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Objectives: Staphylococcus epidermidis is a member of the human skin microbiome. However, in recent 

decades, multidrug-resistant and hospital-adapted S. epidermidis clones are increasingly involved in severe 

human infections associated with medical devices and in immunocompromised patients. In 2016, we 

reported that a linezolid- and methicillin-resistant S. epidermidis ST2 clone, bearing the G2576T mutation, 

was endemic in an Italian hospital since 2004. This study aimed to retrospectively analyse 34 linezolid- 

and methicillin-resistant S. epidermidis (LR-MRSE) strains collected from 2018 to 2021 from the same 

hospital. 

Methods: LR-MRSE were typed by Pulsed-Field Gel Electrophoresis and multilocus sequence typing and 

screened for transferable linezolid resistance genes. Representative LR-MRSE were subjected to whole- 

genome sequencing (WGS) and their resistomes, including the presence of ribosomal mechanisms of line- 

zolid resistance and of rpoB gene mutations conferring rifampin resistance, were investigated. 

Results: ST2 lineage was still prevalent (19/34; 55.9%), but, over time, ST5 clone has been widespread 

too (15/34; 44.1%). Thirteen of the 34 isolates (38.2%) were positive for the cfr gene. Whole-genome 

sequencing analysis of relevant LR-MRSE displayed complex resistomes for the presence of several ac- 

quired antibiotic resistance genes, including the SCC mec type III (3A) and SCC mec type IV (2B) in ST2 

and ST5 isolates, respectively. Bioinformatics and polymerase chain reaction (PCR) mapping also showed 

a plasmid-location of the cfr gene and the occurrence of previously undetected mutations in L3 (ST2 

lineage) and L4 (ST3 lineage) ribosomal proteins and substitutions in the rpoB gene. 

Conclusion: The occurrence of LR-MRSE should be carefully monitored in order to prevent the spread of 

this difficult-to-treat pathogen and to preserve the efficacy of linezolid. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Coagulase-negative staphylococci (CoNS), members of the hu- 

an skin microflora, are increasingly involved in severe hospital- 

cquired infections. Among them, Staphylococcus epidermidis is the 

ost frequent causative agent of severe nosocomial infections as- 

ociated with the implantation of indwelling prosthetic devices 
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nd intravascular catheters and in immunocompromised patients 

1] . 

The treatment of S. epidermidis infections is complicated by the 

bility of the microorganism to form biofilms on medical devices 

nd by its resistance to most clinically relevant antimicrobials. The 

herapy frequently requires the use of last-resort antibiotics such 

s glycopeptides, oxazolidinones, or lipopeptides. 

Oxazolidinones (i.e., linezolid and tedizolid) inhibit protein syn- 

hesis by binding to the peptidyl transferase center of the bacterial 

ibosome [2] . Currently, several mechanisms of resistance to ox- 

zolidinones have been identified, including ribosomal mutations 

n 23S rRNA and/or in the L3, and L4, and L22 ribosomal proteins, 
iety for Antimicrobial Chemotherapy. This is an open access article under the CC 
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nd transferable mechanisms involving the Cfr and Cfr-like methyl- 

ransferases and the ABC-F proteins OptrA, PoxtA, and PoxtA2 [3] . 

Linezolid-resistant S. epidermidis isolates have been recognized 

s an important cause of hospital-associated outbreaks in recent 

ecades worldwide [4–15] . 

Unlike staphylococci recovered from healthy people exhibiting 

igh diversity [16] , the nosocomial S. epidermidis isolates belong to 

ew healthcare-associated clones adapted to the hospital environ- 

ent worldwide [17 , 18] . 

Using a whole-genome sequencing (WGS) approach, Lee et al. 

19] show that three multidrug-resistant (MDR) hospital-adapted 

ineages of S. epidermidis (two ST2 and one ST23) have emerged 

nd spread globally. These lineages are resistant to rifampicin 

hrough the acquisition of specific rpoB mutations that have be- 

ome fixed in the populations [19] . Moreover, in most of the 

poB mutants, they observed reduced vancomycin susceptibility by 

acromethod E-test (MET), and postulated that in MDR S. epi- 

ermidis , rifampin resistance mutations might be associated with 

ancomycin heteroresistance, as reported for Staphylococcus aureus 

20] . 

In 2016, we reported a linezolid- and methicillin-resistant S. 

pidermidis (LR-MRSE) clone endemic in a regional hospital in cen- 

ral Italy since 2004 [12] . Almost all LR-MRSE isolates carried the 

2576T mutation in domain V of 23S rDNA, exhibited the same 

ulsed-Field Gel Electrophoresis (PFGE) pattern (pulsotype A), and 

hared the clonal lineage ST2. Five clonal isolates showed a sec- 

nd mutation in L4 ribosomal protein reflecting an evolution of 

his clone since 2015. Moreover, three LR-MRSE, displaying known 

mino acid substitutions/insertions in L3 and L4 proteins, belonged 

o ST5 (pulsotype C) and ST23 (pulsotypes B and B1) [12] . 

ST2, ST5, and ST23 were previously reported in LR-MRSE with 

utation-mediated linezolid resistance in Italy [12 , 21–24] . 

The purpose of this study was retrospectively to analyse 34 LR- 

RSE strains collected from 2018–2021 from the same hospital. 

. Materials and methods 

.1. Bacterial isolates and susceptibility testing 

From August 2018 to October 2021, 34 LR-MRSE isolates were 

ollected from different wards of the Ancona regional hospital. The 

trains were recovered from several clinical specimens including 

lood (n = 31), ascitic fluid (n = 1), liquor (n = 1), and cen-

ral venous catheter (CVC) (n = 1), according to standard methods 

 Table 1 ). To prevent duplicate isolates, only one strain for each 

atient was included in the study. LR-MRSE strains are listed in 

able 1 and numbered in chronological order from Se27 to Se60, 

he first 26 isolates being included in the previous study [12] . 

All strains were resistant to linezolid (minimum inhibitory con- 

entration [MIC] range, all > 4 mg/L) and to oxacillin (MIC range, 

ll > 16 mg/L). 

Susceptibilities to linezolid and oxacillin provided by the Vitek- 

 system (bioMerieux, Marcy-l’Etoile, France) were confirmed by 

roth microdilution method, using in-house made microplates, ac- 

ording to Clinical & Laboratory Standards Institute guidelines. 

The isolates were also tested for their susceptibility to tedizolid 

y E-test (Liofilchem, Roseto degli Abruzzi, Italy), according to the 

anufacturer’s instructions, and to levofloxacin, vancomycin, tetra- 

ycline, gentamycin, erythromycin, clindamycin, and rifampicin, by 

tandard broth microdilution assays. 

Susceptibility tests were interpreted according to European 

ommittee on Antimicrobial Susceptibility Testing (version 13.0, 

ww.eucast.org ) and Clinical & Laboratory Standards Institute 

25] clinical breakpoints. Staphylococcus aureus ATCC 29213 was 

sed as quality control. 
359
.2. Genotypic characterization 

Total DNA of LR-MRSE isolates was extracted using QIAcube 

xtraction kit (Qiagen, Germany). The presence of cfr, optrA , and 

oxtA genes was investigated by PCR, using primer pairs as previ- 

usly described [26] . 

.3. Typing, WGS, and genome analysis 

All strains were typed by SmaI-PFGE and multilocus sequence 

yping (MLST) assays. PFGE analysis of genomic DNA was per- 

ormed with the addition of 50 mg/L lysostaphin (Sigma), as pre- 

iously described [27] . 

Multilocus sequence typing was carried out as reported by 

homas et al. [28] . Sequence types (STs) were assigned from the 

LST database ( http://sepidermidis.mlst.net/ ). 

Extracted DNA was subjected to WGS using short-read Illumina 

iSeq platform (MicrobesNG, Birmingham, UK) with a 2 × 250 

aired-end technology. SPAdes 3.15.2 software was used for the as- 

embly of short reads ( http://bioinf.spbau.ru/spades ). 

Possible mutations in domain V of the 23S rDNA and in L3 and 

4 proteins were investigated by aligning obtained sequences with 

he corresponding ones from the wild-type reference genome of 

he linezolid-susceptible S. epidermidis RP62A (GenBank accession 

o. CP0 0 0 029). 

The occurrence of substitutions in the rpoB gene was as- 

essed by aligning the sequences of selected LR-MRSE subjected 

o WGS with the rifampicin-susceptible S. epidermidis ATCC 14990 

GenBank accession no. NZ_NARC0 0 0 0 0 0 0 0). Genomes were used 

o draw a phylogenetic tree and calculate SNPs using CSI Phy- 

ogeny v.1.4 ( https://cge.cbs.dtu.dk/services/CSIPhylogeny/ ), and to 

dentify the SCCmec cassette via SCCmec finder v.1.2 ( https://cge. 

bs.dtu.dk/services/SCCmecFinder/ ). A phylogenetic tree was per- 

ormed by FigTree v.1.4.4 tool. Moreover, antibiotic resistance genes 

ere found using Resfinder 4.1 ( https://cge.cbs.dtu.dk/services/ 

esFinder/ ). BLASTN tool ( https://blast.ncbi.nlm.nih.gov/BlastAlign. 

gi ) was performed for comparative analysis and to detect the 

resence of ribosomal mutations. 

.4. Screening of vancomycin heteroresistance by population analysis 

LR-MRSE isolates were preliminarily screened for vancomycin 

eteroresistance by population analysis as previously described 

29] . 

Bacteria were grown overnight in tryptic soy broth (TSB) (Li- 

filchem, Roseto degli Abruzzi, Italy) at 37 °C. Broth cultures were 

djusted to OD 0,6 at 550 nm (ca. 108 -109 CFU/ml), then plated 

100 μL) in duplicate on TS agar (TSA) (Liofilchem) plates with 

nd without vancomycin. The vancomycin concentration range was 

.25 to 32 mg/L. Plates were incubated at 37 °C for 24 h, the 

olony-forming units (CFUs) were counted, and Population Analy- 

is Profiles (PAPs) were obtained by plotting colony counts against 

ancomycin concentrations. The homogeneous or heterogeneous 

henotype was established from the appearance of the curve, ho- 

ogeneity usually being characterized by a steep slope which fol- 

owed an almost horizontal course at the permissive drug concen- 

rations and heterogeneity usually being characterized by one or 

ore inflection points. 

.5. Mating experiments 

Conjugative transfer of linezolid resistance genes was assessed 

y filter mating experiments [30] using S. epidermidis RP62A, se- 

ected in our laboratory for rifampicin resistance (MIC, > 128 mg/L), 

s recipient. Transconjugants were selected on brain heart infusion 

gar (BHIA) (Oxoid, Basing-stoke, UK) plates containing linezolid 

http://www.eucast.org
http://sepidermidis.mlst.net/
http://bioinf.spbau.ru/spades
https://cge.cbs.dtu.dk/services/CSIPhylogeny/
https://cge.cbs.dtu.dk/services/SCCmecFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
https://blast.ncbi.nlm.nih.gov/BlastAlign.cgi
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Table 1 

Distinctive features of the 34 LR-MRSE investigate in this study. 

CM, clindamycin; ERY, erythromycin; ICU, intensive care unit; IDU, infectious diseases unit; GEN, gentamycin; LEV, levofloxacin; LZD, linezolid; VAN, van- 

comycin; OXA, oxacillin; TE, tetracycline; RA, rifampicin; TZD, tedizolid; UTIC, cardiological intensive care unit. 

The grayscale differentiates resistant (dark grey), intermediate (light grey), and susceptible (white) isolates. 
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4 mg/L) and rifampicin (32 mg/L). Plates were incubated at 37 °C 

or 24 h and then examined for the presence of transconjugants. 

Conjugation frequencies were expressed as ratio of cell num- 

er (CFU/mL) of transconjugants to recipient. Transconjugants were 

valuated for their susceptibility to linezolid, tedizolid, and tested 

y PCR for the presence of the oxazolidinone resistance genes. 

maI-PFGE patterns were analysed to confirm the genetic back- 

round of transconjugants. Mating experiments were done at least 

hree times. 

.6. Curing assays 

LR-MRSE isolates carrying linezolid resistance genes have been 

ubjected to curing assays. LR-MRSE were grown in BHIA (with- 

ut linezolid) at 37 °C for seven passages. After each passage, 

en colonies were picked up, and their DNA was extracted and 

creened by PCR for the presence of linezolid resistance genes. In 

ase of negative testing, the strain was regarded as possibly cured. 
360
.7. Nucleotide sequence accession numbers 

The WGS data of the seven 8 LR-MRSE isolates are avail- 

ble under the BioProject ID PRJNA996505 (accession num- 

ers of the genomes: JAUOOB0 0 0 0 0 0 0 0 0, JAUOOC0 0 0 0 0 0 0 0 0,

AUOOD0 0 0 0 0 0 0 0 0, JAUOOE0 0 0 0 0 0 0 0 0, JAUOOF0 0 0 0 0 0 0 0 0,

AUOOG0 0 0 0 0 0 0 0 0, JAUPBK0 0 0 0 0 0 0 0 0, and JAUOBL0 0 0 0 0 0 0 0 0). 

. Results 

.1. Molecular typing, susceptibility, and detection of linezolid 

esistance genes 

Fifteen of 34 LR-MRSE exhibited the same PFGE pattern (pul- 

otype A), 3 LR-MRSE (Se37, Se58, and Se60), and Se45 exhibited 

he closely related A1 and A2 pulsotypes, respectively. All nineteen 

trains (19/34; 55.9%) shared the clonal lineage ST2 ( Table 1 ). 
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Table 2 

Linezolid resistance markers and molecular typing of eight selected LR-MRSE isolates. 

The grayscale differentiates resistant (dark grey), intermediate (light grey), and susceptible (white) isolates. 
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Fifteen LR-MRSE isolates (15/34; 44.1%), showing the pulsotype 

 (n = 10) and the closely related pulsotype C1 (n = 5), belonged

o ST5 ( Table 1 ). 

The 34 S. epidermidis isolates were all resistant, besides line- 

olid (MIC range, 8–128 mg/L) and oxacillin (MIC range, all 128 

g/L), to tedizolid (MIC range, 1–16 mg/L), levofloxacin (MIC range, 

28–128 mg/L), gentamycin (MIC range, 8–16 mg/L), and clin- 

amycin (MIC range, all 4 mg/L). All LR-MRSE strains were inter- 

ediate to tetracycline (MIC range, all 4 mg/L) and susceptible to 

ancomycin (MIC range, 1–4 mg/L); 16 strains showed resistance 

o erythromycin (MIC range, all 128 mg/L) ( Table 1 ). 

Interestingly, the LR-MRSE isolates belonging to A (n = 15), A2 

n = 1), and C1 (n = 5) phenotypes were resistant to rifampicin 

MIC range, all > 128 mg/L), whereas those assigned to C (n = 10)

nd A1 (n = 3) pulsotypes were susceptible (MIC range, all < 0.5 

g/L) ( Table 1 ). 

Thirteen LR-MRSE were found positive for the presence of the 

fr gene ( Table 1 ). 

.2. WGS analysis 

Some isolates were further investigated. The choice of strains to 

ndergo WGS was driven by: ( i ) sequence type (ST); ( ii ) pulsotype;

 iii ) presence/absence of the cfr gene; and (iv) linezolid MIC value. 

ased on these criteria, the genomes of height LR-MRSE were se- 

uenced and analysed ( Table 2 ). 

Regarding mutations, in domain V of the 23S rDNA, three iso- 

ates (Se43, Se45, and Se59) shared the G2576T mutation also de- 

ected in our previous study in all ST2 isolates [12] ; the other five

trains showed a wild-type gene ( Table 2 ). 

A search for mutations in rplC and rplD genes, encoding L3 and 

4 proteins, respectively, revealed the presence of known amino 

cid substitutions/insertions in both genes [31] . The same three 

R-MRSE isolates exhibiting the G2576T in domain V of the 23S 

DNA also showed the mutation M156T in L3; conversely, three 

solates (Se42, Se51, and Se54) belonging to ST5 displayed both 

146Q/A157R in L3 and ins71GGR72/N158S in L4 ( Table 2 ). 

The dual D471E and I527M substitutions in the rpoB gene, 

nown to be associated with rifampicin resistance [19] , were de- 

ected in the three ST2 rifampicin-resistant LR-MRSE (Se43, Se45, 

nd Se59); rifampicin-susceptible Se37 and Se60 strains showed 

he I527M mutation ( Table 2 ). 

The presence of the S486Y mutation explained rifampicin resis- 

ance for Se54; a wild-type rpoB gene was detected in the remain- 

ng two rifampicin-susceptible isolates (Se42 and Se51) ( Table 2 ). 

ResFinder analysis of the height genomes revealed complex re- 

istomes for the presence of several acquired antibiotic resistance 

enes. All isolates showed mecA and blaZ (resistance to β-lactams) 
361
nd fosB (resistance to fosfomycin) genes ( Table 3 ). Interestingly, 

T2 isolates displayed a SCC mec type III (3A), while ST5 strains har- 

oured a SCC mec type IV (2B). Furthermore, all LR-MRSE belonging 

o ST2 shared aadD and aac(6′ )-aph(2′ ′ ) (resistance to aminoglyco- 

ides) and bleO (resistance to bleomycin) genes ( Table 3 ). The iso- 

ates Se37 and Se60 (pulsotype A1) also carried erm (C) (resistance 

o macrolides, lincosamides, and streptogramins A), lsa (B) (resis- 

ance to lincosamides), cfr (resistance to phenicols, lincosamides, 

xazolidinones, pleuromutilins, and streptogramins A), and qacA 

resistance to chlorhexidine and mupirocin) genes. The qacA gene 

as also present in Se59 and Se45, exhibiting A and A2 pulsotypes, 

espectively; Se43, in addition to the seven resistance genes shared 

y all ST2 isolates, showed mrs(A) (resistance to macrolides and 

treptogramins B) ( Table 3 ). 

LR-MRSE belonging to the ST5 exhibited a less complex re- 

istome. All strains showed mecA, blaZ , and fosB genes; aac(6′ )- 

ph(2′ ′ ) and qacA were detected in Se51 and Se54, while the lsa (B) 

ene was found in Se42 and Se54; the latter strain also showed 

fr and vga(A)-LC (resistance to lincosamides, pleuromutilins, and 

treptogramins A) ( Table 3 ). 

Whole-genome sequencing analysis revealed the presence of a 

fr- carrying plasmid (40,135 bp) in Se37, Se54, and Se60. This plas- 

id was almost identical (identity 99%, coverage 100%) to the pSh- 

fr plasmid (accession no. ON953151) first described in a Staphy- 

ococcus hominis strain recovered from a patient admitted to the 

ub-intensive general medicine unit of the Ancona regional Hospi- 

al [32] . 

In order to detect the pSh- cfr -like plasmid in the cfr -carrying 

solates not subjected to WGS, PCR mapping experiments were per- 

ormed using primer pairs targeting four plasmid regions (Table 

1). The plasmid was detected in the remaining ten cfr -positive LR- 

RSE isolates. 

Phylogenetic analysis indicated that the LR-MRSE isolates be- 

onging to the lineage ST2 (A, A1, and A2 pulsotypes) consti- 

uted a unique cluster (SNPs min 22, max 1,530), as well as the 

T5 LR-MRSE strains (C and C1 pulsotypes) (SNPs min 41, max 

28). Between ST2 and ST5, a SNP difference from 4728 to 4,833 

as emerged. The ST2 isolates constituted a different branch of 

he phylogenetic tree ( Fig. 1 ) and demonstrated a higher diversity 

ompared with the ST5 isolates, as also confirmed by the different 

CC mec type; these findings suggested an intra-hospital spread of 

wo clonal lineages. 

.2. Vancomycin heteroresistance in rifampicin-resistant isolates 

howing the dual D471E and I527M RpoB substitutions 

The relationship between the dual D471E and I527M RpoB sub- 

titutions and a vancomycin heteroresistance phenotype was not 
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Table 3 

Resistome and type of SSCmec element of eight selected LR-MRSE isolates. 

LR-MRSE 

isolate 

Molecular typing Acquired resistance genes a 

PFGE 

pulsotype 

MLST sequence 

type 

SCC mec 

Se37 A1 ST2 mecA blaZ fosB aadD aac(6′ )-aph(2′ ′ ) bleO - erm (C) lsa (B) - cfr qacA type III (3A) 

Se43 A ST2 mecA blaZ fosB aadD aac(6′ )-aph(2′ ′ ) bleO mrs (A) - - - - - type III (3A) 

Se45 A2 ST2 mecA blaZ fosB aadD aac(6′ )-aph(2′ ′ ) bleO - - - - - qacA type III (3A) 

Se59 A ST2 mecA blaZ fosB aadD aac(6′ )-aph(2′ ′ ) bleO - - - - - qacA type III (3A) 

Se60 A1 ST2 mecA blaZ fosB aadD aac(6′ )-aph(2′ ′ ) bleO - erm (C) lsa (B) - cfr qacA type III (3A) 

Se42 C ST5 mecA blaZ fosB - - - - - lsa (B) - - - type IV (2B) 

Se51 C ST5 mecA blaZ fosB - aac(6′ )-aph(2′ ′ ) - - - - - - qacA type IV (2B) 

Se54 C1 ST5 mecA blaZ fosB - aac(6′ )-aph(2′ ′ ) - - - lsa (B) vga(A)- 

LC 

cfr qacA type IV (2B) 

a mecA and blaZ (resistance to β-lactams); fosB (resistance to fosfomycin); aadD and aac(6′ )-aph(2′ ′ ) (resistance to aminoglycosides); bleO (resistance to bleomycin); erm (C) 

(resistance to macrolides, lincosamides and streptogramins A); lsa (B) (resistance to lincosamides); cfr (resistance to phenicols, lincosamides, oxazolidinones, pleuromutilins 

and streptogramins A); qacA (resistance to chlorhexidine and mupirocin); vga(A)-LC resistance to lincosamides, pleuromutilins and streptogramins A). 

Fig. 1. Maximum likelihood phylogenetic tree of the eight LR-MRSE strains. The Pulsed-Field Gel Electrophoresis pulsotype and the sequence type (ST) of each isolate are 

shown. Staphylococcus epidermidis RP62A was used as the reference genome. 
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emonstrated in the three vancomycin- and rifampicin-resistant 

R-MRSE isolates (Se43, Se45, and Se59) ( Table 2 ). All strains ex- 

ibited homogenous population profiles with no subpopulation 

ble to grow at vancomycin concentrations over the MIC values of 

ach strain, which were all included in the vancomycin suscepti- 

ility range. 

.3. Transferability and curing assays of the cfr gene 

The Se60 isolate has been selected as donor in filter mating ex- 

eriments. This strain was chosen because it is representative of 

R-MRSE isolates harbouring the pSh- cfr -like plasmid. Despite sev- 
362
ral attempts, the cfr transfer to the S. epidermidis RP62A recipient 

as unsuccessful. 

The Se37, Se54, and Se60 isolates, grown on antibiotic-free BHIA 

t 37 °C, were already negative for the presence of the cfr gene by 

CR after three or four days. 

. Discussion 

Antibiotic resistance and biofilm formation are the most im- 

ortant obstacles to treating S. epidermidis infections. Healthcare- 

ssociated S. epidermidis exhibits resistance to various antimicro- 

ials, and usually 60% to 70% of isolates are resistant to commonly 
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sed first-line antibiotics, including beta-lactam antibiotics [33] . 

ndeed, even the 34 LR-MRSA included in this study were also re- 

istant to levofloxacin, gentamycin, and clindamycin, and most ex- 

ibited resistance to erythromycin and rifampicin. Whole-genome 

equencing analysis of selected LR-MRSE displayed complex resis- 

omes for the presence of several acquired antibiotic resistance 

enes, including SCC mec type III (3A) and SCC mec type IV (2B) in

T2 and ST5 isolates, respectively. 

In recent decades, linezolid is recommended for difficult-to- 

reat infections due to MDR S. epidermidis isolates, and although 

he linezolid resistance remains uncommon among S. epidermidis , 

R-MRSE outbreaks are increasing worldwide. 

In Italy, previous studies indicated the hospital diffusion of 

hree major LR-MRSE clones (ST2, ST5, and ST23) mainly with 

utation-mediated linezolid resistance. The cfr gene, first found in 

taly in a ST23 isolate, was later detected in ST2 and ST5 strains, in-

icating its capability to transfer from one background to another 

21–24] . In 2016, we reported a LR-MRSE ST2 clone endemic in a 

egional hospital in central Italy since 2004 [12] ; here, we confirm 

he persistence of this linage at the same hospital and show its 

volution. 

The ST2 lineage, prevalent in our previous study [12] , is still 

he most widespread; moreover, ST5 clonal isolates (only one LR- 

RSE was isolated from 2004–2016) have also become established 

n the hospital. On the other hand, both ST2 and ST5 lineages be- 

ong to clonal complex (CC) 5, the predominant and geograph- 

cally widespread CC of S. epidermidis known to be involved in 

osocomial infections [14] . Our findings indicate that, over time, 

T2 and ST5 clones have evolved by acquiring other mechanisms 

f linezolid resistance. Thirteen isolates, belonging to both clones, 

ave indeed acquired the cfr gene, showing, based on the WGS 

nd PCR mapping data, a plasmid-location. The occurrence of the 

ame plasmid in different lineages of S. epidermidis and in S. ho- 

inis [32] strongly suggests an intra- and inter-specific spread of 

Sh- cfr in the hospital setting. However, in vitro filter mating ex- 

eriments failed to demonstrate the cfr -plasmid transfer to the S. 

pidermidis recipient; these results were consistent with the find- 

ngs reported by Coccitto et al. [32] . Genomics analysis also dis- 

lays that, compared with the previously described ST2 strains 

earing the G2576T mutation in domain V of 23S rDNA, in some 

R-MRSE lately isolated, a new mutation, M156T in L3 protein, has 

ppeared. Similarly, in three ST5 isolates, the N158S mutation in L4 

31 , 34] was, in addition to H146Q/A157R and Ins71GGR72, already 

etected in LR-MRSE recovered in 2015. 

In France, Dortet et al. described an outbreak caused by three 

RSE clones (ST2, ST5, and ST22) [13] , whereas Côrtes et al. high- 

ighted that an MDR ST2 S. epidermidis lineage carrying a cfr - 

lasmid was able to persist and spread for several years in the 

ame hospital [15] . Over a seven-year study period, a endemic sit- 

ation caused by a ST2 LR-MRSE clone was detected in a tertiary 

ospital in Spain [35] . Another Spanish study showed that the LR- 

RSE isolates were closely related according to PFGE patterns and 

elected isolates belonged to the ST2 clone [36] . An outbreak, due 

o an ST2 clone, has been described in the Republic of Ireland [11] .

RSE isolates were also reported to cause outbreaks in German 

ospitals, with most of the strains belonging to the ST22 lineage 

9] . In the United States, unlike prior studies where ST2 was pre- 

ominant among LRSE strains [37] , Tewhey et al. showed that 42% 

f the LRSE isolates investigated belonged to the ST23 clone, and 

o isolates were ST2 [38] . 

So, even if the prevalence may vary from state to state, only 

 few linezolid-resistant lineages have been proven to co-circulate 

ithin and between several hospitals worldwide. Moreover, these 

DR clones, which persist and adapt to hospital settings through 

ecombination events and exchange of genetic mobile elements 

14] , also represent an important reservoir of antibiotic resistance 
363
enes that can be transferred to different staphylococcal species, 

ncluding S. aureus [39] . n conclusion, this report documents a 17- 

ear ST2 clone dissemination in our hospital, as well as the emer- 

ence and spread of the LR-MRSE ST5 lineage, highlighting the ur- 

ent need for control measures to preserve the therapeutic efficacy 

f oxazolidinones. 

unding: This work was supported by PRIN 2017 grant prot. 

0177J5Y3P from MIUR-Italy. 

ompeting interests: None declared 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi:10.1016/j.jgar.2024.01.020 . 

eferences 

[1] Michels R, Last K, Becker SL, Papan C. Update on coagulase-negative 

Staphylococci—what the clinician should know. Microorganisms 2021;9:830. 
doi: 10.3390/microorganisms9040830 . 

[2] Wilson DN, Schluenzen F, Harms JM, Starosta AL, Connell SR, Fucini P. The 

oxazolidinone antibiotics perturb the ribosomal peptidyl-transferase center 
and effect tRNA positioning. Proc Natl Acad Sci USA 2008;105:13339–44. 

doi: 10.1073/pnas.0804276105 . 
[3] Brenciani A, Morroni G, Schwarz S, Giovanetti E. Oxazolidinones: mechanisms 

of resistance and mobile genetic elements involved. J Antimicrob Chemother 
2022;77:2596–621. doi: 10.1093/jac/dkac263 . 

[4] Kelly S, Collins J, Maguire M, Gowing C, Flanagan M, Donnelly M, et al. An out-
break of colonization with linezolid-resistant Staphylococcus epidermidis in an 

intensive therapy unit. J Antimicrob Chemother 2008;61:901–7. doi: 10.1093/ 

jac/dkn043 . 
[5] Trevino M, Martinez-Lamas L, Romero-Jung PA, Giráldez JM, Alvarez- 

Escudero J, Regueiro BJ. Endemic linezolid-resistant Staphylococcus epidermidis 
in a critical care unit. Eur J Clin Microbiol Infect Dis 2009;28:527–33. doi: 10. 

1007/s10096- 008- 0657- 5 . 
[6] Bonilla H, Huband MD, Seidel J, Schmidt H, Lescoe M, McCurdy SP, et al. 

Multicity outbreak of linezolid-resistant Staphylococcus epidermidis associated 

with clonal spread of a cfr -containing strain. Clin Infect Dis 2010;51:796–800. 
doi: 10.1086/656281 . 

[7] Seral C, Saenz Y, Algarate S, Duran E, Luque P, Torres C, et al. Nosocomial out-
break of methicillin-and linezolid-resistant Staphylococcus epidermidis associ- 

ated with catheter-related infections in intensive care unit patients. Int J Med 
Microbiol 2011;301:354–8. doi: 10.1016/j.ijmm.2010.11.001 . 

[8] Mendes RE, Deshpande LM, Bonilla HF, Schwarz S, Huband MD, Jones RN, 

et al. Dissemination of a pSCFS3-like cfr -carrying plasmid in Staphylococcus 
aureus and Staphylococcus epidermidis clinical isolates recovered from hospi- 

tals in Ohio. Antimicrob Agents Chemother 2013;57:2923–8. doi: 10.1128/aac. 
0 0 071-13 . 

[9] Bender J, Strommenger B, Steglich M, Zimmermann O, Fenner F, Lensing C, 
et al. Linezolid resistance in clinical isolates of Staphylococcus epidermidis from 

German hospitals and characterization of two cfr -carrying plasmids. J Antimi- 

crob Chemother 2015;70:1630–8. doi: 10.1093/jac/dkv025 . 
[10] Karavasilis V, Zarkotou O, Panopoulou M, Kachrimanidou M, Themeli- 

Digalaki K, Stylianakis A, et al. Wide dissemination of linezolid-resistant 
Staphylococcus epidermidis in Greece is associated with a linezolid-dependent 

ST22 clone. J Antimicrob Chemother 2015;70:1625–9. doi: 10.1093/jac/dkv028 . 
[11] O’Connor C, Powell J, Finnegan C, O’Gorman A, Barrett S, Hopkins KL, et al. 

Incidence, management and outcomes of the first cfr -mediated linezolid- 

resistant Staphylococcus epidermidis outbreak in a tertiary referral centre in the 
Republic of Ireland. J Hosp Infect 2015;90:316–21. doi: 10.1016/j.jhin.2014.12. 

013 . 
12] Morroni G, Brenciani A, Vincenzi C, Barocci S, Tili E, Manso E, et al. A clone

of linezolid-resistant Staphylococcus epidermidis bearing the G2576T mutation 
is endemic in an Italian hospital. J Hosp Infect 2016;94:203–6. doi: 10.1016/j. 

jhin.2016.07.012 . 

[13] Dortet L, Glaser P, Kassis-Chikhani N, Girlich D, Ichai P, Boudon M, et al. 
Long-lasting successful dissemination of resistance to oxazolidinones in MDR 

Staphylococcus epidermidis clinical isolates in a tertiary care hospital in France. 
J Antimicrob Chemother 2018;73:41–51. doi: 10.1093/jac/dkx370 . 

[14] Weßels C, Strommenger B, Klare I, Bender J, Messler S, Mattner F, et al. Emer-
gence and control of linezolid-resistant Staphylococcus epidermidis in an ICU of 

a German hospital. J Antimicrob Chemother 2018;73:1185–93. doi: 10.1093/jac/ 
dky010 . 

[15] Côrtes MF, André C, Simões PM, Corvec S, Caillon J, Tristan A, et al. Persistence 

of a multidrug-resistant worldwide-disseminated methicillin-resistant Staphy- 
lococcus epidermidis clone harbouring the cfr linezolid resistance gene in a 

French hospital with evidence of interspecies transfer to several Staphylococ- 
cus aureus lineages. J Antimicrob Chemother 2022;77:1838–46. doi: 10.1093/ 

jac/dkac119 . 

https://doi.org/10.1016/j.jgar.2024.01.020
https://doi.org/10.3390/microorganisms9040830
https://doi.org/10.1073/pnas.0804276105
https://doi.org/10.1093/jac/dkac263
https://doi.org/10.1093/jac/dkn043
https://doi.org/10.1007/s10096-008-0657-5
https://doi.org/10.1086/656281
https://doi.org/10.1016/j.ijmm.2010.11.001
https://doi.org/10.1128/aac.00071-13
https://doi.org/10.1093/jac/dkv025
https://doi.org/10.1093/jac/dkv028
https://doi.org/10.1016/j.jhin.2014.12.013
https://doi.org/10.1016/j.jhin.2016.07.012
https://doi.org/10.1093/jac/dkx370
https://doi.org/10.1093/jac/dky010
https://doi.org/10.1093/jac/dkac119


M. Cinthi, S.N. Coccitto, A. Pocognoli et al. Journal of Global Antimicrobial Resistance 36 (2024) 358–364

 

 

 

[

[

[

[

[

[

[  

[

[

[

[

[

[  

[

[

[

[

[

[  

[

[16] Oh J, Byrd AL, Deming C, Conlan S, Kong HH, et al., NISC Comparative Sequenc-
ing Program Biogeography and individuality shape function in the human skin 

metagenome. Nature 2014;514:59–64. doi: 10.1038/nature13786 . 
[17] Conlan S, Mijares LA, Becker J, Blakesley RW, Bouffard GG, et al., NISC Com- 

parative Sequencing Program Staphylococcus epidermidis pan-genome sequence 
analysis reveals diversity of skin commensal and hospital infection-associated 

isolates. Genome Biol 2012;13:R64. doi: 10.1186/gb- 2012- 13- 7- r64 . 
[18] Harris LG, Murray S, Pascoe B, Bray J, Meric G, Mageiros L, et al. Biofilm

morphotypes and population structure among Staphylococcus epidermidis from 

commensal and clinical samples. PLoS One 2016;11:e0151240. doi: 10.1371/ 
journal.pone.0151240 . 

[19] Lee JYH, Monk IR, da Silva AG, Seemann T, Chua KYL, Kearns A, et al. Global
spread of three multidrug-resistant lineages of Staphylococcus epidermidis . Nat 

Microbiol 2018;3:1175–85. doi: 10.1038/s41564- 018- 0230- 7 . 
20] Matsuo M, Hishinuma T, Katayama Y, Cui L, Kapi M, Hiramatsu K. Mutation 

of RNA polymerase beta subunit ( rpoB ) promotes hVISA-to-VISA phenotypic 

conversion of strain Mu3. Antimicrob Agents Chemother 2011;55:4188–95. 
doi: 10.1128/aac.00398-11 . 

21] Mendes RE, Deshpande LM, Farrell DJ, Spanu T, Fadda G, Jones RN. Assessment 
of linezolid resistance mechanisms among Staphylococcus epidermidis causing 

bacteraemia in Rome, Italy. J Antimicrob Chemother 2010;65:2329–35. doi: 10. 
1093/jac/dkq331 . 

22] Bongiorno D, Campanile F, Mongelli G, Baldi MT, Provenzani R, Reali S, et al. 

DNA methylase modifications and other linezolid resistance mutations in coag- 
ulase negative staphylococci in Italy. J Antimicrob Chemother 2010;65:2336–

40. doi: 10.1093/jac/dkq344 . 
23] Campanile F, Mongelli G, Bongiorno D, Adembri C, Ballardini M, Falcone M, 

et al. Worrisome trend of new multiple mechanisms of linezolid resistance 
in staphylococcal clones diffused in Italy. J Clin Microbiol 2013;51:1256–9. 

doi: 10.1128/jcm.0 0 098-13 . 

24] Russo A, Campanile F, Falcone M, Tascini C, Bassetti M, Goldoni P, et al. 
Linezolid-resistant staphylococcal bacteraemia: multicentre case-case-control 

study in Italy. Int J Antimicrob Agents 2015;45:255–61. doi: 10.1016/j. 
ijantimicag.2014.12.008 . 

25] CLSI Performance Standards for Antimicrobial Susceptibility Testing— thir- 
ty-second Edition:M100; 2022 . 

26] Cinthi M, Coccitto SN, Fioriti S, Morroni G, Simoni S, Vignaroli C, et al. Occur-

rence of a plasmid co-carrying cfr (D) and poxtA2 linezolid resistance genes in 
Enterococcus faecalis and Enterococcus casseliflavus from porcine manure, Italy. 

J Antimicrob Chemother 2022;77:598–603. doi: 10.1093/jac/dkab456 . 
27] Ripa S, Zampaloni C, Vitali LA, Giovanetti E, Montanari MP, Prenna M, et al. 

SmaI macrorestriction analysis of Italian isolates of erythromycin-resistant 
Streptococcus pyogenes and correlations with macrolide resistance phenotypes. 

Microb Drug Resist 2001;7:65–71. doi: 10.1089/107662901750152828 . 
364
28] Thomas JC, Vargas MR, Miragaia M, Peacock SJ, Archer GL, Mark C, Enright MC. 
Improved multilocus sequence typing scheme for Staphylococcus epidermidis . J 

Clin Microbiol 2007;45:616–19. doi: 10.1128/jcm.01934-06 . 
29] Biavasco F, Vignaroli C, Lazzarini R, Varaldo PE. Glycopeptide susceptibility 

profiles of Staphylococcus haemolyticus bloodstream isolates. Antimicrob Agents 
Chemother 20 0 0;44:3122–6. doi: 10.1128/aac.44.11.3122-3126.20 0 0 . 

30] Brenciani A, Morroni G, Pollini S, Tiberi E, Mingoia M, Varaldo PE, et al. Char- 
acterization of novel conjugative multiresistance plasmids carrying cfr from 

linezolid-resistant Staphylococcus epidermidis clinical isolates from Italy. J An- 

timicrob Chemother 2016;71:307–13. doi: 10.1093/jac/dkv341 . 
31] Long KS, Vester B. Resistance to linezolid caused by modifications at its bind- 

ing site on the ribosome. Antimicrob Agents Chemother 2012;56:603–12. 
doi: 10.1128/AAC.05702-11 . 

32] Coccitto SN, Cinthi M, Morroni G, Pocognoli A, Simoni S, D’Achille G, et al. Co-
existence of cfr and fosB genes in an MDR Staphylococcus hominis blood isolate 

from an Italian hospital. J Glob Antimicrob Resist 2022;31:391–3. doi: 10.1016/ 

j.jgar.2022.11.009 . 
33] Siciliano V, Passerotto RA, Chiuchiarelli M, Leanza GM, Veron- 

ica Ojetti. Difficult-to-treat pathogens: a review on the management 
of multidrug-resistant Staphylococcus epidermidis . Life 2023;13:1126. 

doi: 10.3390/life13051126 . 
34] Mendes RE, Deshpande LM, Jones RN. Linezolid update: stable in vitro activity 

following more than a decade of clinical use and summary of associated resis- 

tance mechanisms. Drug Resist Updat 2014;17:1–12. doi: 10.1016/j.drup.2014. 
04.002 . 

35] Ruiz-Ripa L, Feßler AT, Hanke D, Eichhorn I, Azcona-Gutiérrez JM, Alonso CA, 
et al. Mechanisms of linezolid resistance among clinical Staphylococcus spp. in 

Spain: spread of methicillin- and linezolid-resistant S. epidermidis ST2. Microb 
Drug Resist 2021;27:145–53. doi: 10.1089/mdr.2020.0122 . 

36] Rodrìguez-Lucas C, Rodicio MR, Càmara J, Domìnguez MÀ, Alaguero M, Fer- 

nàndez J. Long-term endemic situation caused by a linezolid- and meticillin- 
resistant clone of Staphylococcus epidermidis in a tertiary hospital. J Hosp Infect 

2020;105:64–9. doi: 10.1016/j.jhin.2019.10.013 . 
37] Wong A, Reddy SP, Smyth DS, Aguero-Rosenfeld ME, Sakoulas G, Robin- 

son DA. Polyphyletic emergence of linezolid-resistant staphylococci in the 
United States. Antimicrob. Agents Chemother. 2010;54:742–8. doi: 10.1128/ 

AAC.00621-09 . 

38] Tewhey R, Gu B, Kelesidis T, Charlton C, Bobenchik A, Hindler J, et al. Mech-
anisms of linezolid resistance among coagulase-negative staphylococci deter- 

mined by whole-genome sequencing. mBio 2014;5 e00894-14. doi: 10.1128/ 
mbio.00894-14 . 

39] Haaber J, Penadés JR, Ingmer H. Transfer of antibiotic resistance in Staphylococ- 
cus aureus . Trends Microbiol 2017;25:893–905. doi: 10.1016/j.tim.2017.05.011 . 

https://doi.org/10.1038/nature13786
https://doi.org/10.1186/gb-2012-13-7-r64
https://doi.org/10.1371/journal.pone.0151240
https://doi.org/10.1038/s41564-018-0230-7
https://doi.org/10.1128/aac.00398-11
https://doi.org/10.1093/jac/dkq331
https://doi.org/10.1093/jac/dkq344
https://doi.org/10.1128/jcm.00098-13
https://doi.org/10.1016/j.ijantimicag.2014.12.008
http://refhub.elsevier.com/S2213-7165(24)00026-2/sbref0025
https://doi.org/10.1093/jac/dkab456
https://doi.org/10.1089/107662901750152828
https://doi.org/10.1128/jcm.01934-06
https://doi.org/10.1128/aac.44.11.3122-3126.2000
https://doi.org/10.1093/jac/dkv341
https://doi.org/10.1128/AAC.05702-11
https://doi.org/10.1016/j.jgar.2022.11.009
https://doi.org/10.3390/life13051126
https://doi.org/10.1016/j.drup.2014.04.002
https://doi.org/10.1089/mdr.2020.0122
https://doi.org/10.1016/j.jhin.2019.10.013
https://doi.org/10.1128/AAC.00621-09
https://doi.org/10.1128/mbio.00894-14
https://doi.org/10.1016/j.tim.2017.05.011

	Persistence and evolution of linezolid- and methicillin-resistant Staphylococcus epidermidis ST2 and ST5 clones in an Italian hospital
	1 Introduction
	2 Materials and methods
	2.1 Bacterial isolates and susceptibility testing
	2.2 Genotypic characterization
	2.3 Typing, WGS, and genome analysis
	2.4 Screening of vancomycin heteroresistance by population analysis
	2.5 Mating experiments
	2.6 Curing assays
	2.7 Nucleotide sequence accession numbers

	3 Results
	3.1 Molecular typing, susceptibility, and detection of linezolid resistance genes
	3.2 WGS analysis
	3.2 Vancomycin heteroresistance in rifampicin-resistant isolates showing the dual D471E and I527M RpoB substitutions
	3.3 Transferability and curing assays of the cfr gene

	4 Discussion
	Supplementary materials
	References


