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Background: Despite 10 years of clinical use, linezolid resistance in Staphylococcus aureus and coagulase-
negative staphylococci (CoNS) is still a rare phenomenon. This study reports the mechanisms of resistance
and strain types seen in clusters of linezolid-resistant CoNS from two different hospitals in Italy during the
period 2008-09.

Methods: Genes associated with linezolid resistance were subjected to molecular analysis and isolates were
characterized by PFGE macrorestriction analysis using Smal.

Results: Thirty-three linezolid-resistant isolates of methicillin-resistant CoNS comprising Staphylococcus
epidermidis (24), Staphylococcus hominis (5) and Staphylococcus simulans (4) were studied. The isolates
showed varying levels of linezolid resistance. Almost all isolates for which linezolid MICs were 64 mg/L
possessed point mutations in domain V of 23S rRNA, while isolates for which the MICs were 256 mg/L expressed
methylase activity at position A2503 mediated by the cfr gene. Overall, the isolates showed reduced
susceptibility to vancomycin (MICs 1-2 mg/L) and 11 of the 33 isolates showed no susceptibility to teicoplanin.
These strains were also resistant to chloramphenicol (28 of 33), lincomycin (24 of 33), erythromycin (17 of 33)
and quinupristin/dalfopristin (13 of 33). S. epidermidis isolates, showing mutations or methylase modifications,
belonged to different PFGE profiles and to two different sequence types (ST2 and ST23), in which the cfr gene
was carried on a plasmid of ~50 kb.

Conclusions: Clinical CoNS strains with resistance to linezolid and other second-line antibiotics, as well as
reduced susceptibility to glycopeptides, have emerged in Italy.
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Introduction

Linezolid, the first oxazolidinone to be used clinically, is still effec-
tive in the treatment of infections caused by various Gram-
positive pathogens, including multidrug-resistant enterococci
and methicillin-resistant Staphylococcus aureus. It has been
used successfully for the treatment of patients with bacterae-
mia, osteomyelitis, joint infections and tuberculosis; it is often
used for treatment of complicated infections, including endocar-
ditis, when other therapies have failed.

Although linezolid resistance in Gram-positive cocci has been
encountered in the clinical setting and has also been selected in
vitro, it is still a rare phenomenon. Epidemiological data show
that it occurs in <1% of S. aureus isolates and <0.1% of
coagulase-negative staphylococci (CoNS) in the USA®?® and
0.4% and 0.3% of S. aureus and CoNS, respectively, in Germany.*

Resistance to this antibiotic has been, until recently, principally
associated with distinct nucleotide substitutions in domain V of
the 23S rRNA gene, arising in at least two copies of the rRNA
operons, with a stepwise increase due to successive accumulation
of single point mutations.>® Post-transcriptional methylation of
A2503 in the 23S rRNA by the horizontally transferred cfr gene,
recently described in clinical isolates and derived from staphylo-
cocci of animal origin, added concern about the possible high
transmission of linezolid resistance among clinical isolates.” In
rare cases, mutations in L4 and, recently, L3 proteins, due to
their proximity to regions that interact closely with the oxazolidi-
none binding site, have been associated with resistance.~1°

During 2008-09, two hospitals in Italy found CoNS isolates
that appeared less susceptible and/or resistant to linezolid. This
prompted us to examine these strains and to characterize
them at the molecular level.
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Materials and methods

CoNS strains and antibiotic resistance tests

The activity of linezolid and comparator agents was evaluated against 33
CoNS clinical isolates (24 Staphylococcus epidermidis, 4 Staphylococcus
simulans and 5 Staphylococcus hominis), obtained from 29 hospitalized
patients. Twenty-eight isolates were from blood and five were from
central venous catheters. The isolates, recovered during 2008-09,
came from three intensive care units and one emergency room of two
Italian hospitals, where they were initially detected as strains ‘not sus-
ceptible’ to linezolid by routine laboratory Vitek testing. All isolates
were identified by biochemical tests (API-Staph system; bioMérieux SA,
Marcy U'Etoile, France) and confirmed by the sequencing of an internal
fragment of the 16S rRNA gene, as previously described.!?

MICs of linezolid (Pfizer Pharma, Milan, Italy), oxacillin, erythromycin,
clindamycin, lincomycin, vancomycin, teicoplanin, chloramphenicol, qui-
nupristin/dalfopristin (all obtained as pure powders for analysis from
Sigma Aldrich, Milan, Italy) and daptomycin (Novartis Pharma, Basel,
Switzerland) were determined using the microdilution method, in accord-
ance with CLSI guidelines (2010).!? The EUCAST quidelines were also
used for comparison.!?

Genome analyses

PFGE macrorestriction analysis was performed with Smal (New England
Biolabs, Ipswich, MA, USA) following a modified protocol previously
reported.’' Similarities between macrorestriction patterns were ident-
ified according to established criteria.’® For long-term evaluation the
comparison of similarities between groups was performed using the
type strain of each PFGE profile at each time frame as an internal stan-
dard. For the multilocus sequence typing (MLST) scheme, PCR conditions
and sequencing followed the instructions given at http:/sepidermidis.
mist.net. Numbers for alleles and sequence types (STs) were assigned
according to the S. epidermidis MLST database.

PCR of the resistance determinants

Chromosomal extraction of whole genomic DNA was performed
as previously described.'? All strains were screened for the presence of

mecA (PBP2A),'® cfr,'” erm(A), erm(B), erm(C), vga, vgb, vat, vat(B) and
cat genes.®

The SCCmec cassettes were first determined by a multiplex PCR proto-
col previously described, and assigned to the corresponding types. Further-
more, the results were confirmed by different multiplex PCR protocols,
focusing on the mec gene complex and the ccr gene complex.’®1? PCR
and multiplex PCR amplifications were performed in a Biometra T3000
Thermal Cycler (M-medical Srl, 20010 Cornaredo, Milan, Italy)

Testing for the presence of linezolid resistance mutations

Domain V of the 23S rRNA gene was amplified by PCR using the primers
V1—GCGGTCGCCTCCTAAAAG and V2—ATCCCGGTCCTCTCGTACTA. The
420 bp amplicons were treated with restriction enzyme Nhel and ana-
lysed by agarose gel electrophoresis to confirm the absence/presence
of the most frequent mutation G2576T, which generates a new Nhel
site.” Fragments were also sequenced for confirmation. PCR and
sequence analysis were also performed in order to identify possible
mutations in rplD, V and C genes, encoding, respectively, L4, L22 and
L3 proteins, as described previously.?°

Results

All 33 linezolid-resistant CoNS isolates were methicillin resistant.
Table 1 summarizes the putative mechanisms responsible for
linezolid resistance and the presence in these strains of other
resistance determinants that can alter regions adjacent to the
linezolid target, ultimately able to confer a multidrug resistance
phenotype involving different classes of antibiotic, i.e. oxazolidi-
nones, macrolides and chloramphenicol. All strains were also
characterized at the molecular level.

Three different mechanisms of resistance were found in the
S. epidermidis isolates. Seven isolates were found to have the
G2576T mutation in all ribosomal alleles of domain V of 23S
rRNA. All isolates were susceptible to erythromycin and were
lincomycin and chloramphenicol resistant. These strains were
clonally related, possessing the same pulsotype (L), belonging
to the international S. epidermidis clone ST2, and carried mec-

Table 1. Molecular characteristics of the linezolid-resistant CoNS isolates and relationship to the level of linezolid resistance

Linezolid-resistant ~ Mechanism of Linezolid MIC Associated PFGE mec complex
strains (n) linezolid resistance ma/L (n) Associated genes (n) resistance (n) profiles/ST class ccr types
S. epidermidis (7) G2576T 64 (6)-128 (1) vga (7) lincomycin (7) L/ST2 A A3Bs, A,B,, C
cat (7) chloramphenicol (7)
S. epidermidis (8) unknown 16 erm(A) (7) erythromycin (8) Al, A2, B A,B>
vga (8) lincomycin (8) A3/ST23
cat (3) chloramphenicol (7)
S. epidermidis (9) cfr 64 (2)-256 (7)  erm(A) (9) erm(C) (2) erythromycin (9) A1, A3/ST23 B A5B;
vga (9) lincomycin (9) Q/D (1)
cat (2) chloramphenicol (9)
S. hominis (5) G2576T >128 vga (5) lincomycin (5) H1, H2/ND mecA A;B;
chloramphenicol (1)
S. simulans (4) G2576T 64 vga (2) lincomycin (4) S1, S2/ND A AsBs, AB,

chloramphenicol (4)

Q/D, quinupristin/dalfopristin; ND, not defined.
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complex A and ccrA,B,, ccrA3Bs and ccrC recombinase genes, in
agreement with previously published data on the mec structure
of S. epidermidis.**

Eight S. epidermidis strains showed mutations neither in the
gene encoding domain V of the 23S rRNA nor the recently
described cfr gene. To look for the possible mechanism of resist-
ance, mutations in the genes responsible for L4, L22 or L3 pro-
teins were investigated. While the sequence of rplD showed
100% nucleotide identity with the corresponding gene of the
susceptible strain ATCC 12228, three mutations were found in
the rplV gene encoding the L22 protein. These three mutations
were not considered significant because they were not able to
alter the protein itself. In an attempt to find new mutations in
L3, a recently described protein involved in resistance to pleuro-
mutilins, one mutation (C363G) was found that was different
from the ATCC 12228 strain. Despite their susceptibility to quinu-
pristin/dalfopristin, these strains carried the vga gene together
with erm(A) and cat. These genes conferred resistance to ery-
thromycin, lincomycin and chloramphenicol. All isolates were
genotypically related (PFGE profiles A1, A2, A3) and belonged
to the international ST23 clone.

Nine isolates of S. epidermidis showed varying degrees of
resistance to linezolid, the MICs ranging from 64 (2/9) to
256 mg/L (7/9), by virtue of the methylation of A2503; this
methylase is codified by the cfr gene. These strains were also
resistant to erythromycin, lincomycin and chloramphenicol,
with one isolate additionally resistant to quinupristin/dalfopristin.
All isolates carried erm(A) and vga genes, while only two isolates
carried erm(C) and cat genes. These strains belonged to the ST23
clone. Preliminary results performed in our laboratory, showed
that the cfr gene is located on a plasmid of ~50kb in size
(data not shown).

In all S. epidermidis isolates shown to belong to ST23, methi-
cillin resistance was associated with the mec-complex B and
ccrA,B, recombinase genes.

The linezolid-resistant isolates also included two other CoNS
species, S. hominis and S. simulans. In both cases the G2576T
mutation was the only mutation found in all alleles and in
these strains, the vga gene was responsible for resistance to lin-
comycin and chloramphenicol.

All S. hominis strains belonged to closely related PFGE sub-
types (H1-H2), carrying only the mecA gene and ccrA;B; recom-
binase genes. All S. simulans strains belonged to similar PFGE
subtypes (S1-S2) and carried mec-complex A and ccrA,B, and
ccrAsBs recombinase genes (see Table 1).

Molecular investigation of these linezolid-resistant isolates
showed that all ST2 S. epidermidis were referred from a single out-
break involving six patients in one hospital, while linezolid-resistant
ST23 S. epidermidis carrying or not carrying the cfr gene were
repeatedly isolated in the second hospital, over the course of
1 year, and involved 14 different patients. The other CoNS isolates
were single isolates from different patients from the second
hospital and comprised five S. hominis and four S. simulans.

Table 2 shows the distribution of MICs of vancomycin, teicopla-
nin and daptomycin for all linezolid-resistant strains, with 27 of
the 33 strains showing MICs of 1-2 mg/L of vancomycin and an
even distribution of MICs of teicoplanin. Daptomycin MICs
ranged between 0.125 and 1 mg/L. Considering the EUCAST
breakpoints, 15 of the 33 strains were resistant to vancomycin
and 11 of the 33 strains resistant to teicoplanin; almost all

Table 2. MIC distribution of vancomycin, teicoplanin and daptomycin for
linezolid-resistant CoNS strains

Number of strains at the following concentrations (mg/L)

Antibiotics 0.125  0.25 0.5 1 2 4 8 16 32
Vancomycin 0 0 1 17 10 4 1 O 0
Teicoplanin 0 5 1 4 39 2 0
Daptomycin 10 11 4 8 0 0 0 O 0

strains are considered susceptible if CLSI breakpoints are used.
All linezolid-resistant  strains were strongly inhibited by
daptomycin.

Discussion

The first report of a clinical linezolid-resistant staphylococcal
strain came only 1 year after the introduction of linezolid?*’ and
since that time, resistant enterococci and staphylococci have
been isolated all around the world, even if only sporadically.?*?*
Linezolid resistance, as described in numerous reports, has been
mediated by mutations in 23S rRNA or other ribosomal protein
genes, implying the slow dissemination of resistance by these
mechanisms. However, the detection of a plasmid-borne
cfr-mediated linezolid resistance gene in staphylococci, recently
recovered from human specimens, adds a new dimension to
the threat to the clinical use of several antimicrobial classes,
including the oxazolidinones.

This article documents, for the first time to the best of our
knowledge, the isolation of linezolid-resistant CoNS in Italy. Our
results demonstrate different linezolid resistance mechanisms
in multiple CoNS strains, with mutations and methylase modifi-
cations being found in different lineages of S. epidermidis,
S. hominis and S. simulans. The linezolid-resistant S. epidermidis
isolates showed different PFGE subtype profiles, and belonged
to two different STs, namely ST2 and ST23, already described
in this species.”® The population structure of S. epidermidis was
initially described in a group of strains isolated from different
parts of the world,”® but the expansion of the MLST database
has changed this first description of the founder of the assign-
ment and the composition of the CC2 structure.’’ Further
studies of the population structure of this microorganism are
clearly needed; however, even if we do not know much concerning
the origins of these species, ST2 and ST23 are the most widely dis-
seminated clones®>?® both among linezolid-susceptible and
linezolid-resistant strains.

With regard to the other CoNS species, G2576T mutations
were found for the first time in S. hominis and S. simulans. All
these strains variably possessed other resistance determinants
conferring resistance to members of the macrolide, lincosamide,
streptogramin, ketolide and oxazolidinone (MLSKO) group.

We describe here the methylase modification mechanism
mediated by the cfr gene, which was first discovered in animal
isolates and subsequently found in clinical staphylococcal
strains. The presence of cfr conferred resistance to phenicols,
lincosamides, oxazolidinones, pleuromutilins and streptogramins
A (known as PhPLOS,A), but not to erythromycin, and thus differs
from rRNA methyltransferases. Resistance due to cfr was first
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discovered in 2000 during a surveillance study among staphylo-
cocci from animals.?® Since that time, five different human
staphylococcal isolates have been found, and at least three
different genetic organizations carrying the gene have been
described.” In our cfr-positive strains, a plasmid of ~50 kb in
size carries the gene and further studies are ongoing to comple-
tely characterize this genetic element in S. epidermidis. The
number of isolates will surely increase: a recent outbreak of
cfr-positive strains was recently described in Spain.?® Interest-
ingly, all the isolates reported here showed reduced susceptibility
to vancomycin and in almost half of the cases resistance to both
glycopeptides was observed; however, daptomycin retained full
activity against these strains.

Different mechanisms of linezolid resistance were found in
three CoNS species, i.e. S. epidermidis, S. hominis and S. simulans.
Together with the G2576T mutations, A2503 methylation
mediated by the cfr gene was found in different strains, and pre-
liminary results demonstrate that cfr is localized on a plasmid of
~50 kb. However, we were unable to detect any known mechan-
isms of linezolid resistance in a group of S. epidermidis isolates.

In conclusion, even if the mutations documented here still
appear to be sporadic, the recent acquisition of a linezolid resist-
ance mechanism based on a modification of A2503 and
mediated by the cfr gene localized on a transferable element,
indicates a potential to disseminate among Gram-positive
pathogenic strains. This gene, originally found in animal strains,
is now present clinically and therefore attention should be paid
to the fact that these strains might also be selected under treat-
ment with phenicols or macrolides; this could be due to
co-selection and might multiply the risk of development of
linezolid-resistant strains. Continuous judicious use of linezolid
and surveillance of resistance in staphylococci are needed to pre-
serve the therapeutic efficacy of this important antimicrobial.
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