusidic acid, fos-
fomycin, trimethoprim/sulfamethoxazole, rifampicin and linezolid. Results
of linezolid susceptibility testing by the disc diffusion method were primarily
used to select LR isolates. MICs were determined by broth microdilution for
linezolid and tedizolid, and by Etest (bioMérieux, La Balmes-les-Grottes,
France) for vancomycin, teicoplanin, daptomycin, ceftobiprole and ceftaro-
line. Results were interpreted according to EUCAST as updated in 2015
(http://www.eucast.org/clinical_breakpoints/).

Linezolid resistance determinants
Total DNA was extracted using the UltraCleanVR microbial DNA isolation kit
(MO BIO Laboratories, Carlsbad, CA, USA). Presence of the cfr gene was
investigated by PCR with primers described in Table S2. Specific primers
were used to amplify and sequence each copy of the 23S rRNA gene (rrlA to
rrlF) and rplC, rplD and rplV genes encoding L3, L4 and L22 ribosomal pro-
teins, respectively (Table S2). Linezolid-susceptible S. epidermidis ATCC
12228 was used as reference for nucleotide and amino acid sequence com-
parisons (GenBank accession number NC_004461).

Clonality analysis using repetitive element palindromic
PCR (rep-PCR)
To evaluate their clonal relationship, all LRSEs were subjected to
DiversilabTM, a semi-automated rep-PCR method (bioMérieux, Marcy-
l’Étoile, France). As recommended by the manufacturer, a cut-off for simi-
larity of 95% defined a cluster.33–35

WGS procedure
WGS was performed on all cfr-positive LRSE (n"30) and LRSE isolates rep-
resentative of each rep-PCR-defined clone (n"17). Library preparation was
performed using a NexteraVR XT DNA sample preparation kit (Illumina, San
Diego, CA, USA). Sequencing was performed on an Illumina MiSeq sequen-
cer with v3 chemistry using 2%75 bp paired-end reads at a raw cluster
density of �1300000 clusters/mm2. Genome sequences were assembled
using the Velvet software with an optimized k-value and a minimal cover-
age of eight.36 WGS results were used to genotype isolates by MLST (http://
cge.cbs.dtu.dk/services/MLST/). To further determine variation amongst iso-
lates that clustered in the same ST, we selected one strain from each ST as
a reference (strains 1C6, 2E9 and 2F1 for the ST2, ST5 and ST22 lineages, re-
spectively) and looked for SNPs. These SNPs were searched for by using the
breseq software.37 DNA regions specific to each strain were searched by de
novo assembly of the unmapped reads. Antibiotic resistance genes were
identified through the Center for Genomic Epidemiology web tool (http://
cge.cbs.dtu.dk/services/ResFinder/).38

Phylogenetic tree analysis using WGS data
Phylogenic analysis of the 47 LRSE strains together with 9 strains belonging
to different STs was performed using core genome alignment and
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visualized using the pangenomic software package Harvest.39 Briefly, the
core genome of the 56 S. epidermidis strains was aligned using the muscle
algorithm with the parsnp tool. PhiPack software was used to filter recom-
bination and phylogenetic reconstruction was done using FastTree2.
Maximum likelihood using MEGA was used to infer phylogenetic relation-
ships between strains belonging to the same ST.40

Self-transferability of cfr-harbouring plasmids
Self-transferability of cfr-carrying plasmids was analysed by filter-mating
experiments between clinical cfr-positive LRSE (susceptible to fosfomycin) as
donor and the linezolid-susceptible, fosfomycin-resistant Staphylococcus
capitis strain DAM as recipient. Trans-conjugants were selected on agar
plates containing linezolid (1 mg/L) (Sigma-Aldrich, Lyon, France) and
fosfomycin (100 mg/L) (Sigma-Aldrich).

Nucleotide sequence accession number
Sequencing reads from the 47 newly sequenced S. epidermidis strains have
been deposited in the EMBL nucleotide sequence database (http://www.
ebi.ac.uk/ena) under the study accession number (PRJEB22222).

Results

Description of the LR-CoNS outbreak

Between September 2010 and December 2013, 168 LR-CoNS were
recovered from 121 patients hospitalized in the hepatobiliary
centre of hospital PB, a 750 bed tertiary care university teaching
hospital. Eighty-eight LR-CoNS collected from 49 patients were re-
sponsible for infections (Figure 1a). These isolates were all identi-
fied as S. epidermidis (Figure 1a). The 80 remaining LR-CoNS
isolates (1 Staphylococcus auricularis, 2 S. capitis, 1 Staphylococcus
haemolyticus, 4 Staphylococcus pettenkoferi, 1 Staphylococcus
warneri, 2 Staphylococcus pasteurii and 69 S. epidermidis) collected
from 72 patients were considered to be colonizers (Figure 1a).

During the study period, the number of isolated LRSE per year
from clinical samples responsible for infection or colonization in
hospital PB was 4- to 21-fold higher than those isolated in a case-
control hospital (hospital B), a 1000 bed tertiary care teaching hos-
pital located 2 km from hospital PB (Figure 1b). Monitoring linezolid
prescriptions in the two hospitals showed that the higher number
of LRSE is correlated (R2"0.80) with a higher consumption of
linezolid with, from 2011 to 2014, an average of 141.8 and 29.2
defined daily doses per 1000 days of hospitalization in hospital PB
and hospital B, respectively (Figure 1b). Furthermore, focusing on
the ICU of hospital PB, the monthly number of patients colonized
and/or infected with LRSE was correlated with the global con-
sumption of linezolid in this unit (R2"0.89) (Figure 1c).

Susceptibility to last-resort antimicrobial families

All LR-CoNS were resistant, in addition to methicillin, to all amino-
glycosides, quinolones and chloramphenicol (Figure S1). However,
all strains remained susceptible to vancomycin, daptomycin and
two b-lactams (ceftobiprole and ceftaroline) (Table 1). Although
tedizolid, a second-generation oxazolidinone, was shown to be ef-
ficient against some LR isolates, especially Cfr-producing strains,41

all LR-CoNS were also resistant to tedizolid (Table 1). Accordingly,
only therapies based on these last-resort antimicrobial families are
likely to be effective, but they require parenteral administration.

Clonality of LRSE isolates

We focused our analysis on LRSE, as they represented 100% of the
strains responsible for infections (n"88) and 93.5% (157/168) of
the total LR-CoNS. Their clonal relationship was first evaluated
using a semi-automated rep-PCR method. Using a 95% similarity
threshold to discriminate clones, as recommended by the
manufacturer, five distinct patterns were identified (C1–C5)
(Figure S1A and B). C1, C2 and C3 were found among LRSE respon-
sible for infections (n"88) (Figure S1A), but also among LRSE con-
sidered as colonizers (Figure S1B). C4 and C5, with two isolates and
one isolate respectively, were only identified among colonizers
(n"69) (Figure S1B). Among these LRSE, we identified 30 cfr-posi-
tive isolates but none was optrA, cfr(B) or cfr(C) positive.

To unambiguously determine the clonal relationships within the
outbreak, WGS was performed on the 30 cfr-positive LRSE and on
17 LRSE isolates representative of the five clones identified by
rep-PCR (9, 3, 2, 2 and 1 isolates of clones C1, C2, C3, C4 and C5, re-
spectively) (Figure S1A and B and Table S2). Maximum likelihood
phylogeny on core-genome SNPs of these 47 LRSE and of
9 S. epidermidis reference genomes revealed that the 47 LRSE from
the outbreak cluster in three distinct lineages belonging to MLST
types ST2, ST5 and ST22 (Figure 2). LRSE isolates of the rep-PCR pat-
terns C3 and C4 were all of ST5 and ST22, respectively. In contrast,
isolates from C1, C2 and C5 were closely related and were all of ST2.
Accordingly, a detailed analysis of those three clones revealed that
clones C2 and C5 derived from clone C1, with which they share a
common ancestor, having ,13 SNPs along their core genome.
Furthermore, clone C2 is not monophyletic (Figure 3a). A 13946 bp
deletion within the SCCmec cassette region (Figure S2) occurred at
least three times independently in the ST2 clone, leading to the
modification in the pattern obtained by rep-PCR and to the misiden-
tification of the two novel clones C2 and C5 (Figure 3a). The strain of
clone C5 carries an additional SCCmec cassette region inserted else-
where in the chromosome. This insertion is likely responsible for
changes in the rep-PCR pattern as compared with clone C2. LRSE
isolates of the rep-PCR patterns C3 and C4 are monophyletic and
distantly related to the ST2 clone, in agreement with their different
STs (ST5 and ST22, respectively). The 23 ST5 isolates share a com-
mon ancestor, having ,11 SNPs along their core genome (Figure
3b), whereas the two ST22 isolates differ by only 6 SNPs (Figure 3c).
Therefore, WGS revealed that the observed outbreak was mainly
due to three clones of S. epidermidis referred to as ST2, ST5 and
ST22 later in this article (Figure S3).

Chromosome-encoded resistance to linezolid

The G2576U point mutation was identified in the V domain of all
five copies of 23S rRNA genes of the ST2 LRSE strains (Figure 3a).
These mutations would be sufficient on their own to lead to a high
level of resistance to linezolid. In addition, we also identified in ST2
LRSE two mutations in rplC encoding ribosomal protein L3 (L101V
and M156T). These mutations have previously been described in
LR isolates, although the L101V mutation was not shown to influ-
ence linezolid resistance.42

ST5 LRSE isolates harboured a single mutation (C2534U) in
one copy of the 23S rRNA genes (rrlC) (Figure 3b), which is not suffi-
cient to cause the high level of linezolid resistance of ST5
isolates. Accordingly, all ST5 LRSE isolates also harboured muta-
tions in ribosomal proteins L3 (L101V, H146Q, V154L, A157R) and
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Figure 1. Timeline of the outbreak caused by LR-CoNS and correlation with global linezolid consumption. (a) Time flow chart of LR-CoNS isolates re-
covered from September 2010 to December 2013. Each square corresponds to one isolate. Species identification and the presence of the cfr gene are
indicated according to the legend under the chart. (b) Comparison of the number of LRSE isolates recovered from 2011 to 2014 in hospitals B and PB,
two tertiary care university teaching hospitals located 2 km apart, and correlation with the defined daily doses (DDDs) of linezolid per 1000 days of
hospitalization (HD). (c) Numbers of patients colonized and/or infected with LRSE per month in the ICU of hospital PB and correlation with linezolid
consumption in this unit in 2014. LZD, linezolid.
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L4 (71insertG, R96T, N158S) that could have an additive effect on
linezolid resistance. However, none of the L4 mutations was previ-
ously demonstrated to alter linezolid susceptibility.42 In particular,
the N158S mutation has been found among linezolid-susceptible

S. epidermidis isolates and is therefore probably a clonal marker ra-
ther than a resistance mutation.43

The two ST22 LRSE isolates are mutated (U2504A and/or
C2534U) in four of the six copies of the 23S rRNA genes (rrlA, rrlD,

Table 1. Susceptibility of LR-CoNS (n"168) to last-resort antimicrobial families (glycopeptides, daptomycin, fifth-generation cephalosporins and
oxazolidinones)

Antimicrobial class Agent MIC range (mg/L) MIC50 (mg/L) MIC90 (mg/L) EUCAST MIC breakpoint (mg/L)

Glycopeptides vancomycin 0.75–4 1.5 2 4

teicoplanin 0.5–6 2.5 4 4

Lipopeptide daptomycin 0.12–1 0.25 0.5 1

b-Lactams ceftobiprole 0.12–1 0.75 1 2

ceftaroline 0.06–0.5 0.25 0.5 1

Oxazolidinones linezolid 6 to .256 128 256 4

tedizolid 2 to .32 8 32 0.5

Figure 2. Genetic relatedness and cfr expression of LRSE isolates. Maximum likelihood phylogenetic tree based on sequence variation in the core gen-
ome from the 47 LRSE isolates submitted to WGS with 9 strains belonging to different STs. Respective STs deduced from WGS data are indicated (ST2,
ST5 and ST22). Presence of cfr is indicated by a ! sign for cfr! LRSE isolates.
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rrlE and rrlF) (Figure 3c). Interestingly, the rrlF gene co-harbours
two mutations that have rarely been identified in LR staphylococci.
Mutations in the L3 ribosomal protein (L101V, G152D and D159Y)
were also found. Interestingly, this linezolid resistance pattern is

identical to that observed in ST22 LRSE isolates from Greece in
2010.44 However, no obvious link with Greece could be evidenced
in the clinical cases of the two ST22 LRSE-infected patients from
hospital PB.

(a)

(b)

(c)

Figure 3. Maximum likelihood phylogenetic tree based on sequence variation in the core genome. (a) ST2 LRSE isolates. (b) ST5 LRSE isolates.
(c) ST22 LRSE isolates. The orange D indicates a deletion of 13946 bp in genes located in the SCCmec cassette region (Figure S2). The green ‘SCC’ indi-
cates the presence of an additional SCC cassette. Patient and isolate numbers are indicated on the left of the tree. Colonization or infection is indi-
cated in the first column (C in red box for colonization, I in green box for infection). Acquired resistance genes for b-lactams, aminoglycosides, fusidic
acid, fosfomycin, linezolid, phenicols and macrolides are indicated as follows: ! in a dark or coloured box, presence; - in a white box, absence.
Mutations in chromosome-encoded genes involved in quinolone and linezolid resistance are represented. WT, WT gene; MUT, presence of a mutation
known to be responsible for phenotypic resistance; 2576, G2576U point mutation in the V domain of the 23S rRNA gene (rrl); 2534, C2534U point mu-
tation in the V domain of the 23S rRNA gene; 2504, U2504A point mutation in the V domain of the 23S rRNA gene. Plasmid-acquired genes boxed
with the same colour (purple, blue, brown and red) are located on the same plasmid [blue, p-cfr-PBR-A plasmid of 38745 bp (Figure 4a); red, p-cfr-
PBR-B plasmid of 40182 bp (Figure 4b)].
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cfr-carrying plasmids

The cfr gene has been detected in 7% (9/130) of the LRSE isolates
of the ST2 clone, 91.3% (21/23) of the ST5 isolates and in none
(0/2) of the ST22 isolates (Figure S3). Since the cfr gene has been
detected on different plasmids, we analysed WGS data for plas-
mids carrying the cfr gene. Six ST2 cfr-positive isolates carried an
identical 38745 bp cfr-harbouring plasmid, named p-cfr-PBR-A,
which also harboured the fexA gene coding for phenicol resistance
(Figure 4a). It is almost identical to the cfr-plasmid recovered from
the first reported cfr-positive isolate of S. aureus in the USA in
2008,45 with only a 542 bp deletion and no SNP along the rest of
the plasmid. In addition, p-cfr-PBR-A shows only three SNPs with a
cfr-carrying plasmid recovered from a Staphylococcus cohnii iso-
lated in China in 2013 (Figure 4a).46

Most of the ST5 LRSE (21/23) and three cfr-positive ST2 isolates
(all isolated in 2013) harbour a cfr-carrying plasmid of 40182 bp
(p-cfr-PBR-B; Figure 4b). The p-cfr-PBR-B plasmid was closely
related to the cfr-carrying pSP01 plasmid recovered from an
S. epidermidis strain isolated in 2010 in Italy (Figure 4b).47 As
shown in Figure 4(b), the p-cfr-PBR-B plasmid appears to be similar
to the progenitor of the pSP01 plasmid. pSP01 shows only 24 SNPs
over 40 kb with p-cfr-PBR-B, but carries two transposons inserted
at nucleotide positions 16764 and 37532 bp of pSP01 and coding
for three additional antimicrobial resistance determinants involved
in resistance to b-lactams, macrolides and aminoglycosides (blaZ,
mrsA and aad). p-cfr-PBR-Bs from ST5 and ST2 isolates were 100%
identical, suggesting a transfer from an ST5 strain to an ST2 strain
during the outbreak.

To strengthen our hypothesis of conjugative transfers of cfr-car-
rying plasmids, conjugation experiments were performed using an
ST2 LRSE isolate encoding the p-cfr-PBR-A plasmid and an ST5
LRSE isolate encoding the p-cfr-PBR-B plasmid as donors and a WT
S. capitis isolate (S. capitis DAM) naturally resistant to fosfomycin
(MIC .1024 mg/L) as recipient. As shown in Table 2, both plasmids
could be efficiently transferred, leading to multiple antibiotic resist-
ances: to linezolid, clindamycin and chloramphenicol. The resist-
ance to tedizolid observed for ST2 and ST5 clinical isolates was not

transferred with the cfr-carrying plasmid, confirming a better sta-
bility of tedizolid towards cfr-related oxazolidinone resistance as
compared with linezolid.41 Accordingly, the tedizolid resistance
observed in all LRSE is related to the chromosomal mutations of
23S RNA genes and of L3 and/or L4 protein.

Outbreak of cfr-positive LRSE

To determine the most likely transmission events during the dis-
seminations of clones and plasmids, we combined clinical infor-
mation (Table 3), the synoptic curve of infected or colonized
patients, the distribution of cfr plasmids (Figure 5), the deep char-
acterization of the isolates and the phylogeny of each clone
(Figure 3).

Phylogenetic analysis showed significant within-host diversity
(e.g. Patients 2 and 100), which might result either from contamin-
ation with a diverse population or several events of contamination,
making the reconstruction of the transmission chain difficult. Thus,
we have concentrated our investigations on the transmission of
cfr-carrying plasmids, which represents a major event in this out-
break. The synoptic curve showed that the vast majority of the pa-
tients were hospitalized either in the ICU or in one of the surgical
units (HMS3 and HSM4) when they acquired the cfr-positive LRSE.
In addition, we observed a classical ‘cascade’ of cfr-positive LRSE
acquisition in patients, strongly suggesting classical bacterial dis-
semination via healthcare workers. The first outbreak involving the
ST2 LRSE cfr! (p-cfr-PBR-A) strain probably started in HSM4 in
August 2012 with the suspected index case, Patient 70, and four
secondary cases, Patients 73, 84, 92 and 103 (Figure 5). The phylo-
genetic analysis shows that the ST2 strain in patient 80 was prob-
ably acquired independently (meaning not from patient 73, 84, 92
and 103). The second outbreak, which involved the ST5 LRSE cfr!
(p-cfr-PBR-B) strain probably started in the ICU (Patient 89). From
Patient 89 a cross-transmission probably occurred to Patients
91, 94, 95, 100, 101 and 103. Then, a cascade of cross-transmis-
sion for the ST5 LRSE (p-cfr-PBR-B) strain was observed to Patients
105, 107, 108, 109, 112, 113, 115 and 121. Concerning the third

(a)

(b)

Figure 4. Comparison of the two cfr-harbouring plasmids with related plasmids. (a) p-cfr-PBR-A: (1) corresponds to the cfr-carrying plasmid re-
covered from S. cohnii (GenBank NG_041657); (2) corresponds to the cfr-carrying plasmid recovered from ST2 LRSE isolates, p-cfr-PBR-A; (3) corres-
ponds to the cfr-carrying plasmid recovered from S. aureus (GenBank KC206006). (b) p-cfr-PBR-B: (1) pSP01 cfr-encoding plasmid recovered from an
S. epidermidis strain isolated in Italy; (2) corresponds to the cfr-carrying plasmid recovered from ST5 LRSE isolates, p-cfr-PBR-B. Common features are
highlighted with beige shading. Gene names are as follows: res, resolvase; priC, primase C; ssa-like, secretory antigen Ssa-like; radC, DNA repair protein
RadC; repA, replicase; tnp, transposase; cfr, chloramphenicol/florfenicol resistance; fexA, florfenicol/chloramphenicol efflux pump. Genes encoding
antimicrobial resistance determinants are represented in red. This figure appears in colour in the online version of JAC and in black and white in the
print version of JAC.
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outbreak, which involved an ST2 LRSE cfr! (p-cfr-PBR-B), microbio-
logical and epidemiological data suggested an in vivo transfer of
the plasmid p-cfr-PBR-B from the bacterial clone ST5 to the ST2
clone in a unique abscess of Patient 89, where an ST5 LRSE cfr! (p-
cfr-PBR-B) and a cfr-negative ST2 LRSE were isolated. Then, this
ST2 LRSE cfr! (p-cfr-PBR-B) strain was cross-transmitted to Patient

111. This strain was isolated 6 months later in Patients 117 and
119 while the ST5 LRSE (p-cfr-PBR-B) was the strain predominantly
isolated from patients infected or colonized by LRSE. This resur-
gence of the ST2 LRSE cfr! (p-cfr-PBR-B) strain might be explained
by an indirect transmission route or by patients positive for LRSE
who have not been detected.

Discussion

The characterization of this large outbreak showed that ox-
azolidinone resistance has already started to disseminate effi-
ciently in the three most prevalent clones of S. epidermidis: ST2, ST5
and ST22.48 Since CoNS are opportunistic pathogens, they are
mostly isolated from clinical samples recovered from immune-
compromised or debilitated patients.1,49 Accordingly, such a large
outbreak of LR-CoNS might only represent the tip of the iceberg of
the global oxazolidinone resistance in staphylococci and could thus
suggest that oxazolidinone resistance may have occurred at an un-
expected level in CoNS of the skin flora. This last hypothesis is worri-
some since we demonstrated that linezolid resistance was not only
due to clonal dissemination but also to the in vivo transfer of two
different self-conjugative plasmids carrying the cfr gene. Therefore,
the risk of a rapid transfer of an oxazolidinone resistance determin-
ant in more virulent species, such as S. aureus or even MRSA within
the normal flora of non-infected patients, should be considered.
Such transfer might lead to clinical issues regarding therapeutic op-
tions.50 Our results suggested that antibiotic stewardship measures
aimed at controlling oxazolidinone prescription might help to avoid
such a dramatic scenario. Indeed, since the dissemination of LRSE
was correlated with the antimicrobial pressure occurring in the hos-
pital (Figure 1b and c), restriction of linezolid prescriptions to experi-
enced doctors in the ICU of hospital PB since December 2014 led to
a decrease (#61.5%) in LRSE isolation (35 LRSE isolated from 15 pa-
tients in 2015 versus 91 LRSE isolated from 35 patients in 2014).
However, this feature has to be confirmed since variations have
been observed in LRSE isolation from 2010 to 2014.

Table 2. MICs for ST2 and ST5 Cfr-producing S. epidermidis isolates, S. capitis DAM and S. capitis DAM transconjugants

Antimicrobial agenta

MIC (mg/L)

S. epidermidis ST2
p-cfr-PBR-A

S. epidermidis
ST5 p-cfr-PBR-B

S. capitis DAM
(p-cfr-PBR-A)b

S. capitis DAM
(p-cfr-PBR-B)b

S. capitis
DAM

Linezolid .256 .256 12 12 1

Tedizolid 32 3 0.25 0.25 0.25

Ceftobiprole 1 0.75 0.064 0.064 0.064

Ceftaroline 0.25 0.19 0.032 0.032 0.032

Vancomycin 3 1 1 1 1

Teicoplanin 2 0.75 0.25 0.25 0.25

Daptomycin 0.38 0.19 0.75 0.75 0.75

Fosfomycin 24 1 .1024 .1024 .1024

Clindamycin .256 .256 .256 .256 0.047

Chloramphenicol 256 64 256 64 4

Erythromycin 64 8 0.25 0.25 0.25

aAntimicrobial agents for which susceptibility is impacted by Cfr-dependent 23S RNA methylation are in bold.
bThe two plasmids indicated in brackets were transferred into S. capitis DAM strain by conjugation.

Table 3. Characteristics of patients (n"23) with cfr-positive linezolid-
and methicillin-resistant S. epidermidis (cfr-positive LRSE)

Male, n (%) 15 (65)

Age (years), mean (SD) 59.1 (9)

SAPS 2 score, mean (SD) 44.7 (15)

Diagnostic group, n (%)

medical 15 (65)

surgical 8 (35)

Cancer, n (%) 5 (22)

Hospitalized in ICU prior to isolation of LRSE, n (%) 19 (83)

SOFA score, mean (SD) 9.0 (4)

vasopressors, n (%) 12 (52)

Prior antibiotic

broad-spectrum .5 days, n (%) 17 (74)

fluoroquinolones, n (%) 3 (13)

linezolid

length of use (days), median (IQR) 18 (13–27)

total dose (mg), median, (IQR) 10800 (7500–15900)

Total length of stay (days), mean (SD)

hospital 109.9 (69)

ICU 36.8 (35)

Mortality, n (%) 10 (43)

ICU 7 (30)

another unit 3 (13)

Infection with LRSE, n (%) 14 (61)

Colonization with LRSE, n (%) 9 (39)
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With other MDR bacteria, such as carbapenemase-producing
Enterobacteriaceae, specific infection control measures are imple-
mented based on an efficient screening of colonized patients and
then implementation of dedicated staff, a single room and limita-
tion of patient transfer to avoid outbreaks. However, this requires
the availability of accurate detection tests. Unfortunately, no com-
mercially available assay addresses the detection of plasmid-

mediated resistance to oxazolidinone, reinforcing the possible un-
recognized dissemination of this resistance trait.

We confirmed that the transfer of the cfr-carrying plasmid
alone does not alter tedizolid susceptibility (Table 2). Accordingly,
and concomitantly with tedizolid approval in France in 2015, the
clinical microbiology laboratory that is used by hospitals PB and B
has implemented routine susceptibility testing of this drug in case

Figure 5. Synoptic curve of patients infected or colonized with cfr-positive LRSE. The number in front of each line corresponds to the patient number.
A patient number in bold signifies that the patient has been considered infected with a cfr-positive LRSE. A number not in bold indicates that the cfr-
positive LRSE has been considered as a colonizer. The periods corresponding to the three successive outbreaks are indicated below the x-axis. The col-
our code corresponds to related strain (ST and cfr-encoding plasmid). Colour codes for hospitalization unit are indicated under the chart.
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of linezolid resistance. However, in this outbreak the in vivo transfer
of the p-cfr-PBR-B plasmid always occurred in an ST2 LRSE isolate
(Figures 3a and 5), which co-harboured chromosomal mutations
in 23S rRNA genes and L3 and L4 ribosomal proteins (Figure 3a),
leading also to tedizolid co-resistance (Tables 1 and 2). Thus, as
opposed to oxazolidinones that could be orally administered, the
few remaining active antimicrobial molecules (glycopeptides, dap-
tomycin, ceftaroline and ceftobiprole) for the treatment of LRSE in-
fections required parenteral injection. In addition, it has been
shown for MRSA infections that high vancomycin MICs (�1.5 mg/L)
were associated with higher mortality rates and treatment fail-
ures.51 In our study, 82.9% of LRSE responsible for infections (73/
88) had vancomycin MICs�1.5 mg/L, reducing the therapeutic op-
tions to daptomycin and ceftaroline and ceftobiprole.
Consequently, dissemination of such clones might lead to pro-
longed hospitalization, increased cost for the hospital and in some
instances increased mortality.

Finally, we demonstrated that WGS was crucial in the investiga-
tion of this outbreak and in accurately evidencing the transmission
chain. Indeed, we have shown that molecular methods classically
used for the typing of CoNS33–35 were not reliable (rep-PCR) or not
discriminating enough. Our results strongly suggest that recogni-
tion of mobile genetic elements by rep-PCR that might occur by
chance (like the SCCmec cassette here) leads to errors in the inter-
pretation of clonality. This observation is of utmost importance
since modifications in the SCCmec cassette are known to occur fre-
quently in CoNS. Accordingly, rep-PCR results have to be considered
with caution when analysing CoNS outbreaks.
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