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Abstract: Whole genome sequencing is a useful tool to monitor the spread of resistance mechanisms
in bacteria. In this retrospective study, we investigated genetic resistance mechanisms, sequence
types (ST) and respective phenotypes of linezolid-resistant Staphylococcus epidermidis (LRSE, n = 129)
recovered from a cohort of patients receiving or not receiving linezolid within a tertiary hospital
in Innsbruck, Austria. Hereby, the point mutation G2603U in the 23S rRNA (n = 91) was the major
resistance mechanism followed by the presence of plasmid-derived cfr (n = 30). The majority of
LRSE isolates were ST2 strains, followed by ST5. LRSE isolates expressed a high resistance level to
linezolid with a minimal inhibitory concentration of >256 mg/L (n = 83) in most isolates, particularly
in strains carrying the cfr gene (p < 0.001). Linezolid usage was the most prominent (but not the only)
trigger for the development of linezolid resistance. However, administration of linezolid was not
associated with a specific resistance mechanism. Restriction of linezolid usage and the monitoring of
plasmid-derived cfr in LRSE are potential key steps to reduce linezolid resistance and its transmission
to more pathogenic Gram-positive bacteria.

Keywords: antimicrobial resistance; linezolid; Staphylococcus epidermidis; whole genome sequenc-
ing; surveillance

1. Introduction

Staphylococcus epidermidis is a commensal bacterium of humans, prevalent in skin and
mucosa, emerging to frequently cause nosocomial and opportunistic infections [1,2]. The
clinical relevance of S. epidermidis has increased due to the bacteria’s ability to acquire and
develop antimicrobial resistance (AMR) to a broad range of antibiotics and its capability of
using horizontal gene transfer to disseminate AMR to the more pathogenic Staphylococcus
aureus [3]. Linezolid, an oxazolidinone, is effective in a variety of Gram-positive strains; it is
often the last-resort antibiotic for infections with multi drug resistant (MDR) Gram-positive
cocci and was first approved in 2001 in Europe [4]. Indications for the use of linezolid
include mostly MDR cocci associated skin and soft tissue infections as well as pneumonia
and bloodstream infection [5]. Linezolid acts as a protein synthesis inhibitor that prevents
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the formation of the initiation complex by binding to the peptidyl transferase center (PTC)
of the 235 rRNA subunit [6]. In general, linezolid shows a rather high susceptibility rate of
over 99% to Gram-positive pathogens as observed by both surveillance programs ZAAPS
(Zyvox® Annual Appraisal of Potency and Spectrum) [7] and LEADER (Linezolid Expe-
rience and Accurate Determination of Resistance) [8]. However, case reports of acquired
resistance to linezolid in clinical staphylococcal isolates with different resistance mecha-
nisms were published shortly after its implementation in clinical routine [9]. Nowadays,
linezolid-resistant S. epidermidis (LRSE) exhibits three main resistance mechanisms: (I)
plasmid-derived cfr acquisition, encoding a ribosomal methyltransferase; (II) mutations
in the ribosomal proteins L3, L4, and L22; and (III) mutations in specific 23S rRNA bind-
ing sites for linezolid (e.g., G2576U, G2447U, U2504A, C2434U, and G2631U after E. coli
numbering) [7,8,10-14]. Besides point mutations and genes effecting the binding site of the
target PTC, efflux pumps are suggested to be involved in resistance mechanisms of bacteria
against linezolid [15]. Transferable resistance genes in LRSE resulting in a colonization or
an infection are increasingly reported in animals and humans [16-21]. Thus, LRSE are an
emerging global public health problem. At our institution, an increase of LRSE patient
isolates has been observed in recent years with a peak of 84 isolates in 2018, despite reduced
consumption of linezolid compared to 2012 and 2013 (9315 g in 2018 vs. 10,488 g and
10,032 g in 2012 and 2013, respectively).

Therefore, we conducted a retrospective study investigating linezolid resistance mech-
anisms in clinical S. epidermidis isolates of our tertiary hospital in Innsbruck, Austria, by
whole genome sequencing (WGS). Furthermore, we analyzed potential pathogen and host
risk factors for the development of linezolid resistance in S. epidermidis.

2. Materials and Methods
2.1. Clinical Isolates, Identification, and Antimicrobial Susceptibility Testing

At the Institute of Hygiene and Medical Microbiology, Medical University of Inns-
bruck, routinely isolated coagulase-negative Staphylococci (CoNS) from clinical samples
were cryoconserved upon detection of linezolid resistance. However, it is noteworthy
that no routine screening for linezolid resistance was performed; instead, merely CoNS
from sterile body sites or suspected involvement in infections were tested against linezolid.
In total, 136 LRSE isolates (one isolate per patient only) selected from a larger collection
of routine clinical samples (n = 347) collected at our institution between 2011 and 2019
were included in this study. Strains were primarily selected based on patient records
indicating no prior administration of linezolid before isolation of a LRSE (n = 48), and
the remaining isolates were randomly selected for further analysis (n = 88). Isolates of
linezolid-susceptible S. epidermidis (LSSE; n = 18) represented the control group for re-
sistance mechanisms analysis. Species identification was performed by matrix-assisted
laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS, Bruker
Daltonik, Bremen, Germany) using the reference Biotyper library v4.1 (Bruker Daltonik,
Bremen, Germany). Species were confirmed by whole genome analysis (see Section 2.2).
Antimicrobial susceptibility testing (AST) was performed by disk diffusion according to the
current EUCAST guidelines at the year of isolation [22]. To assess the minimal inhibitory
concentration (MIC) for linezolid, a commercially available Etest® (bioMérieux, Marcy
I’Etoile, France) was performed. Strains were classified as susceptible (S) and resistant (R)
according to the current EUCAST breakpoints [23]. All isolates were appropriately stored
in skim milk at —80 °C and cultured on Columbia blood agar for shipment to Ares Genetics
for further analysis.

2.2. DNA Extraction, Library Preparation, and Whole Genome Sequencing of Isolates

One-hundred fifty-four culture plates with bacterial isolates were sent from the Med-
ical University of Innsbruck to the Ares Genetics laboratory. DNA extraction, library
preparation, and WGS were conducted as reported previously [24]. In brief, single colonies
were picked from the plates and resuspended in lysis buffer. DNA extraction was done on
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a QIAsymphony (QIAGEN, Hilden, Germany) with custom settings. A260/280 values as
well as DNA concentration were measured. All samples passed the minimum requirement
of 2 ng/uL DNA concentration needed for library preparation.

WGS libraries for 2 x 150 bp Illumina sequencing were prepared using QIAseq FX
DNA Library Kit (QIAGEN). Quality control (QC) for NGS libraries included fragment size
analysis and fluorometric measurement of concentrations, as well as qPCR quantification
for the final pool before sequencing. A non-template control sample was added to the
library preparation to detect potential contaminations. Sequencing was done on an Illumina
Nextseq platform (Illumina Inc., San Diego, CA, USA).

2.3. NGS Data Processing

QC and de novo genome assembly of raw data were performed for all 154 isolates
as described previously [24]. Seven assemblies failed internal QC due to gene duplication
rates exceeding 60% (5 cases) and low-quality assembly with N50 < 5000 (2 cases). All
except one isolate were confirmed as S. epidermidis with Kraken2 [25]. The remaining
isolate was identified as S. haemolyticus, and thus, excluded. Assemblies of the remaining
129 LRSE and 17 LSSE isolates were used for resistance analysis.

2.4. Detection of Linezolid Resistance-Associated Genes and Mutations

Genes and point mutations associated with linezolid resistance were extracted from
ARESdDb [26] and by literature search. cfr (AM408573, AJ879565), optrA (ALMHO01000001,
ALZI01000051), poxtA (MF095097), Lsa(A) (AAO43110), Vga(B) (AAB95639), and efflux
pumps ImrS (F6MF49), AcrA (POAE06), EmrD-3 (AOAOH3AF79), and EmrE (CAA77936)
were identified via sequence alignment [24]. Known point mutations in 23S rRNA, L3, and
L4 (Table S1) were manually inspected. Specifically, for 23S rRNA, the assemblies” PTC
of 23S rRNA were identified via multiple sequence alignment against 5 copies of 23S in
S. epidermidis as annotated in ARB SILVA (ATCC 12228). PTC nucleotide sequences were
extracted using primer sequences for domain V [27] and multiple sequence alignments
were generated using ClustalW [28].

Novel point mutations in 235 rRNA were identified via variant calling. Reads were
mapped to 5 copies of 23S in S. epidermidis as annotated in ARB SILVA (ATCC 12228)
using bwa mem (v0.7.17) [29]. The alignments were de-duplicated with the Picard tools
(v2.2.0) [30] and variants were called with bcftools (v1.9) [31].

Detected resistance markers were converted to a presence/absence matrix for statisti-
cal analysis. Subsequently, for intuition of the utility of detected genes and mutations in
linezolid resistance prediction, a simple decision tree classifier of depth 3 was built with
5-fold stratified cross-validation.

2.5. Phylogenetic Computations/Multilocus Sequence Typing

Multilocus sequence types were determined with milst 2.11 [32] using PubMLST
scheme “sepidermidis”. The phylogenetic tree was calculated using Mash distances with
Mashtree 1.2.0 [33]. Assembly contigs were stitched together with a spacer of 160 Ns prior
to processing.

2.6. Data Collection

Retrospectively, patient data of hosts of respective resistant isolates including date of
sampling, gender, age, weight, ward, duration of hospitalization in relevant ward, source of
isolates, laboratory parameters (aspartate transaminase (ASAT; U/L), alanine transaminase
(ALAT; U/L), gamma-glutamyltransferase (yGT; U/L), C-reactive protein (CRP; mg/dL),
procalcitonin (PCT; ug/L)), and use of antimicrobial treatment and mortality were collected
(Table S2). To assess prior treatment with linezolid, all discharge letters from within one
year before isolation of LRSE were screened for mentions of “Linezolid” and “Zyvoxid”
(trade name in Austria). Furthermore, medication lists as well as relevant paragraphs
mentioning antibiotic treatment were evaluated. As a control group for epidemiological
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data, a subset of septic patients (n = 133) with a confirmed bloodstream infection and
known status of linezolid use between 2013 and 2019 was randomly chosen from a previous
study conducted at our institution, investigating parameters that interfere with a specific
polymerase chain reaction (PCR)-based diagnostic tool for bloodstream infections [34].

2.7. Statistical Analysis

Results of descriptive statistics are shown as mean =+ standard deviation. Continu-
ous parameters were tested for normal distribution by Shapiro-Wilk test. Isolates were
considered independently sampled and independence between categorical MICs, high
(>48 mg/L)/low-level (<48 mg/L) resistance, and sampling year assessed by Fisher’s
exact test or Chi-square test. Mean differences were compared using the Mann-Whitney
test statistic. Linezolid use analysis was performed with a reduced data set including only
isolates with known linezolid use status (n = 108). Novel mutations in the 23S rRNA were
investigated for association to linezolid resistance by ordinary least squares multivariate
regression. MIC values were log2-transformed before models were built on known and
novel resistance markers with and without pairwise interaction terms.

3. Results
3.1. Patients Characteristics

Among the 129 LRSE positive patients, 98 were male (75.97%) and 31 (24.03%) female
patients with a mean age of 59.24 £ 14.57 years. No patient was younger than 18 years. The
mean weight was 77.83 £ 18.31 kg. Patients were admitted to seven different departments
within our tertiary hospital, most of them coming from internal medicine (n = 60). Forty-
four clinical samples were collected from patients at an intensive care unit (ICU). The
average duration of hospitalization in the relevant ward was 48.20 & 37.61 days, and
19 patients (14.73%) died within one month after pathogen isolation. LRSE-isolates were
mainly recovered from catheter tips (n = 77) and blood cultures (n = 30). Among 108 cases
with a known status of linezolid consumption, 47 patients did not receive linezolid, whereas
61 patients received linezolid. Ninety-seven patients were treated with two or more
antimicrobial substances in the year prior to the bacterial isolation, and 29 patients received
none or only one antibiotic substance. For the three remaining patients, it was unclear
whether they received antimicrobial drugs or not. It is noteworthy that isolates were
selected for sequencing based on patient records regarding prior linezolid administration.
In the original strain collection of LRSE from which these isolates were selected, 222 patient
records stated prior linezolid administration, 48 recorded no prior linezolid administration,
and 77 were inconclusive.

Comparison of the study population and the septic control group revealed a signifi-
cantly lower number of female patients in the LRSE group (111rsg = 31, 7spetic = 48; p < 0.05),
but no differences in age distribution or other clinical parameters.

3.2. Mechanisms of Resistance to Linezolid Mainly Based on Mutations of the 23S rRNA in
ST2 Isolates

In 117 out of 129 resistant isolates, at least one known AMR marker for linezolid
resistance was detected. Within the linezolid susceptible control group, no known marker
was present. The 23S rRNA mutation G2603U showed the highest prevalence with 70.54%
among genotypically resistant isolates, followed by the ribosomal protein L3 mutation
H146Q and the cfr gene (both 23.26%). The efflux pump EmrE was present in only one
isolate. No additional AMR markers were found. In 35 isolates, two AMR markers for
linezolid were identified. Interestingly, cfr and EmrE were only present in isolates with
co-resistances to point mutations in the central loop of domain V of the 235 rRNA (G2603U)
or in the ribosomal protein L3 (H146Q) (Table 1).
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Table 1. Emergence of linezolid resistance mechanisms within investigated linezolid-resistant Staphy-
lococcus epidermidis (LRSE) isolates. Percentages are given in brackets.

Isolate Count (1) per Mutation

23S G2603U L3 H146Q cfr EmrE n (%)
X 58 (45.0)
X 25 (18.6)
X X 28 (21.7)

X X 4(3.1)

X X 1(0.8)

X X 2 (1.6)
12(9.3)*

91 (70.5) 30 (23.3) 30 (23.3) 1(0.8) 129

* ARB-SILVA 23S rRNA reference sequences used to detect further SNPs.

All 30 cfr positive isolates carried a cfr marker sequence. Alignments indicated that
they descended from the Staphylococcus warneri pSCFS6 plasmid with Tn558 transposon. In
addition, in 14 isolates, a cfr marker sequence retrieved from Staphylococcus aureus partial
pSCES3 plasmid was present. These results propose a plasmid-derived acquisition of
linezolid resistance. Interestingly, one third of the isolates (n = 35) had more than one
independent resistance mechanism present. Furthermore, none of the isolates harbored
the optrA or poxtA gene. However, for 12 isolates, no investigated resistance mechanisms
could be identified after the first assembling. For these clinical isolates, ARB-SILVA 23S
rRNA reference sequences were used to detect further single nucleotide polymorphisms
(SNPs). Hereby, all 12 isolates were found to harbor 83 different SNPs/variants of common
23S rRNA mutations, of which 13 were detected in more than one isolate (Table S3). Thus,
including the variant calling, all resistant isolates exhibited at least one (putative) AMR
marker for linezolid.

For intuition, known markers L3 H146Q), ¢fr, EmrE, and 235 rRNA G2603U were used
with and without all novel variants, occurring more than once, in R/S modeling. The
decision tree achieved an accuracy of 97.3% (sensitivity = 98.5%, specificity = 88.2%) with
the entire set and an accuracy of 91.8% (sensitivity = 90.7%, specificity = 100.0%) without
the novel, putative markers.

Multilocus sequence typing revealed the dominant presence of sequence type (ST) 2
(nLrsE = 95, nssg = 5) within the study population, followed by ST5 (1 rsg = 31, #1.ssE = 6).
Additionally, the ST23 (nrsg = 1), ST87 (n1ssg = 2), ST190 (nyssg = 1), ST23 (n1ssg = 1), and
ST32 (n1ssg = 1) strains and three novel strains (STnovel) were identified (Figure 1). Of
note is that 28 out of 30 cfr-carrying isolates were ST2 strains. The remaining two were
classified as ST5. Interestingly, the 12 isolates with prior unknown mutation mechanisms
were found to be classified in five different ST strains, namely ST2 (n = 4), ST23 (n = 1), ST5
(n =5), and STnovel (n = 2).

3.3. Novel Variants in the 23S rRNA Linked to Linezolid Resistance

In line with literature evidence, linear regression identified L3 H146Q and cfr as
significantly associated with linezolid resistance (p < 0.01). Novel variants in the 23S
rRNA gene with positive coefficients were extracted at p < 0.05 and include A131G, G262U,
G1256U, G1273A, and A2395AG. Pairwise interactions did not contribute to elevated MICs.
Of the five novel variants, only the insertion of A2395AG maps into Domain V occurred
(Figure S1).
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Figure 1. Phylogenetic tree of linezolid-resistant S. epidermidis (LRSE) and linezolid-susceptible
S. epidermidis (LSSE) isolates. Coloring of the tree corresponds to manual partitions for the two
dominant sequence types (ST) ST2 and ST5 as well as associated linezolid resistance. Leaves colored
in black correspond to ST2, ST5, ST23, ST32, ST87, ST190, and STnovel.

3.4. Phenotypic Linezolid Resistance Differs by Mechanism

Eighty-three out of 129 clinical isolates showed the highest minimal inhibitory con-
centration (MIC) for linezolid of >256 mg/L. Overall, 73.64% (n = 95) of the isolates were
classified as high-level linezolid-resistant showing a MIC of >48 mg/L (Table 2).

Table 2. Minimal inhibitory concentration (MIC) of linezolid-resistant Staphylococcus epidermidis
(LRSE) isolates. Percentages are given in brackets.

Level of Linezolid

. MIC (mg/L) Number of LRSE Isolates
Resistance
>256 83 (64.3)
. 96 1(0.8)
high 64 8(6.2)
48 3(2.3)
32 21 (16.3)
) 24 1(0.8)
ow 16 9(7.0)
8 3(2.3)
Total 129 (100.0)

Besides linezolid, all isolates except for one were methicillin-resistant. Additionally,
85.3% (n = 110) of the isolates were resistant to fluoroquinolones, whereas only one isolate
(0.8%) was tigecycline-resistant, and all were susceptible to vancomycin. Overall, the
proportion of high-level linezolid-resistant strains appeared to decrease over the years
(Figure 2a). Interestingly, the level of linezolid resistance (high/low) could be associated
with the year of sampling (p < 0.0001). In contrast, no correlation between the resistance
level (high/low) to linezolid with the occurrence of more than one resistance mechanism
was found. In addition, no correlation with the level of phenotypical linezolid resistance



Microorganisms 2021, 9, 1023

7 of 12

and the administration of linezolid in the past year was present. However, the presence
of the cfr gene in isolates phenotypically showed significantly (p < 0.0005) higher MICs
for linezolid than non-cfr-carrying isolates (Figure 2b). High-level linezolid resistance was
present in 71.6% (n = 68) of ST2, 80.7% (n = 25) of ST5, 100% (n = 1) of ST23, and 33.3% of
STnovel (n = 3) strains, showing no significant association between resistance level and ST.
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Figure 2. Phenotypically high linezolid resistance levels and minimal inhibitory concentrations (MIC).
(a) The total amount of high-level linezolid-resistant S. epidermidis (LRSE) as well as the percentage of
high-level LRSE decreased over the years. (b) Presence of cfr expressed phenotypically higher MIC
levels. MIC break points of cfr-carrying and non-cfr-carrying isolates were compared by Fisher’s
exact test (*** p < 0.001).

3.5. Type of Resistance Mechanism or ST Was Not Dependent on Linezolid Use

Around half (53.8%) of the patients with a cfr positive LRSE-infection received linezolid
within one year prior to the isolation of the causative pathogen (n = 14). The same ratio
was found within non-cfr-carrying isolates, where 47 out of 82 patients received linezolid
(57.3%), resulting in no significant difference between the two groups. Hereby, 2 out of
3 STnovel, 46 out of 83 ST2, and 13 out of 15 ST5 isolates could be associated with the
administration of linezolid. However, we found no significant correlation between strain
subtypes and the use of linezolid.

4. Discussion

In recent years, the surveillance of antimicrobial resistances by WGS has become a
useful and WHO-recommended tool to monitor the spread and dynamics of resistance
mechanisms in bacteria [35]. Here, we investigated genetic resistance mechanisms and
respective phenotypes of 129 LRSE recovered from a cohort of patients receiving or not
receiving linezolid within a tertiary hospital in Innsbruck, Austria. Epidemiologically, the
gender distribution within our study population was significantly different compared to
the septic control group, concluding that the high frequency of LRSE in males is specific
and not only a reflection of the general hospitalization rate of elderly patients.

Isolated LRSE showed at least one putative AMR marker recovery and variant calling.
Of note, the 23S rRNA gene can occur several times in a bacterial genome; short-read
assemblies may not accurately reflect all gene copies and variants present. In ARB SILVA,
five copies of the 23S rRNA gene in S. epidermidis (ATCC 12228) can be found. To our
knowledge, this study investigated the largest number of LRSE isolates regarding their
AMR markers against linezolid (n = 129). WGS identified the known point mutation
G2603U (S. aureus numbering) in the 235 rRNA gene (1 = 91) as the most common resistance
mechanism, followed by the presence of the cfr gene (n = 30). Susceptible isolates (1 = 17)
did not harbor any AMR markers. As the point mutation G2603U in the 23S rRNA after
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S. aureus numbering is equivalent to the well described G2576U point mutation after
E. coli numbering [36], our study confirms several reports presenting this specific point
mutation to be the most prominent AMR marker for linezolid resistance in Gram-positive
bacteria [10-13,37-40]. Remarkably, the G2576U mutation was the only known point
mutation in the 235 rRNA region within our study population. Regarding the presence of
genes affecting the susceptibility of bacteria to linezolid, only cfr combined with a point
mutation, but no optrA or poxtA was identified in 129 LRSE isolates. In line with our
findings, a study conducted in the United States analyzed 31 LRSE isolated from blood
cultures of cancer patients by WGS and linked the presence of cfr and mutations in the 23S
rRNA (C2576U), L3, and L4 in all isolates to linezolid resistance [41].

We further briefly explored the set of markers and their association with resistance
by in silico modeling. For intuition, known markers L3 H146Q), cfr, EmrE, and 23S rRNA
G2603U were used with and without all novel variants, occurring more than once, in R/S
modeling. The decision tree achieved an accuracy of 97.26% with the entire set and an
accuracy of 91.78% without the novel, putative markers. Factoring in the limited sample
size and imbalanced distribution of LRSE and LSSE isolates, the models confirm the strong
link between known markers and linezolid resistance in agreement with previous findings.
Regression analysis identified a total of five, to our knowledge, novel variants associated
with linezolid resistance in S. epidermidis including A131G, G262U, G1256U, G1273A,
and A2395AG.

Multilocus sequence typing identified ST2 as dominant strains, followed by ST5,
whereas LSSE was diverse. In the literature, clonal occurrence of both ST2 and ST5 are
described. Bouiller and co-workers reported a clonal spread of LRSE within an intensive
care unit in Germany [42]. However, both dominant multilocus ST of our LRSE strains
are frequently associated with linezolid resistance, proposing the ability of these strains to
acquire and/or transmit resistance mechanisms.

Amongst several studies, the administration of linezolid has been identified as an in-
dependent risk factor for colonization, infection, and isolation with LRSE [42-45]. Selective
pressure promotes the survival of resistant strains, and an overgrowth of these facultative
pathogenic bacteria can lead to infections in critically ill or immunocompromised patients.
In line with the data, the majority of patients with LRSE at our hospital had received line-
zolid in the year prior to LRSE isolation (64%; n = 222 out of a total of n = 347). However,
linezolid resistance without prior administration of linezolid during hospitalization had
been reported in several other studies where up to 55% of patients with LRSE had no
history of linezolid use [44,46-48]. Correspondingly, in our patient population, 47 out of
347 individuals had not received linezolid. Noticeably, the G2576U mutation was demon-
strated to have a negative effect on the biological fitness of S. aureus, and a restoration of the
wild-type sequence was observed after cessation of exposure to linezolid [49]. In contrast,
cfr was shown to induce only low fitness cost in staphylococci, which suggests an easier
maintenance of the cfr gene compared to G2576U mutations [50]. Together with its frequent
location on mobile genetic elements, this provides a more favorable frame for the spread of
cfr amongst isolates not exposed to selective pressure by linezolid administration [4,51].
Our hypothesis was, thus, that the genetic profiles of strains isolated from patients without
prior linezolid administration would differ from those where the selective pressure was
apparent. However, in contrast to our hypothesis, no difference was found between the
genetic profiles of strains from patients without versus with linezolid application in the
year prior to isolation. This indicates a probable transmission of LRSE from one patient to
others. Furthermore, despite decreasing administration of linezolid at our institution, total
numbers of LRSE isolates increased. These results support the assumption that treatment
with linezolid is not the only factor contributing to the rise of linezolid-resistant Gram-
positive cocci [42,45]. While the administration of linezolid stays the driving force for
selection of resistant strains, our data support the significance of infection control measures
to prevent further spread of Gram-positive cocci resistant to linezolid.
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While, in our strains, the combination of more than one resistance mechanism per se
was not significantly associated with the expression of a high-level resistance phenotype,
we demonstrated that the level of resistance was significantly higher when cfr was part
of the combination. In our strains, ¢fr occurred only in combination with other resistance
mechanisms such as L3 H146Q or 23S rRNA G2603U, and was in all cases plasmid-derived.
It was experimentally shown that cfr alone renders staphylococci low-level linezolid re-
sistance, increasing the MIC to a range of 8 to 32 mg/L, while a combination with other
mechanisms elevated the MIC further [50]. The co-occurrence of cfr with any other linezolid
resistance mechanism was first demonstrated in 2010 [52] and has since been associated
with high level resistance when combined with other mechanisms, such as mutations in
domain V and in the ribosomal proteins L3 and L4 [14,41,53]. The presence of cfr is of
special concern as its common location on a plasmid enables the gene to be horizontally
transferred and comes with a low fitness cost for the organism [54,55]. While the clinical
impact and pathogenicity of LRSE varies greatly, the transfer of linezolid resistance genes
such as cfr to more pathogenic Gram-positive cocci may limit therapeutic options and
deteriorate patient outcome upon infection. Taken together, in our strains, cfr-carrying
isolates had higher MIC values than isolates without cfr, supporting the observation that
a combination of cfr with other mechanisms leads to the expression of a phenotype with
high-level resistance towards linezolid, which is of special relevance, as this resistance gene
may be transferred to other Gram-positive cocci.

5. Conclusions

In our collection of LRSE strains, a specific point mutation of the 23S rRNA (G2603U)
was the most common resistance mechanism followed by the presence of the cfr gene.
The cfr gene occurred only in combination with other resistance mechanisms, and cfr-
harboring isolates demonstrated higher phenotypic resistance levels compared to other
cfr-negative strains. Our LRSE strain collection showed a rather clonal population structure
with ST2 and ST5 being the most common sequence types. Linezolid administration
was identified as the most prominent trigger for the development of linezolid resistance.
However, other so far unknown sources exist. Thus, further studies are needed to reveal
these triggers. Finally, restriction of linezolid usage and the monitoring of plasmid-derived
cfr are potential key steps to reduce linezolid resistance and its transmission to more
pathogenic Gram-positive bacteria.
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single nucleotide polymorphisms (SNPs) within 235 rRNA mutations causing resistance to linezolid
in Staphylococcus epidermidis.

Author Contributions: Conceptualization, M.A K., ] W. and D.O.-H.; Methodology, M.B., KM. and
S.L.; Software, M.A.; Validation, M.A.K. and S.H.; Formal Analysis, S.B. and S.H.; Investigation,
KM, S.L, M.AK. and S.H.; Resources, ].W. and D.O.-H.; Data Curation, M.A K. and S.H.; Writing—
Original Draft Preparation, S.B., M.A K. and S.H.; Writing—Review & Editing, M.B, RW., A.B., V.W.,
A.EP, KM, SL., M.A, S.B., JW, D.O.-H., M.A K. and S.H.; Visualization, S.B., M.A. and S.H.;
Supervision, D.O.-H.; Project Administration, ].W. and D.O.-H.; Funding Acquisition, D.O.-H., VW.
and A.B. All authors have read and agreed to the published version of the manuscript.

Funding: The study was conducted as part of the Bridge project “Advanced Pathogen Detection
in Blood Stream Infection” (Project Number: 871243), a project funded by the Austrian Research
Promotion Agency (FFG).

Institutional Review Board Statement: This retrospective study was conducted from clinical data. In
advance, an extensive consultation with the ethics committee of the Medical University of Innsbruck,
Austria, approved that no ethical vote is required.


https://www.mdpi.com/article/10.3390/microorganisms9051023/s1
https://www.mdpi.com/article/10.3390/microorganisms9051023/s1

Microorganisms 2021, 9, 1023 10 of 12

Informed Consent Statement: Not applicable.

Data Availability Statement: S. epidermidis sequencing data have been deposited in the National
Center for Biotechnology Information (NCBI) under Bioproject ID PRINA720857. Additional data
provided upon request to the corresponding author.

Acknowledgments: We want to thank our technicians Elisa Frezzini and Maria Wieser for cultivating
our isolates and extracting clinical routine data from our system. Additionally, we thank Camilla
Bellmann who helped with reading medical records to identify the use of linezolid on a patient.
Furthermore, we would like to acknowledge the HOROS PhD Program for supporting parts of
this work.

Conflicts of Interest: A.EP, KM, S.L., M.A,, S.B., and ].W. are employees of Ares Genetics. All other
authors declare no conflict of interest.

References

1. Otto, M. Staphylococcus epidermidis—The “accidental” pathogen. Nat. Rev. Microbiol. 2009, 7, 555-567. [CrossRef]

2. Becker, K.; Heilmann, C.; Peters, G. Coagulase-negative staphylococci. Clin. Microbiol. Rev. 2014, 27, 870-926. [CrossRef]

3. Meéric, G.; Miragaia, M.; de Been, M.; Yahara, K.; Pascoe, B.; Mageiros, L.; Mikhail, J.; Harris, L.G.; Wilkinson, T.S.; Rolo, J.; et al.
Ecological Overlap and Horizontal Gene Transfer in Staphylococcus aureus and Staphylococcus epidermidis. Genome Biol. Evol.
2015, 7, 1313-1328. [CrossRef] [PubMed]

4. Mendes, R.E,; Deshpande, L.M.; Jones, R.N. Linezolid update: Stable in vitro activity following more than a decade of clinical use
and summary of associated resistance mechanisms. Drug Resist. Updat. Rev. Comment. Antimicrob. Anticancer Chemother. 2014, 17,
1-12. [CrossRef] [PubMed]

5. Nathwani, D.; Davey, P.G.; Marwick, C.A. MRSA: Treating people with infection. BM]J Clin. Evid. 2010, 10, 922.

6. Swaney, S.M.; Aoki, H.; Ganoza, M.C.; Shinabarger, D.L. The oxazolidinone linezolid inhibits initiation of protein synthesis in
bacteria. Antimicrob. Agents Chemother. 1998, 42, 3251-3255. [CrossRef] [PubMed]

7. Mendes, R.E.; Deshpande, L.; Streit, ] M.; Sader, H.S.; Castanheira, M.; Hogan, P.A.; Flamm, R.K. ZAAPS programme results for
2016: An activity and spectrum analysis of linezolid using clinical isolates from medical centres in 42 countries. J. Antimicrob.
Chemother. 2018, 73, 1880-1887. [CrossRef]

8.  Pfaller, M.A.; Mendes, R.E,; Streit, ] M.; Hogan, P.A.; Flamm, R K. Five-Year Summary of In Vitro Activity and Resistance
Mechanisms of Linezolid against Clinically Important Gram-Positive Cocci in the United States from the LEADER Surveillance
Program (2011 to 2015). Antimicrob. Agents Chemother. 2017, 61, e00609-17. [CrossRef] [PubMed]

9.  Eliopoulos, G.M.; Meka, V.G.; Gold, H.S. Antimicrobial Resistance to Linezolid. Clin. Infect. Dis. 2004, 39, 1010-1015. [CrossRef]

10. Wong, A.; Reddy, S.P; Smyth, D.S.; Aguero-Rosenfeld, M.E.; Sakoulas, G.; Robinson, D.A. Polyphyletic emergence of linezolid-
resistant staphylococci in the United States. Antimicrob. Agents Chemother. 2010, 54, 742-748. [CrossRef]

11.  Zhu, W,; Tenover, EC.; Limor, J.; Lonsway, D.; Prince, D.; Dunne, W.M.].; Patel, ].B. Use of pyrosequencing to identify point
mutations in domain V of 23S rRNA genes of linezolid-resistant Staphylococcus aureus and Staphylococcus epidermidis. Eur. ]. Clin.
Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2007, 26, 161-165. [CrossRef] [PubMed]

12. Cidral, T.A.; Carvalho, M.C.; Figueiredo, A.M.S.; de Melo, M.C.N. Emergence of methicillin-resistant coagulase-negative
staphylococci resistant to linezolid with rRNA gene C2190T and G2603T mutations. APMIS 2015, 123, 867-871. [CrossRef]
[PubMed]

13. Lincopan, N.; de Almeida, L.M.; de Araujo, M.E.; Mamizuka, E.M. Linezolid resistance in Staphylococcus epidermidis associated
with a G2603T mutation in the 23S rRNA gene. Int. |. Antimicrob. Agents 2009, 34, 281-282. [CrossRef]

14. Mendes, R.E.; Deshpande, L.M.; Farrell, D.J.; Spanu, T.; Fadda, G.; Jones, R.N. Assessment of linezolid resistance mechanisms
among Staphylococcus epidermidis causing bacteraemia in Rome, Italy. J. Antimicrob. Chemother. 2010, 65, 2329-2335. [CrossRef]
[PubMed]

15. Escribano, I.; Rodriguez, J.C.; Llorca, B.; Garcia-Pachon, E.; Ruiz, M.; Royo, G. Importance of the Efflux Pump Systems in the
Resistance of Mycobacterium tuberculosis to Fluoroquinolones and Linezolid. Chemotherapy 2007, 53, 397-401. [CrossRef] [PubMed]

16. Mulanovich, V.E.; Huband, M.D.; McCurdy, S.P.; Lemmon, M.M.; Lescoe, M.; Jiang, Y.; Rolston, K.V.I; LaSala, P.R. Emergence of
linezolid-resistant coagulase-negative Staphylococcus in a cancer centre linked to increased linezolid utilization. J. Antimicrob.
Chemother. 2010, 65, 2001-2004. [CrossRef] [PubMed]

17.  Bonilla, H.; Huband, M.D.; Seidel, J.; Schmidt, H.; Lescoe, M.; McCurdy, S.P.; Lemmon, M.M.; Brennan, L.A.; Tait-Kamradst,
A.; Puzniak, L.; 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. [CrossRef]

18.  Wang, Y,; Zhang, W.; Wang, J.; Wu, C.; Shen, Z,; Fu, X,; Yan, Y.; Zhang, Q.; Schwarz, S.; Shen, ]. Distribution of the multidrug

resistance gene cfr in Staphylococcus species isolates from swine farms in China. Antimicrob. Agents Chemother. 2012, 56,
1485-1490. [CrossRef]


http://doi.org/10.1038/nrmicro2182
http://doi.org/10.1128/CMR.00109-13
http://doi.org/10.1093/gbe/evv066
http://www.ncbi.nlm.nih.gov/pubmed/25888688
http://doi.org/10.1016/j.drup.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24880801
http://doi.org/10.1128/AAC.42.12.3251
http://www.ncbi.nlm.nih.gov/pubmed/9835522
http://doi.org/10.1093/jac/dky099
http://doi.org/10.1128/AAC.00609-17
http://www.ncbi.nlm.nih.gov/pubmed/28483950
http://doi.org/10.1086/423841
http://doi.org/10.1128/AAC.00621-09
http://doi.org/10.1007/s10096-007-0261-0
http://www.ncbi.nlm.nih.gov/pubmed/17393201
http://doi.org/10.1111/apm.12426
http://www.ncbi.nlm.nih.gov/pubmed/26227107
http://doi.org/10.1016/j.ijantimicag.2009.02.023
http://doi.org/10.1093/jac/dkq331
http://www.ncbi.nlm.nih.gov/pubmed/20841419
http://doi.org/10.1159/000109769
http://www.ncbi.nlm.nih.gov/pubmed/17934259
http://doi.org/10.1093/jac/dkq238
http://www.ncbi.nlm.nih.gov/pubmed/20581120
http://doi.org/10.1086/656281
http://doi.org/10.1128/AAC.05827-11

Microorganisms 2021, 9, 1023 11 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

Tewhey, R.; Gu, B.; Kelesidis, T.; Charlton, C.; Bobenchik, A.; Hindler, J.; Schork, N.J.; Humphries, R.M. Mechanisms of linezolid
resistance among coagulase-negative staphylococci determined by whole-genome sequencing. MBio 2014, 5, €00894-14. [CrossRef]
[PubMed]

Bender, J.; Strommenger, B.; Steglich, M.; Zimmermann, O.; Fenner, I.; Lensing, C.; Dagwadordsch, U.; Kekulé, A.S.; Werner, G.;
Layer, F. Linezolid resistance in clinical isolates of Staphylococcus epidermidis from German hospitals and characterization of two
cfr-carrying plasmids. J. Antimicrob. Chemother. 2015, 70, 1630-1638. [CrossRef] [PubMed]

Dortet, L.; Glaser, P.; Kassis-Chikhani, N.; Girlich, D.; Ichai, P.; Boudon, M.; Samuel, D.; Creton, E.; Imanci, D.; Bonnin, R.; 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. [CrossRef] [PubMed]

EUCAST Disk Diffusion—Manual v 2.0 to v 7.0. Available online: https://www.eucast.org/ast_of_bacteria/previous_versions_
of documents/ (accessed on 21 January 2021).

EUCAST Clinical Breakpoints—Bacteria v 2.0 to v 9.0. Available online: https://www.eucast.org/ast_of_bacteria/previous_
versions_of_documents/ (accessed on 29 January 2021).

Lepuschitz, S.; Weinmaier, T.; Mrazek, K.; Beisken, S.; Weinberger, J.; Posch, A.E. Analytical Performance Validation of Next-
Generation Sequencing Based Clinical Microbiology Assays Using a K-mer Analysis Workflow. Front. Microbiol. 2020, 11, 1883.
[CrossRef]

Wood, D.E; Ly, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, 20, 257. [CrossRef]
Ferreira, I.; Beisken, S.; Lueftinger, L.; Weinmaier, T.; Klein, M.; Bacher, J.; Patel, R.; von Haeseler, A.; Posch, A.E. Species
Identification and Antibiotic Resistance Prediction by Analysis of Whole-Genome Sequence Data by Use of ARESdb: An Analysis
of Isolates from the Unyvero Lower Respiratory Tract Infection Trial. ]. Clin. Microbiol. 2020, 58, €00273-20. [CrossRef] [PubMed]
Meka, V.G.; Gold, H.S.; Cooke, A.; Venkataraman, L.; Eliopoulos, G.M.; Moellering Jr, R.C.; Jenkins, S.G. Reversion to susceptibility
in a linezolid-resistant clinical isolate of Staphylococcus aureus. J. Antimicrob. Chemother. 2004, 54, 818-820. [CrossRef]

Larkin, M.A; Blackshields, G.; Brown, N.P,; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, LM.; Wilm, A.;
Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947-2948. [CrossRef] [PubMed]

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef] [PubMed]

Broad Institute. GitHub Repository Picard Toolkit. Available online: http://broadinstitute.github.io/picard/ (accessed on 11
May 2020).

Li, H. A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter
estimation from sequencing data. Bioinformatics 2011, 27, 2987-2993. [CrossRef] [PubMed]

Seemann, T. mlst Github. Available online: https://github.com/tseemann/mlst (accessed on 1 May 2020).

Katz, L.; Griswold, T.; Morrison, S.; Caravas, J.; Zhang, S.; Bakker, H.; Deng, X.; Carleton, H. Mashtree: A rapid comparison of
whole genome sequence files. J. Open Source Softw. 2019, 4, 1762. [CrossRef]

Huber, S.; Weinberger, J.; Pilecky, M.; Lorenz, I.; Schildberger, A.; Weber, V.; Fuchs, S.; Posch, W.; Knabl, L.; Wiirzner, R.; et al. A
high leukocyte count and administration of hydrocortisone hamper PCR-based diagnostics for bloodstream infections. Eur. |.
Clin. Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2021. [CrossRef]

GLASS Whole-Genome Sequencing for Surveillance of Antimicrobial Resistance; World Health Organization: Geneva, Switzerland,
2020; License: CC BY-NC-SA 3.0 IGO.

Endimiani, A.; Blackford, M.; Dasenbrook, E.C.; Reed, M.D.; Bajaksouszian, S.; Hujer, A.M.; Rudin, S.D.; Hujer, K.M.; Perreten, V.;
Rice, L.B.; et al. Emergence of linezolid-resistant Staphylococcus aureus after prolonged treatment of cystic fibrosis patients in
Cleveland, Ohio. Antimicrob. Agents Chemother. 2011, 55, 1684-1692. [CrossRef] [PubMed]

Locke, ].B.; Hilgers, M.; Shaw, K.J. Novel ribosomal mutations in Staphylococcus aureus strains identified through selection with
the oxazolidinones linezolid and torezolid (TR-700). Antimicrob. Agents Chemother. 2009, 53, 5265-5274. [CrossRef] [PubMed]
Morroni, G.; Brenciani, A.; Vincenzi, C.; Barocci, S.; Tili, E.; Manso, E.; Mingoia, M.; Menzo, S.; Varaldo, P.E.; Giovanetti, E. A
clone of linezolid-resistant Staphylococcus epidermidis bearing the G2576T mutation is endemic in an Italian hospital. ]. Hosp. Infect.
2016, 94, 203-206. [CrossRef]

Ishiwada, N.; Takaya, A.; Kimura, A.; Watanabe, M.; Hino, M.; Ochiai, H.; Matsui, M.; Shibayama, K.; Yamamoto, T. Linezolid-
resistant Staphylococcus epidermidis associated with long-term, repeated linezolid use in a pediatric patient. J. Infect. Chemother. Off.
J. Japan Soc. Chemother. 2016, 22, 187-190. [CrossRef] [PubMed]

Musumeci, R.; Calaresu, E.; Gerosa, J.; Oggioni, D.; Bramati, S.; Morelli, P.; Mura, I; Piana, A.; Are, B.M.; Cocuzza, C.E. Resistance
to linezolid in Staphylococcus spp. clinical isolates associated with ribosomal binding site modifications: Novel mutation in
domain V of 23S rRNA. New Microbiol. 2016, 39, 269-273. [PubMed]

Li, X.; Arias, C.A.; Aitken, S.L.; Galloway Pefia, J.; Panesso, D.; Chang, M.; Diaz, L.; Rios, R.; Numan, Y.; Ghaoui, S.; et al.
Clonal Emergence of Invasive Multidrug-Resistant Staphylococcus epidermidis Deconvoluted via a Combination of Whole-Genome
Sequencing and Microbiome Analyses. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2018, 67, 398-406. [CrossRef]

Bouiller, K,; Ilic, D.; Wicky, P.H.; Cholley, P.; Chirouze, C.; Bertrand, X. Spread of clonal linezolid-resistant Staphylococcus epidermidis
in an intensive care unit associated with linezolid exposure. Eur. ]. Clin. Microbiol. Infect. Dis. Off. Publ. Eur. Soc. Clin. Microbiol.
2020, 39, 1271-1277. [CrossRef] [PubMed]


http://doi.org/10.1128/mBio.00894-14
http://www.ncbi.nlm.nih.gov/pubmed/24915435
http://doi.org/10.1093/jac/dkv025
http://www.ncbi.nlm.nih.gov/pubmed/25740949
http://doi.org/10.1093/jac/dkx370
http://www.ncbi.nlm.nih.gov/pubmed/29092052
https://www.eucast.org/ast_of_bacteria/previous_versions_of_documents/
https://www.eucast.org/ast_of_bacteria/previous_versions_of_documents/
https://www.eucast.org/ast_of_bacteria/previous_versions_of_documents/
https://www.eucast.org/ast_of_bacteria/previous_versions_of_documents/
http://doi.org/10.3389/fmicb.2020.01883
http://doi.org/10.1186/s13059-019-1891-0
http://doi.org/10.1128/JCM.00273-20
http://www.ncbi.nlm.nih.gov/pubmed/32295890
http://doi.org/10.1093/jac/dkh423
http://doi.org/10.1093/bioinformatics/btm404
http://www.ncbi.nlm.nih.gov/pubmed/17846036
http://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://broadinstitute.github.io/picard/
http://doi.org/10.1093/bioinformatics/btr509
http://www.ncbi.nlm.nih.gov/pubmed/21903627
https://github.com/tseemann/mlst
http://doi.org/10.21105/joss.01762
http://doi.org/10.1007/s10096-020-04126-w
http://doi.org/10.1128/AAC.01308-10
http://www.ncbi.nlm.nih.gov/pubmed/21263048
http://doi.org/10.1128/AAC.00871-09
http://www.ncbi.nlm.nih.gov/pubmed/19752277
http://doi.org/10.1016/j.jhin.2016.07.012
http://doi.org/10.1016/j.jiac.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26603427
http://www.ncbi.nlm.nih.gov/pubmed/27727405
http://doi.org/10.1093/cid/ciy089
http://doi.org/10.1007/s10096-020-03842-7
http://www.ncbi.nlm.nih.gov/pubmed/32060752

Microorganisms 2021, 9, 1023 12 of 12

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Trevifio, M.; Martinez-Lamas, L.; Romero-Jung, P.A.; Giraldez, ].M.; Alvarez-Escudero, J.; Regueiro, B.]. Endemic linezolid-
resistant Staphylococcus epidermidis in a critical care unit. Eur. J. Clin. Microbiol. Infect. Dis. 2009, 28, 527-533. [CrossRef]
Liakopoulos, A.; Spiliopoulou, I.; Damani, A.; Kanellopoulou, M.; Schoina, S.; Papafragas, E.; Marangos, M.; Fligou, E;
Zakynthinos, E.; Makris, D.; et al. Dissemination of two international linezolid-resistant Staphylococcus epidermidis clones in Greek
hospitals. J. Antimicrob. Chemother. 2010, 65, 1070-1071. [CrossRef]

Bouiller, K.; Bador, J.; Bruyere, R.; Toitot, A.; Prin, S.; Quenot, J.-P; Charles, P.-E. Recent exposure to linezolid is strongly associated
with the isolation of linezolid-resistant coagulase-negative staphylococci in patients with related infection or colonisation: A
case—control study in an intensive care unit. Int. J. Antimicrob. Agents 2017, 50, 693-694. [CrossRef]

Kelly, S.; Collins, J.; Maguire, M.; Gowing, C.; Flanagan, M.; Donnelly, M.; Murphy, P.G. An outbreak of colonization with
linezolid-resistant Staphylococcus epidermidis in an intensive therapy unit. J. Antimicrob. Chemother. 2008, 61, 901-907. [CrossRef]
[PubMed]

Seral, C.; Sdenz, Y.; Algarate, S.; Duran, E.; Luque, P.; Torres, C.; Castillo, FJ. Nosocomial outbreak of methicillin- and linezolid-
resistant Staphylococcus epidermidis associated with catheter-related infections in intensive care unit patients. Int. . Med. Microbiol.
2011, 301, 354-358. [CrossRef]

Russo, A.; Campanile, F.; Falcone, M.; Tascini, C.; Bassetti, M.; Goldoni, P.; Trancassini, M.; Della Siega, P.; Menichetti, F; Stefani,
S.; et al. Linezolid-resistant staphylococcal bacteraemia: A multicentre case-case-control study in Italy. Int. ]. Antimicrob. Agents
2015, 45, 255-261. [CrossRef]

Besier, S.; Ludwig, A.; Zander, J.; Brade, V.; Wichelhaus, T.A. Linezolid resistance in Staphylococcus aureus: Gene dosage effect,
stability, fitness costs, and cross-resistances. Antimicrob. Agents Chemother. 2008, 52, 1570-1572. [CrossRef]

LaMarre, J.; Mendes, R.E.; Szal, T.; Schwarz, S.; Jones, R.N.; Mankin, A.S. The genetic environment of the cfr gene and the presence
of other mechanisms account for the very high linezolid resistance of Staphylococcus epidermidis isolate 426-3147L. Antimicrob.
Agents Chemother. 2013, 57, 1173-1179. [CrossRef]

Shen, J.; Wang, Y.; Schwarz, S. Presence and dissemination of the multiresistance gene cfr in Gram-positive and Gram-negative
bacteria. |. Antimicrob. Chemother. 2013, 68, 1697-1706. [CrossRef] [PubMed]

Locke, ].B.; Morales, G.; Hilgers, M.; Kedar, G.C.; Rahawi, S.; Picazo, ].J.; Shaw, K.].; Stein, J.L. Elevated linezolid resistance in
clinical cfr-positive Staphylococcus aureus isolates is associated with co-occurring mutations in ribosomal protein L3. Antimicrob.
Agents Chemother. 2010, 54, 5352-5355. [CrossRef] [PubMed]

Baos, E.; Candel, E]J.; Merino, P; Pena, I; Picazo, ].J. Characterization and monitoring of linezolid-resistant clinical isolates
of Staphylococcus epidermidis in an intensive care unit 4 years after an outbreak of infection by cfr-mediated linezolid-resistant
Staphylococcus aureus. Diagn. Microbiol. Infect. Dis. 2013, 76, 325-329. [CrossRef] [PubMed]

Ruiz de Gopegui, E.; Juan, C.; Zamorano, L.; Pérez, J.L.; Oliver, A. Transferable multidrug resistance plasmid carrying cfr
associated with tet (L), ant (4')-la, and dfrK genes from a clinical methicillin-resistant Staphylococcus aureus ST125 strain.
Antimicrob. Agents Chemother. 2012, 56, 2139-2142. [CrossRef]

Song, Y.; Lv, Y;; Cui, L.; Li, Y;; Ke, Q.; Zhao, Y. cfr-mediated linezolid-resistant clinical isolates of methicillin-resistant coagulase-
negative staphylococci from China. J. Glob. Antimicrob. Resist. 2017, 8, 1-5. [CrossRef] [PubMed]


http://doi.org/10.1007/s10096-008-0657-5
http://doi.org/10.1093/jac/dkq065
http://doi.org/10.1016/j.ijantimicag.2017.08.026
http://doi.org/10.1093/jac/dkn043
http://www.ncbi.nlm.nih.gov/pubmed/18272512
http://doi.org/10.1016/j.ijmm.2010.11.001
http://doi.org/10.1016/j.ijantimicag.2014.12.008
http://doi.org/10.1128/AAC.01098-07
http://doi.org/10.1128/AAC.02047-12
http://doi.org/10.1093/jac/dkt092
http://www.ncbi.nlm.nih.gov/pubmed/23543608
http://doi.org/10.1128/AAC.00714-10
http://www.ncbi.nlm.nih.gov/pubmed/20837755
http://doi.org/10.1016/j.diagmicrobio.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23726146
http://doi.org/10.1128/AAC.06042-11
http://doi.org/10.1016/j.jgar.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27865985

	Introduction 
	Materials and Methods 
	Clinical Isolates, Identification, and Antimicrobial Susceptibility Testing 
	DNA Extraction, Library Preparation, and Whole Genome Sequencing of Isolates 
	NGS Data Processing 
	Detection of Linezolid Resistance-Associated Genes and Mutations 
	Phylogenetic Computations/Multilocus Sequence Typing 
	Data Collection 
	Statistical Analysis 

	Results 
	Patients Characteristics 
	Mechanisms of Resistance to Linezolid Mainly Based on Mutations of the 23S rRNA in ST2 Isolates 
	Novel Variants in the 23S rRNA Linked to Linezolid Resistance 
	Phenotypic Linezolid Resistance Differs by Mechanism 
	Type of Resistance Mechanism or ST Was Not Dependent on Linezolid Use 

	Discussion 
	Conclusions 
	References

