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The excision of the staphylococcal chromosomal cassette mec (SCCrmec) from methicillin-resistant Staphylococcus
aureus (MRSA) strains results in methicillin-susceptible S. aureus (MSSA) strains. In order to determine the
proportion and diversity of multidrug-resistant MSSA (MR-MSSA) strains derived from MRSA strains, 247
mecA-negative isolates recovered in 60 French hospitals between 2002 and 2004 were characterized. The spa types
of all strains were determined, and a subset of the strains (n = 30) was further genotyped by multilocus sequence
typing. The IDI-MRSA assay was used to test the isolates for the presence of the SCCmec element, which was
detected in 68% of all isolates analyzed. Molecular analysis of the samples suggested that 92% of the MR-MSSA
isolates were derived from MRSA clones of diverse genetic backgrounds, of which the clone of sequence type 8 and
SCCmec type IV, accounted for most of the samples. High variations in incidence data and differences in the
molecular characteristics of the isolates from one hospital to another indicate that the emergence of MR-MSSA
resulted from independent SCCmec excisions from epidemic MRSA isolates, as well as the diffusion of methicillin-
susceptible strains after the loss of SCCmec. MR-MSSA could constitute a useful model for the study of the

respective genetic and environmental factors involved in the dissemination of S. aureus in hospitals.

In contrast to the vast amounts of data available on the
epidemiology of methicillin-resistant Staphylococcus aureus
(MRSA) strains, our knowledge of methicillin-susceptible S.
aureus (MSSA) strains recovered from hospitalized patients is
limited. Nonetheless, interest in MSSA has increased recently
since phylogenomic studies have shown that methicillin-resis-
tant staphylococci emerge from susceptible backgrounds after
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the acquisition of a staphylococcal chromosomal cassette har-
boring the mecA gene (2, 26, 27, 36, 40). So far, five types of
staphylococcal chromosomal cassette mec (SCCmec) have
been described among S. aureus isolates, and these types differ
by their epidemiological characteristics: strains with cassette
types I, II, and IIT are limited to isolates from hospital-ac-
quired infections, while type V has been reported in some
community-acquired strains, and type IV MRSA strains are
present in both categories (25, 33, 34).

MRSA is a worldwide problem associated with increased
morbidity and mortality among hospitalized patients; there-
fore, the identification of the factors influencing its diffusion in
hospitals is of great concern for the prevention of nosocomial
infections (7). Nevertheless, the causes of MRSA propagation
are still controversial, and contradictory conclusions have been
drawn from different studies (35). On the one hand, pandemic
clones belong to a few genetic lineages, and this argues strongly
for the existence of intrinsic epidemicity properties encoded by
genetic determinants (1, 32, 33, 36). On the other hand, some
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studies have focused on the acquisition of antibiotic resistance
by methicillin-resistant strains along with antibiotic consump-
tion in hospitals to explain the ability of these strains to spread
(31, 39). An important challenge is to determine whether ge-
netic elements could be involved in the dramatic spread of
epidemic clones or, conversely, if environmental factors, e.g.,
antibiotic use, are mainly responsible for the propagation of
MRSA (30, 41).

Staphylococcal chromosomal cassettes (SCCs) are mobile
elements which are able to insert into and to be excised from
the chromosome. We have recently shown that SCCmec exci-
sions occurred in an epidemic caused by MRSA clones in
French hospitals, resulting in MSSA isolates (11, 13). Deci-
phering the molecular basis of the MRSA strains and the
MRSA-derived MSSA strains would be of great interest for
comprehension of the epidemiology of S. aureus.

Excision of the SCC element can be complete or partial, in
which some elements are left behind at the aftB site, i.e., the
integration site of SCCmec in the S. aureus chromosome. Since
most hospital-acquired MRSA strains are resistant to multiple
drugs and contain determinants of resistance other than mecA,
isolates from which SCCmec is excised retain resistance to
antibiotics other than B-lactams (11, 13). Therefore, an un-
usual resistance phenotype of MSSA strains would be a good
marker for the detection of such strains. In this study, 247
MSSA isolates found to be resistant to two antibiotic families
have been characterized by molecular methods in order to
determine the diversity and estimate the proportion of MSSA
strains derived from MRSA strains. In order to determine
whether these isolates are able to spread, we have also com-
pared the incidence of multidrug-resistant MSSA (MR-MSSA)
strains along with their molecular characteristics in different
hospitals and their geographical distribution in continental re-
gions of France.

MATERIALS AND METHODS

Bacterial strains. The antibiotic susceptibility profiles of S. aureus strains in
French hospitals were obtained from the French National Observatory for An-
tibiotic Resistance Epidemiology (ONERBA), which coordinates the surveil-
lance of antibiotic resistance in hospitals and community settings (ONERBA,
2002 [http://www.onerba.org/bin/res]). Since the data from ONERBA indicate
that most hospital-acquired MRSA strains are resistant to fluoroquinolones,
macrolides, and aminoglycosides, in this study we have defined MR-MSSA
strains as isolates resistant to at least two antibiotics belonging to two of the three
different antibiotic families other than B-lactams: aminoglycosides (kanamycin,
gentamicin, tobramycin), macrolides-lincosamides (erythromycin and lincomy-
cin), and fluoroquinolones. Susceptibility to methicillin was defined according to
the recommendations of the Antibiogram Committee of the French Society for
Microbiology; i.e., the diameter of the inhibition zone by the diffusion method
was =27 mm or =20 mm around a disk containing 30 pg of cefoxitin or 5 wg of
oxacillin, respectively, or the MIC was =2 pg/ml for oxacillin, as determined by
another method (4).

Sixty-two laboratory members of the Collége de Bactériologie-Virologie-Hy-
giene des Hopitaux de France network (see Fig. 2) collected S. aureus isolates
which were susceptible to methicillin and resistant to the other antibiotics, as
defined above. Isolates were forwarded in primary conservation tubes (Bio-Rad,
Marnes-la-Coquette, France) to the coordinating laboratory, where the samples
were streaked on Trypticase soy agar and stocked in cryobank vials at —80°C.
Duplicate conservation tubes were sent to the two other participating laborato-
ries for the independent confirmation of the antibiograms by the diffusion
method on Mueller-Hinton agar with Rosco tablets (Rosco Diagnostica, Taas-
trup, Denmark) (4).

Real-time PCR for detection of mecA gene. Detection of the mecA gene was
performed for 309 S. aureus strains by a real-time PCR mecA MRSA assay with
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a LightCycler apparatus (Roche Diagnostic, Meylan, France) (3), according to
the manufacturer’s recommendations. Extraction of DNA from the isolates was
performed with an Instagen kit (Bio-Rad). For each run an MSSA strain (strain
ATCC 25923) and a clinical MRSA strain (strain 856985) were used as negative
and positive controls, respectively (13).

Detection of SCCmec elements. Detection of SCCrmec elements inserted in the
S. aureus chromosome at the a#tB site was performed by the IDI-MRSA assay
method (Infectio Diagnostic Inc., Sainte-Foy, Quebec, Canada). The IDI-MRSA
assay is a qualitative real-time PCR method for the detection of MRSA directly
from nasal swabs (22, 23). This test uses five primers specific for the different
SCCmec sequences located downstream of the mecA gene combined with primer
Xsau325, a primer specific for the S. aureus chromosomal orfX gene, a highly
conserved open reading frame flanking the SCCmec integration site, attB. As
shown in Fig. 1A, the SCCmec primers have no direct relationship to structural
genes, and only a small part of the amplified fragments (40 to 122 nucleotides
long) corresponds to SCCmec. The MRSA-specific amplicons are detected by
three molecular beacon probes. We have used this test to detect remnant SCCrmec
elements following partial excision, even when only short DNA fragments were
retained.

In this study, the IDI-MRSA method was used directly with the S. aureus
colonies to detect SCCmec elements. Briefly, S. aureus isolates were cultured
overnight on blood Columbia agar (bioMérieux, Marcy I’Etoile, France), sus-
pended in distilled water, and adjusted to the turbidity of a 1 McFarland stan-
dard. The suspensions were heated at 55°C for 15 min in a solution of achro-
mopeptidase (0.05 U/ul; Sigma) and centrifuged (12,000 X g for 3 min). The
supernatants were collected and the pellets were discarded. Extracts were stored
at 4°C less than 1 h prior to analysis by the IDI-MRSA assay. The PCR assay was
processed according to the manufacturer’s instructions. The lyophilized master
mix was reconstituted with diluent, and the DNA templates were added to the
PCR tubes. The PCR was performed with a SmartCycler instrument (Cepheid,
Sunnyvale, CA) for 45 min. An internal control was included in each reaction
mixture, as described previously (22). Likewise, external positive and negative
controls were also included.

Detection of ccr genes coding for recombinases A, B, and C. PCR was used to
detect ccr genes that code for different types of recombinases which act in the
integration and excision of SCCmec in the staphylococcal chromosome. The
primers used for identification (ccrAB, ccrC) and allotyping for ccrAB (ccrABI,
ccrAB2, ccrAB3) have been described previously (24, 25). DNA extracts from
MRSA strains of SCCmec types I (strain COL), IT (strain PM64), III (strain
HT2004068), and V (strain LIM) (16) were used as controls for ccr4B and
ccrAB1, ccrAB2, ccrAB3, and ccrC, respectively. MRSA strains HT2004068,
PM64, and LIM were kind gifts from M. Bés and G. Lina (Centre National de
Référence des Staphylocoques, Lyon, France), J. A. Lindsay (St George’s Uni-
versity, London, United Kingdom), and F. Garnier (CHU, Limoges, France),
respectively.

Characterization of SCCmec elements found in MR-MSSA strains. SCCrmec
elements from two MR-MSSA isolates positive by the IDI-MRSA assay were
characterized by PCR. We first performed five PCRs separately, each of them
with one of the five IDI-MRSA assay primers specific for SCCmec: primers
mecii574, meciii519, meciv511, mecv492, and mecvii512 (22). Then, a step-by-
step amplification method was applied as reported previously (13) in order to
identify structures found at the right extremities of SCCmec types I, 14, II, IV,
and IV, (Fig. 1B).

Molecular typing. The spa types of all isolates were determined. Typing was
performed as previously described by Shopsin and coworkers (38) with primers
spal113F (5'-TAAAGACGATCCTTCGGTGAGC-3') and spal496R (5'-TTT
GCTTTTGCAATGTCATTTACTG-3'). The sequences of both strands were
determined with the BigDye (version 3.1) cycle sequencing kit and an 3730 XL
DNA analyzer (Applera, Courtaboeuf, France), and sequence analysis was car-
ried out with Sequencing Analysis software (version 5.1; Applera, Courtaboeuf,
France). The spa types were determined and assigned through the spa-type
database (http://tools.egenomics.com and http://www.ridom.de/spaserver).

Multilocus sequence typing (MLST) was performed for a subset of 30 strains
selected according to their spa types and IDI-MRSA assay results. MLST was
performed as previously described by Enright and coworkers (14) (http://saureus
.mlst.net). The sequences of both strands were determined with the BigDye cycle
sequencing kit and an ABI 7000 sequencer (Applera). Sequence analysis was
carried out with the Sequence Analysis software package (Applera). MLST
sequence types (STs) were assigned through the MLST database (www.mlst.net).

Comparison of pairs of MRSA and MR-MSSA strains that originated from
the same patients. Pulsed-field gel electrophoresis (PFGE) has been used to
compare pairs of MRSA and MR-MSSA strains recovered from the same pa-
tients. Lysis and DNA purification of agarose-embedded bacteria were per-
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FIG. 1. (A) Schematic representation of SCCmec types I to IV (adapted from reference 33 with permission) with the positions of the primers
used in the IDI-MRSA assay (black arrows) and primer Xsau325 in orfX (gray arrows) (for more details, see reference 22). (B) Representation
of the structure HVR::IS4317::pUB110::1S431::dcs linked to orfX in SCCmec types I4, 11, and IV 4, with the relative positions of the primers used

for the characterization of the SCCmec elements in two J-8 MR-MSSA isolates shown.

formed as described by Carles-Nurit and coworkers (5). After DNA restriction
by Smal, a CHEF-II system (Bio-Rad) was used for PFGE, which was performed
for 22 h at 6 V/cm, with the switch times ranging from 5 s to 40 s. Pairs of related
isolates, i.e., isolates with PFGE restriction profiles that differed by less than four
bands, were then compared after Southern blotting and hybridization with a
digoxigenin-labeled mecA probe.

Analysis of incidence data. Data on the incidence of MRSA and MR-MSSA
in 21 hospitals over a 9-month period (January to September 2004) were ob-
tained. For each category, the rates were calculated as the number of isolates
(one per patient) for 100 patient admissions over the period of the study. To
compare hospitals with very different MRSA incidence rates, we used a ratio
(Ps/r), defined as the number of MR-MSSA isolates per 100 MRSA isolates over
the same study period [Pg;r = (number of MR-MSSA isolates/number of MRSA
isolates) X 100]. For comparison, we postulated that if MR-MSSA isolates
emerge randomly and independently from MRSA isolates, the numbers of iso-
lates of each category recovered in a clinical microbiology laboratory would be
proportional, with few variations in P values expected from one hospital to
another. Conversely, high variations would suggest that outbreaks of MR-MSSA
have occurred in some health care facilities.

Study of geographical distribution of MR-MSSA strains. In order to deter-
mine differences in the geographical distribution of MR-MSSA strains, the num-
ber of isolates clustered into different spa lineages throughout five regions of
France (north, west, Paris, east, and south) were compared for 2004 (Fig. 2).

Statistical analysis. The chi-square test was used to test the statistical signif-
icance of the association of the characteristics of the isolates.

RESULTS

Selection of strains by real-time PCR for mecA and antibi-
otic resistance patterns. Three hundred nine strains were for-
warded to the coordinating laboratory as MR-MSSA, and of
these, 273 isolates were collected prospectively between Janu-
ary and August 2004. In addition, 36 isolates recovered during
2002 and 2003 in seven hospitals were also included in the
study. Fifteen pairs of isolates, each pair of which comprised
one MR-MSSA strain and one MRSA strain, originating from
the same patient were also collected for comparative analysis.

Seventeen isolates determined to be positive for the mecA
element by real-time PCR were excluded from further analysis.
On the basis of the susceptibility results, 45 isolates which did
not fulfill the criteria defined above were also excluded from
the study: 11 of them were fully susceptible, while the remain-
ing 34 were resistant to a single antibiotic family.

Finally, 247 MR-MSSA isolates recovered in 60 hospitals (29
in 2002 and 2003, 218 in 2004) were included for further anal-
ysis. Ninety-four percent of the isolates were resistant to mac-
rolides, 88% to fluoroquinolones, and 30% to aminoglycosides.
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N ol isolates from different spa lineages

Region C|E|F| G| H ¥ K{P|nd
1 North 9 39 2
2 West 1 1 66
3 Paris 1|1z 2 10 2
4 EKast 4 1 24 3 1 7
5 South 2 2 I 40 2

FIG. 2. Delineation of the regions, the localization of the hospitals,
and the distributions of the spa lineages for 215 MR-MSSA isolates
isolated in continental France in 2004.

Among the MR-MSSA strains, 19 different resistance patterns
were found, with 4 of them accounting for 85% of the isolates:
63% were resistant to erythromycin, lincomycin, and fluoro-
quinolones (ELF pattern); 11% to kanamycin, tobramycin,
erythromycin, lincomycin, and fluoroquinolones (KTELF pat-
tern), 6% to kanamycin and erythromycin (KE pattern), and
5% to erythromycin and fluoroquinolones (EF pattern). Eight
other resistance patterns comprised only one isolate each; two
included two isolates each; two included three isolates each;
and each of the last three included four, six, and eight isolates,
respectively.

spa typing and MLST results. All MR-MSSA strains were
spa typed by determination of short sequence repeat units.
Since these elements are unstable, related spa types were clas-
sified into lineages with respect to the short sequence repeat
composition and organization, as described previously (2, 37).
Eleven lineages were found, of which five comprised at least
three isolates each: lineages C, G, H, J, and K (Table 1). The
most quantitatively significant lineage consisted of lineage
J, which comprised 206 isolates with the spa type pattern
YHGFMBOQBLO (spa type 1 [according to http://tools.egenomics
.com; B. Kreiswirth] or type t008 Ridom [http://www.ridom.de
/spaserver]) or a related type. Seventeen lineage J isolates were
further typed by MLST: most of them were ST8 (n = 12) or
single-locus variants of ST8 (ST770, ST836), and three were
ST247 or a single-locus variant of ST247 (ST247; /). Accord-
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ing to eBURST software, all these STs belong to MLST clonal
complex 8.

Lineage C included 18 isolates with the spa type pattern
TIMBMDMGMK (spa type 2 Kreiswirth or type t002 Ridom)
or a related type (Table 1). Seven isolates of lineage C were
typed by MLST to be ST5 (n = 3) or single-locus variants of
ST5: ST125, ST146, and two not yet identified STs (STS5g; v
and ST5g; v,). According to the eBURST database, all these
STs belong to MLST clonal complex 5.

The spa-type patterns found that lineages G, H, and K cor-
responded to MLST ST1, ST45, and ST15, respectively (Table
1). Each cluster was designated by combining the spa lineage
and the MLST clonal complex (or the ST when the clonal
complex was not defined), e.g., J-8 and K-15.

Antibiotic resistance patterns of different types of MR-
MSSA isolates. A strong association between spa lineage J and
resistance patterns ELF and KTELF was found. ELF-KTELF
isolates (99%) belonged to spa lineage J, and reciprocally, 90%
of spa lineage J isolates had a resistance pattern of ELF or
KTELF. Among the 17 lineage J isolates for which the MLST
types were determined, all STS8 or single-locus variant isolates
(n = 14) had the ELF or the KTELF pattern. In contrast, the
three isolates with ST247 or a single-locus variant had a gen-
tamicin-resistant background and resistance pattern KTGELF.

Other spa lineages contained MR-MSSA isolates with 1 of
the 15 minor resistance phenotypes; the exceptions were C-5
isolates, which had primarily the KE or the EF resistance
pattern.

Detection and characterization of SCCmec elements. Detec-
tion of the SCCmec elements by the IDI-MRSA method, per-
formed with 247 MR-MSSA isolates, identified 169 positive
samples (68%). No difference in the rates of positivity was
observed between spa lineage J isolates (141/206) and isolates
of other spa lineages (28/41). For each one of the five main
groups (C-5, G-1, H-45, J-8, and K-15), the test proved positive
for at least half of the isolates, including four of four and eight
of nine isolates in groups G-1 and K-15, respectively (Table 1).

SCCmec elements were characterized in two representative
MR-MSSA isolates (STS8, spa type Ridom t008 or t024) with
the respective resistance patterns ELF and KTELF. When
PCR was performed with the IDI-MRSA assay primers sepa-
rately, only primer mecii574 combined with either primer
Xsau325 or primer COLR2 allowed amplification in both iso-
lates (Fig. 1B). Since primer mecii574 has been described to
identify the sequence at the right extremity of SCCmec in
MRSA strains of SCCmec type L, 11, or IV (22), we screened
the isolates for structures linked to orfX in these types, i.e.,
HVR::IS431::dcs in types I and IV and HVR::1S431::pUB110::
IS431::dcs in types 1,4, II, and IV ,. Characterization by PCR
indicated that isolates with the KTELF resistance pattern con-
tained the structure HVR::IS437::pUB110::1S431::dcs, as de-
scribed previously (13). In contrast, in isolates with the ELF
resistance pattern, only the dcs element was detected by using
either primer mecii574 or primer COLF1.

PCR for detection of ccr genes coding for recombinases A, B,
and C. SCCs are not restricted to SCCmec: other mobile ele-
ments (e.g., SCC,,4) which do not harbor the mecA gene are
able to insert and be excised from the chromosome by the
action of the same recombinase enzymes (20). The ccr genes
coding for one of the three types of recombinases (A, B, or C)
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TABLE 1. Classification and distribution of 247 MR-MSSA isolates by spa lineage with IDI-MRSA results, antibiotic

resistance patterns, and MLST results

No. of isolates with
the following IDI-

Antibiotic resistance pattern/

No. of spa . Corresponding
strains  lineage® MRSA assay result: ST or CC (n)?
PHRI® Ridom* N;¢ N,* Positive Negative ELF KTELF KE EF Others

1 B ZZ2PNGKBKGOLB t166 1 1 0 1 1 ND"

18 C TIMBMDMGMK t002 11 7 5 6 1 6 4 STS (3)
TIIMBMDMGMK t071 2 2 1 1 2 ST125 (1)
TIMBMDMGMKK t214 1 1 1 1 ST146 (1)
TIMBMDMMMK 1 1 1 1 ST5¢vs (2)
TIMGMK t062 1 1 1 1
™ t2379 1 1 1 1 CC5 (7)
TO2MBMDMBMDMGMK  t041 1 1 1 1

1 E UJGFGMDMGGM t148 1 1 1 1 ND

1 12Z2EGMJH2M t645 1 1 1 1 ST837 (1)

4 G UJFKBPE t127 1 1 1 1 ST1 (2)
UJFK t2279 2 2 2 2
UJFMGJAGJ t796 1 1 1 1 CC1 (2)

3 H A2MBKE 2 1 2 2 ST45 (1)
XKAX2BMBMB t1768 1 1 1 1 CC45 (1)

206 J YHGFMBQBLO t008 151 49 104 47 116 20 2 4 9
YHFGFMBQBLO t051 3 2 3 1 2
YFGH3MBQBLO 1 1 1 1 ST8 (12)
YFMBQBLO t648 1 1 1 1 ST770 (1)
YHGFMBQLO t1617 1 1 1 1 ST836 (1)
YGFMBOBLO 2 1 2 2
YGFMBQBLO t024 12 11 7 5 8 3 1
YHGCMBQBLO t064 1 1 1 1
YHFMBQBLO t121 8 7 7 1 5 2 1
YHGFMBBLO t400 1 1 1 1
YHGFMBLO 1622 1 1 1 1 ST247 (2)
YHGFMBOBLO t2054 5 4 2 3 4 1 ST2474; v (1)
YHGFMBQBM t1578 3 3 1 2 3
YHGFMBQBMO t801 2 2 1 1 1 1
YHGFMBQBQBLO t967 1 1 1 1
YHGGBQOBLO t574 1 1 1 1
YHHGGFMBQBLO 2 1 1 1 2 CC8 (17)
YHHGFMBQBLO t068 1 1 1 1
YHBLO t1259 1 1 1 1
YMBQBLO t190 1 1 1 1
YHBQLO 1 1 1 1
YC2BQBLO t197 1 1 1 1
YC2FMBQBLO t304 4 3 4 4
ZHGFMBQBLO 1 1 1 1

9 K UKBBGGJAGJ t760 1 1 1 1
TIGBBGGJAGJ t491 1 1 1 1 ST15 (1)
UJGGBGGJAGJ t499 7 6 6 1 1 6

2 P UJGFMB t189 2 2 2 2 ST188 (1)

1 ND ZDMOB t441 1 1 1 1 ND

1 ND 12GJAABB t587 1 1 1 1 ND

Total 168 79 158 28 13 12 36

“ The spa lineage nomenclature has been described previously (2).
b spa types according to the Public Health Research Institute nomenclature (PHRI, Newark, NJ).
¢ spa types were obtained from the Ridom spa server (SpaServer.ridom.de).
4 Ny, numbers of isolates of each spa type.

¢ N,, numbers of hospitals where isolates of each spa type have been recovered.

/E, erythromycin; L, lincomycin; K, kanamycin; T, tobramycin; F, fluoroquinolones.
& Number of isolates of each ST and clonal complex (CC) in the subset of 30 isolates used for ST determination.
"'ND, not determined.
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FIG. 3. (A) PFGE proﬁles for eight pairs of MRSA and MR-
MSSA strains isolated from the same patients (lane pairs 1 to 8,
respectively). Except for the samples from patient 5, the restriction
profiles for both isolates originating from each patient are similar but
not identical: the MSSA strain loses a DNA fragment at about the
200-kb band, which carries SCCmec in ST8. (B) Four pairs of related
MR-MSSA and MRSA isolates after PFGE, Southern blotting, and
hybridization with a digoxigenin-labeled mecA probe. The probe hy-
bridizes with the 200-kb band in MRSA but not with bands of smaller
sizes in MR-MSSA. Asterisks, lanes with MR-MSSA strains.

- 200k

are lost during the partial excision of the SCCmec elements. In
order to verify the hypothesis that MR-MSSA strains originate
from MRSA strains by the excision of SCCmec and do not
harbor another cassette at the attB site, a subset of 14 repre-
sentative isolates selected from the results of molecular typing
and containing SCCmec elements (6 isolates from the J-8 clus-
ter; 4 from the C-5 cluster; and 1 each from clusters G-1, H-45,
K-15, and P-188) were tested for the presence of ccr genes by
PCR amplification. None was found to be positive for the ccrA,
cerB, or ccrC gene by PCR.

Comparison of PFGE profiles of methicillin-resistant and
-susceptible isolates from the same patients. Fifteen pairs of
MRSA and MSSA isolates not concomitantly recovered from
15 patients hospitalized in 10 different hospitals were com-
pared by PFGE after restriction by Smal. All 15 MSSA isolates
belonged to the J-8 group. For four pairs, the restriction pro-
files were different by four or more bands; hence, the suscep-
tible isolate was considered not to be related to the resistant
one recovered from the same patient (data not shown). For 11
pairs, the restriction profiles of the MRSA and MSSA isolates
were similar and differed by less than four bands, and for 10 of
them comparison of the restriction profiles of the MSSA and
MRSA isolates showed a loss of DNA fragments with molec-
ular masses estimated to be from 10 kb to 40 kb on the 200-kb
band (Fig. 3). Hybridization of the DNA from these 10 methi-
cillin-resistant isolates with a mecA probe after Southern blot-
ting confirmed that the 200-kb band harbors the mecA gene,
and thus SCCrmec, in J-8 MRSA strains (Fig. 3B).

Incidence and comparison of molecular characteristics of
MR-MSSA strains. The incidence rates obtained from the 21
hospitals ranged from 0.16 to 1.22 for the MRSA strains and
from 0.01 to 0.21 for the MR-MSSA strains. In order to com-
pare hospitals with different MRSA and MSSA incidence
rates, we have defined the Pgy, ratio (see Materials and Meth-
ods), which ranged from 1.43 to 25.57, which had a median
value of 5.48, and which did not have a Gaussian distribution.
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FIG. 4. Distribution of Pgy ratio values for 21 hospitals. The
dashed-dotted line corresponds to the median.

Two times the median value was used as a cutoff level to
delimit two groups: 16 hospitals with Pg values less than 11
and 5 hospitals with values of more than 11 (Fig. 4).

In hospitals with high P, values, ST8 isolates were more
frequently spa type Ridom t008 than a variant type (P = 0.017),
and these isolates more frequently had remnant SCCmec ele-
ments in their chromosomes than isolates from other hospitals
(85% versus 63% IDI-MRSA assay-positive isolates; P =
0.015).

Geographical distribution of spa types. There was a statis-
tically significant difference in the distribution of the spa types
throughout the five regions (P < 0.001), in part due to the
higher than expected incidence of the lineage J isolates in the
west and a greater diversity of isolates in regions 3 and 4 (Paris
and eastern France, respectively) than in the other regions
(Fig. 2).

At least half (n = 9) of the C-5 isolates were recovered from
the north, including seven isolates with an EF resistance pat-
tern. In contrast, C-5 isolates from the other regions did not
exhibit such a resistance phenotype.

DISCUSSION

The loss of methicillin resistance by the excision of SCCmec
in MRSA strains has been reported by many authors (11), but
so far this phenomenon has not been investigated on a large
scale. To undertake such a study, MRSA-derived isolates first
had to be distinguished from other unrelated MSSA strains. In
this work, we have selected MSSA strains resistant to at least
two antibiotic families other than B-lactams as a selection
method. The use of the IDI-MRSA assay to identify MR-
MSSA isolates with SCCmec elements among the MSSA
strains with uncommon resistance phenotypes led to a 15-fold
increase in the proportion of positive isolates (68%). This is in
sharp contrast to the 4.6% previously reported among 519
MSSA strains collected worldwide, whereby antibiotic resis-
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tance patterns were not taken into account (22). The absence
of genes coding for the different recombinase types in repre-
sentative MR-MSSA strains indicates that elements inserted in
the a#B site are not complete SCCs deprived of the mecA
gene, as described elsewhere (6, 20). Instead, they constitute
residual elements of SCCmec resulting from partial excision.
According to these results and to our knowledge about the
epidemiology of MRSA in France, MR-MSSA strains emerge
from the MRSA background, mostly from an ST8-SCCmec
type IV, clone, also called the “Lyon” clone (15), which has
predominated in French hospitals since 1992 (11, 12, 15, 19, 28,
29). MSSA isolates derived from this MRSA clone may display
either the ELF or the KTELF resistance phenotype (11, 13).
Strains with the KTELF resistance phenotype result from the
partial excision and retention of the HVR:IS437::pUB110::
IS431::dcs structure and are positive by the IDI-MRSA
method (27/28 tested). The ELF pattern results either from the
total excision of SCCmec in 49% of isolates with this resistance
phenotype or from a large, but incomplete, excision of SCCmec,
including all elements except the downstream constant se-
quence (dcs). PEFGE was a useful tool for comparison of the
pairs of methicillin-susceptible and -resistant J-8 isolates, in-
cluding MSSA isolates either positive or negative by the IDI-
MRSA method, and for confirmation of the relationship be-
tween MRSA and MR-MSSA strains. For 11 pairs, the
restriction profiles for both isolates originating from each pa-
tient were similar but not identical: the MR-MSSA isolates
differed from the MRSA isolates by a DNA band correspond-
ing to the loss of a fragment ranging in size from 10 to 40 kb on
the approximately 200-kb band which carries SCCmec in ST8
MRSA strains, as recently reported by others (17). Conse-
quently, a digoxigenin-labeled probe for the mecA gene hybrid-
ized with this fragment in MRSA isolates but not in MR-
MSSA isolates (Fig. 3B). On the basis of these findings, 227
MR-MSSA isolates resulted from the loss of SCCmec in
MRSA isolates: 168 MR-MSSA isolates (68%) resulted from
partial excisions, and among the isolates without remnant
SCCmec elements, 59 J-8 S. aureus isolates with the unusual
ELF resistance pattern probably derived from MRSA isolates
by total excision. It is noteworthy that 68% of the MR-MSSA
isolates were IDI-MRSA assay positive and were found in spa
lineages that included at least two isolates, suggesting that the
partial excision of SCCmec is more common than complete
excision and is independent of the genetic background of the
MRSA.

The differences in the diversity of the spa types and the
geographical distributions of the MR-MSSA isolates observed
indicate a greater diversity of MRSA strains in Paris and the
northern and eastern regions of France rather than in the
western and southern regions. This is probably due to impor-
tant population movements in Paris and across borders with
Germany and Belgium. For instance, half of the C-5 isolates
were recovered near the Belgian border, were associated to a
particular resistance pattern (pattern EF), and were probably
related to an STS MRSA clone with same resistance phenotype
which is epidemic in Belgian hospitals (9). The transfer of
patients between health care facilities in northern France and
Belgium is frequent, especially between nursing homes. This
transborder movement of strains has been highlighted in re-
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cent studies on the international spread of nosocomial patho-
gens (10).

In order to investigate the capacity of MR-MSSA strains to
disseminate, we first compared the respective incidences of
MR-MSSA and MRSA isolates and then the molecular char-
acteristics of MR-MSSA isolates from hospitals with different
incidences. On the basis of the variations in Pg ratios, 21
hospitals could be divided into two groups (Fig. 4): a group of
16 hospitals for which Py values were less than 11, i.e., double
the median value, where only the sporadic and independent
emergence of MR-MSSA isolates from MRSA isolates would
probably exist, and a second one of 5 hospitals with Py values
ranging from 11.40 to 25.57 where an epidemic diffusion of
MR-MSSA isolates could be suspected. Further investigations
are needed to explain the differences from one hospital to
another, and more particularly, the evolution of MR-MSSA
isolates must be examined along with the consumption of an-
tibiotics other than B-lactams. For instance, in the hospital
displaying the highest Py value, most isolates of MR-MSSA
were recovered from patients hospitalized in a long-term care
facility where the level of consumption of fluoroquinolones was
very high (A. Le Coustumier, personal communication). The
nosocomial diffusion of S. aureus is more common for MRSA
isolates than for MSSA isolates, since the latter are usually
susceptible to most antibiotics and the widespread use of an-
tibiotics promotes the survival of MRSA strains over MSSA
strains in hospitalized patients (21). MR-MSSA isolates are
susceptible to oxacillin, amoxicillin-clavulanate, and cephalo-
sporins but are resistant to fluoroquinolones and macrolides,
so they might theoretically have a selective advantage in wards
where other antibiotics are used preferentially over B-lactams.

Most of the MR-MSSA isolates were derived from the pre-
dominant MRSA clone, a clone of ST8 and SCCmec type IV 4,
but there were significant differences in the molecular charac-
teristics between isolates from hospitals with different Pg
values. The most frequently encountered MR-MRSA isolates
with remnant SCCmec elements were of spa type Ridom t008
and were isolated from hospitals with high Py, values. It is
unclear whether this simply reflects the dissemination of MR-
MSSA strains which result preferentially from partial excision
or whether the insertion of elements at the a#tB site induces a
greater capacity to spread, perhaps by activation of the genes
involved in the mechanisms of colonization. Regardless, this
argues strongly for the clonal expansion of ST8 MR-MSSA
strains which have lost mecA. ST8 strains resistant to penicillin
G, tetracyclines, and streptomycin were epidemic in Danish
hospitals in the premethicillin era, and the significance of these
clones in the evolution of both MSSA and MRSA has been
highlighted in recent reports (8, 18, 32, 36). The ST8 lineage
appears to be highly epidemic, and related clones are able to
spread in hospitals under antibiotic selective pressure.

In conclusion, the emergence of MR-MSSA strains in
French hospitals results from independent SCCmec excisions
in epidemic MRSA isolates in low-incidence hospitals, as well
as the clonal diffusion of methicillin-susceptible strains after
the partial loss of SCCmec in high-incidence hospitals. To our
knowledge, the epidemic diffusion of MR-MSSA strains in
hospitals has not been described since the introduction of
methicillin for therapeutic use. MR-MSSA could constitute a
useful model for the better determination of the genetic and
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environmental factors involved in the spread of this major
pathogen and the epidemiology of MRSA.
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