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Abstract Community-acquired methicillin-resistant Staph-
ylococcus aureus (CA-MRSA) isolates are widespread in
many countries, with varying distribution and epidemiolo-
gy. The aim of this study was to collect and characterise the
CA-MRSA isolates circulating in Italy, since only some
case reports have been published. Eighteen Panton—Valen-
tine-positive CA-MRSA isolates were collected from
different Italian hospitals during the period 2005-2009
from severe infections (skin and soft tissue infections, n=
10; necrotising pneumonia, n=7; and sepsis, n=1). Acces-
sory gene regulator (agr) typing, staphylococcal cassette

Electronic supplementary material The online version of this article
(doi:10.1007/s10096-011-1234-x) contains supplementary material,
which is available to authorized users.

A. Sanchini + M. Monaco * A. Pantosti (><])

Department of Infectious, Parasitic and Immune-Mediated
Diseases, Istituto Superiore di Sanita,

299, Viale Regina Elena,

00161 Rome, Italy

e-mail: annalisa.pantosti@iss.it

F. Campanile - V. Cafiso - S. Stefani

Department of Biomedical Science, Section of Microbiology,
University of Catania,

83, Via Androne,

95124 Catania, Italy

J.-P. Rasigade * F. Laurent - J. Etienne

Inserm U851, Facult¢ de Médecine Lyon Est, University of Lyon,
7, Rue Guillaume Paradin,

69008 Lyon, France

J.-P. Rasigade - F. Laurent - J. Etienne

French National Reference Center for Staphylococci,
Hospices Civils de Lyon,

59, Boulevard Pinel,

69003 Lyon, France

chromosome (SCC) mec typing, spa typing, multi-locus
sequence typing (MLST), pulsed-field gel electrophoresis
(PFGE) and DNA microarray were applied to categorise
isolates into clones and to compare the relevant genetic
features of each clone. Six different clones were identified,
the most common (7 out of 18 isolates, 38.8%) being agrl/
ST8/SCCmeclV, corresponding to the USA300 clone. Six
out of the seven USA300 isolates did not harbour the
arginine catabolic mobile element (ACME). Four strains
(22.2%) were agrlll/ST80/SCCmeclV, corresponding to the
European clone. Two of the other clones, namely, agrlll/
ST88/SCCmecV and agrlll/ST772/SCCmecV, corre-
sponded to CA-MRSA clones rarely found in other
countries and probably originating from Africa or the
Indian subcontinent. The results of microarray hybrid-
isations showed that the distribution of resistance genes
and other virulence factors was specific to each clone.
Some characteristics could be exploited as specific markers
for a clone or a group of isolates, e.g. the mer operon,
recovered only in ACME-negative USA300 strains. DNA
microarray contributed to a more complete description of
the variety of different CA-MRSA clones circulating in
Italy.

Introduction

Methicillin-resistant Staphylococcus aureus (MRSA)
appeared and spread rapidly after the introduction of
methicillin in clinical use in 1960, becoming one of the
most prevalent pathogens in healthcare settings [1]. MRSA
causes serious infections such as sepsis and pneumonia in
hospitalised patients, with specific risk factors [2]. The
emergence of MRSA causing community-acquired infec-
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tions (CA-MRSA), particularly in healthy individuals
without risk factors, has been reported since the end of
the 1990s in the United States and in other countries [3].
Typical clinical presentations of CA-MRSA are skin and
soft-tissue infections (SSTIs), including furuncles and skin
abscesses, or deep-seated infections such as necrotising
pneumonia, bone infections, sepsis and meningitis [2]. CA-
MRSA strains appear phenotypically and genotypically
different from hospital-acquired MRSA (HA-MRSA),
although these differences have blurred over the recent
years [2, 3]. CA-MRSA strains are generally susceptible to
antibiotics other than beta-lactams and harbour staphylo-
coccal cassette chromosome (SCC) mec type 1V, V or VII
[4]. On the other hand, HA-MRSA are generally multidrug-
resistant and contain SCCmec type I, 1I or III, although in
the last few years, some HA-MRSA clones containing
SCCmec type IV have spread in Europe, e.g. EMRSA15
and the Lyon clone (sequence type [ST] 8) [5, 6]. Besides,
antibiotic resistance within CA-MRSA is increasing [7].
Characteristically, CA-MRSA strains carry the genes
encoding the Panton—Valentine leukocidin (PVL), a secreted
virulence factor which causes polymorphonuclear leukocytes
lysis and tissue necrosis [8].

Several different clones of CA-MRSA are spread
worldwide. In the United States, the USA300 clone (ST8)
is responsible for the major part of community-acquired
SSTIs and for outbreaks in the community and in hospitals
[3]. The presence of type I arginine catabolic mobile
element (ACME) has been proposed to contribute to the
fitness and transmissibility of the USA300 clone [9].

In Europe, CA-MRSA infections are less frequent than
in the United States and are mainly associated with the
European clone ST80 [10]. In Italy, some case reports or
small studies have been published [11-15], but a more
complete overview of CA-MRSA is lacking.

The aim of this study was: (i) to collect CA-MRSA
strains from serious infections and characterise them by
phenotypic and genotypic methods; (ii) to compare the
results with those obtained applying a DNA microarray
technique which permits to simultaneously identify a wide
set of virulence factors, antibiotic resistance determinants
and typing markers; and (iii) to recognise common or
unique features among CA-MRSA isolates.

Materials and methods

Bacterial isolates, antimicrobial susceptibility and biofilm
production testing

Eighteen CA-MRSA isolates were collected from April

2005 to October 2009. The isolates were referred by
different Italian hospital laboratories all over the country
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on the basis of the type and the severity of the infections
that appeared typical of CA-MRSA.

The isolates were tested for antimicrobial susceptibility
by the disk diffusion method according to the European
Committee on Antimicrobial Susceptibility Testing
(EUCAST) recommendations [16]. When EUCAST break-
points were not available for specific antibiotics, Clinical
and Laboratory Standards Institute (CLSI) [17] or British
Society for Antimicrobial Chemotherapy (BSAC) [18]
breakpoints were applied. The agents tested included:
cefoxitin, gentamicin, ciprofloxacin, erythromycin, kana-
mycin, clindamycin, tetracycline, rifampicin, trimethoprim—
sulfamethoxazole, fusidic acid, fosfomycin and mupirocin.
Minimum inhibitory concentrations of vancomycin, teico-
planin, linezolid, quinupristin—dalfopristin and daptomycin
were performed using the E-test method (bioMérieux,
Marcy-1I’Etoile, France).

Biofilm production was determined spectrophotometri-
cally as described elsewhere [15]. The isolates were
categorised according to the optical density (OD) reading.
OD values <0.12 corresponded to biofilm non-producers,
0OD=0.13-0.2 to weak producers, OD=0.2-0.4 to medium
producers and OD>0.4 to strong producers [15].

Characterisation of the isolates by PCR

S. aureus genomic DNA was extracted with QIAamp DNA
Mini Kit (QIAGEN, Hilden, Germany). S. aureus species
and methicillin resistance were confirmed by polymerase
chain reaction (PCR) assays detecting nuc and mecA genes
[19]. PCR assays were performed to detect genes encoding
PVL, agr alleles, ACME-specific arcA gene and genes
encoding capsular types 5 and 8 [15, 19, 20]. Adhesin and
toxin genes content was also evaluated as previously
described [15]. SCCmec types were determined by com-
bining the detection of ccr genes and mec complex genes as
described elsewhere [19].

Molecular typing of the isolates

S. aureus protein A (spa) gene typing and multi-locus
sequence typing (MLST) were performed on the isolates as
described elsewhere [19]. Pulsed-field gel electrophoresis
(PFGE) was applied to the seven CA-MRSA isolates
belonging to ST8 to distinguish USA300 isolates [21].
USA300 strain FPR3757 was used as the control [20]. PFGE
patterns were analysed following established criteria [21, 22].

DNA microarray hybridisation
DNA microarray hybridisation was performed at the French

National Reference Center for Staphylococci (Lyon,
France), on the ArrayTube platform (Identibac S. aureus
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Genotyping, Alere, Sevres, France) [23, 24]. The array
contains covalently immobilised probes specific for approx-
imately 180 genes and 300 alleles of S. aureus, including
typing targets, resistance genes, toxins and microbial surface
components [23, 24]. The genes considered in this study and
their function are listed in Supplementary Table S1.

Results and discussion

Out of 18 isolates, 8 (44.5%) were from males and 10 (55.5%)
were from females (Table 1). The age of the patients ranged
from 3 to 66 years (median 29.5 years). All patients lived in
the community and reported no recent hospitalisation. The
geographical distribution of the cases on the map of Italy is
shown in Fig. 1. There was no apparent epidemiological

relationship between cases, although in two areas, several
cases were reported by the hospital laboratories, probably
due to a better awareness of the problem.

All isolates were confirmed as PVL-positive MRSA by
molecular methods. Only one strain (Sau65) harboured the
ACME-specific arcA gene.

All isolates were resistant to at least one non-beta-lactam
antibiotic among those tested: 12 isolates were resistant to
fosfomycin (66.6%), ten to kanamycin (55.5%), six to
tetracycline (33.3%), five to gentamicin (27.7%), four to
erythromycin (22.2%), four to fusidic acid (22.2%), two to
ciprofloxacin (11.1%), one to mupirocin (5.5%) and one to
clindamycin (5.5%) (Table 1). All isolates were susceptible
to rifampicin, trimethoprim—sulfamethoxazole, vancomy-
cin, teicoplanin, quinupristin—dalfopristin, linezolid and
daptomycin.

Table 1 Clinical information and phenotypic and genotypic characteristics of the 18 community-acquired methicillin-resistant Staphylococcus

aureus (CA-MRSA) strains

Isolate Sex Age Isolation Type of infection agr ST  spa SCCmec  Resistance to non- Capsular ~ Biofilm®
year allele type type beta-lactam type
antibiotics®

Saul7 M 16 2006 Necrotising I 8 t008 v fos 5 MP
pneumonia, sepsis
and meningitis

Saul8 F 21 2007 Necrotising I 8 t008 v fos 5 NP
pneumonia

Saul4 M 16 2005 Necrotising I 8 t008 v fos 5 WP
pneumonia

Saul6 M 3 2006 SSTI I 8 t008 v fos 5 MP

Sau32 M 11 2008 SSTI I 8 t008 v fos 5 SP

Sau25 F 30 2008 Sepsis I 8 t008 v fos 5 SP

Sau65 F 28 2009 SSTI I 8 t008 v ery, kan, mup, fos 5 ND

Saul9 F 66 2007 Necrotising I 80 t044 v kan, tet, fus 8 MP
pneumonia

Sau2l F 50 2008 Necrotising 1 80 2453 1V kan, tet, fus 8 MP
pneumonia

Sau58§ M 41 2009 SSTI i 80 t044 v ery, cli, kan, tet, fus 8 ND

Saus7 M 65 2009 SSTI I 80 t044 v kan, tet, fus 8 ND

Sau24 M 25 2008 Necrotising I 88 2526 'V kan, gen 8 SP
pneumonia

Sau27 F 44 2008 SSTI I 88 t002 \Y% kan, gen 8 SP

Sau30 F 54 2008 SSTI 1T 772 1345 \% ery, kan, gen, cip, 5 SP

fos
Sau33 M 58 2008 SSTI 1T 772 1345 A" ery, kan, gen, cip, 5 SP
fos

Sau22 F 29 2008 SSTI I 5 t319 v tet, fos 5 MP

Sau31l F 3 2008 SSTI 1T 5 t002 \% kan, gen, tet, fos 5 MP

Saul5 F 37 2008 Necrotising I 30 t755 v fos 8 NP
pneumonia

#EUCAST breakpoints were applied [16], except for kanamycin and mupirocin, for which CLSI [17] and BSAC [18] breakpoints were applied,
respectively. fos, fosfomycin; ery: erythromycin; kan: kanamycin; mup: mupirocin; tet: tetracycline; fus: fusidic acid; cli: clindamycin; gen: gentamicin; cip:

ciprofloxacin

bNP, non-producer; WP, weak producer; MP, medium producer; SP, strong producer (see text); ND, not determined; SSTI, skin and soft tissue infection;

ST, sequence type; SCCmec, staphylococcal cassette chromosome mec
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Fig. 1 Geographical distribution of the community-acquired
methicillin-resistant Staphylococcus aureus (CA-MRSA) cases. The
numbers within each placemarker represent the number of cases

Molecular typing

Thirteen isolates harboured SCCmec type IV and five
harboured SCCmec type V. agr alleles I, II and III were
found. The isolates belonged to six different STs: seven
isolates belonged to agrl/ST8/SCCmeclV, four isolates to
agrlll/ST80/SCCmeclV, two isolates each belonged to agrIll/
ST88/SCCmecV, agrll/ST772/SCCmecV and agrll/STS/
SCCmecIV-V, and one isolate to agrlll/ST30/SCCmecIV.
Isolates of a given ST shared the same capsular type, agr
allele, spa type (or correlated) and SCCmec type, except for
STS isolates, which harboured two different SCCmec types
(Table 1).

PFGE analyses performed on the ST8 isolates revealed
that all of the isolates were related, since they had less than
four bands different. Five subtypes (from 1.1 to 1.5) were
recovered, which showed a percentage of similarity >80%
(exactly, 82.38%) (Fig. 2).

Microarray analyses

The microarray results are synthesised in Figures 3, 4 and
5. With respect to antibiotic resistance, a strong correlation
was found between phenotypical resistance and the pres-
ence of corresponding resistance genes by microarray. With
respect to biofilm, although all isolates possessed the ica
operon involved in biofilm formation, phenotypical tests
showed different rates of biofilm production, likely reflect-
ing differences in gene expression or in other characteristics
among the isolates. The molecular characterisation obtained
by PCR (mecA, PVL, arcA, capsular, ACME, agr SCCmec
genes, other toxin and adhesion genes) was concordant with
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Fig. 2 Phylogenetic analysis of pulsed-field gel electrophoresis
(PFGE) profiles obtained with the agrl/ST8/SCCmeclV isolates. The
dendrogram was constructed with PFGE profiles by similarity and
clustering analysis by the unweighted pair group method with
arithmetic mean (UPGMA) and the Dice coefficient, by using a band
tolerance of 1.5%. The percentage of genetic similarity is shown above
the dendrogram. Isolates showed a percentage of similarity >80%

the microarray results, confirming the high fidelity of this
latter approach.

Despite the genetic diversity of the isolates, some genes
were homogeneously distributed in all strains, including
genes encoding leukocidins (lukS-F, higd, ukX, lukY),
haemolysins (hla, hid), proteases (aur, sspA-B-P), adhesion
proteins (clfA-B, ebh, eno, fib, fnbA-B, sdrC, vwb and sasG)
and immune-evasion factors (mprF and isdA). These genes
have an almost ubiquitary distribution in S. aureus, as
shown by Monecke et al. by the microarray hybridisation of
100 clinical strains, including methicillin-susceptible S.
aureus (MSSA), CA-MRSA and HA-MRSA belonging to
different genetic lineages [23].

In our collection, only two strains possessed an intact
beta-haemolysin gene (//b), while 16 others harboured A/b
genes truncated after the insertion of phage-borne genes,
such as entd (enterotoxin A), or immune-evasion genes,
such as sak (staphylokinase), chp (chemotaxis inhibitory
protein) or scn (staphylococcal complement inhibitor).

The overall presence of antibiotic resistance determi-
nants and enterotoxin genes or clusters was different
between, and sometimes within, the clones, in line with
their location on mobile genetic elements.

The microarray results are analysed below according
to the six different agr/ST/SCCmec combinations found:

1. agrl/ST8/SCCmeclV
Isolates with these characteristics were the most
prevalent in our collection. PFGE was performed in
order to evaluate if the seven ST8 CA-MRSA isolates
belonged or were related to the USA300 clone, since
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Fig. 3 Presence of antibiotic-resistance genes and arginine catabolic mobile element (ACME) in the CA-MRSA strains. The dots indicate positive

results for probe hybridization. The function of each gene is listed in Supplementary Table S1
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Fig. 4 Presence of genes encoding miscellaneous virulence factors in the CA-MRSA strains.

hybridization and the X indicates an ambiguous result. The function of each gene is listed in Supplementary Table S1

The dots indicate positive results for probe
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Fig. 5 Presence of genes encoding miscellaneous virulence factors
and adhesion factors in the CA-MRSA strains. The dots indicate
positive results for probe hybridization and the Xs indicate ambiguous

the USA300 definition is based on a specific Smal
PFGE profile [21]. Although all USA300 strains
initially shared this unique profile, some slightly
divergent profiles were reported in the last few years,
demonstrating the progressive diversification of this
successful lineage [7]. All ST8 strains in our collection
were related to the USA300 FPR3757 pulsotype, as
assessed by a similarity percentage >80% (exactly,
82.38%). The pulsotype of Sau65 was the most closely
related to the USA300 FPR3757 pulsotype (percentage
of similarity=87.5%). Sau65 was also the only strain
that harboured the ACME-specific arcA gene. The
ACME element encodes proteins involved in an
arginine deaminase pathway that converts L-arginine
to carbon dioxide, ATP and ammonia. ACME has been
proposed to play an important role in the pathogenesis
of CA-MRSA skin infections, since arginine conver-
sion raises the local pH, increasing the ability of
USA300 to persist and spread on intact skin [9, 20].
However, some experimental data are not entirely
consistent with this model [25]. The ACME element
was rarely found in S. aureus clones other than
USA300 [20]. On the basis of its characteristics, strain
Sau65 can be considered to belong to the USA300
clone [9, 20, 21].

@ Springer

results. The function of each gene is listed in Supplementary Table S1
MSCRAMM, microbial surface components recognizing adhesive
matrix molecules

The other six ST8 strains that did not harbour the
ACME-specific arcA gene shared all of the other
characteristics of USA300 (ST, spa, PVL) that, accord-
ing to Larsen et al., are even better markers than PFGE
to assign a strain to the USA300 clone [26]. Therefore,
the other six ST8 strains can be considered as an
ACME-negative variant of the USA300 clone.

The antibiotic resistance profile of the USA300
strain was different from those of the ACME-negative
variants. USA300 was multiantibiotic-resistant, since it
harboured msr4 and mpbBM (resistance to erythromy-
cin), aphA-3 (resistance to kanamycin), sat (resistance
to streptothricin), fosB (resistance to fosfomycin) and,
unique in our collection, also mupR (resistance to
mupirocin). ACME-negative strains were more
antibiotic-susceptible, bearing only the fosB gene.
Strain Sau25 also harboured the tetK gene, but was
phenotypically susceptible to tetracycline. Characteris-
tically, ACME-negative strains harboured the mer
operon (mercury resistance), which was not present in
neither the USA300 isolate nor in the other CA-MRSA
isolates examined. The mer operon is usually integrated
within SCCmec type III, but it is likely that, in this
case, it was carried by a plasmid, as previously
described [27]. Both the USA300 and the ACME-
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negative strains carried the enterotoxin cluster entK-Q.
Saul7 and Saul8 were the only strains in our collection
bearing an intact hlb (beta-haemolysin) gene; all of the
other ST8 isolates harboured the truncated form due to
the insertion of sak, chp and scn phage-borne genes.
The profiles of the other virulence genes were similar in
all ST8 strains, although sp/E, encoding the serine
protease E, was absent in the USA300 strain and bbp,
encoding the bone sialoprotein-binding protein, an
adhesion factor, was variably present in the ST8
isolates. The microarray profile of the USA300 strain
was similar to those previously reported for the
USA300 lineage. Interestingly, the mupR gene has
been rarely reported in USA300 isolates [23, 24, 28].

ST8 has been recognised as the major CA-MRSA
clone also in other European countries, such as Austria,
Bulgaria and Spain [10, 29]. In some studies, when
additional typing was performed (e.g. ACME detection
or PFGE), ST8 CA-MRSA isolates were identified as
belonging to the USA300 clone [10].
agrlll/ST80/SCCmeclV

Four strains belonged to ST80, all of which carried
the antibiotic resistance genes aphA-3, sat, tetK and far
(resistance to fusidic acid). Strain Sau58 also carried
ermC, encoding for erythromycin and clindamycin
resistance. ST80 strains did not possess any enterotoxin
genes or clusters. The gene //b was truncated at the
phage insertion site due to the presence of sak and scn
genes. Microarray profiles were consistent with those
previously published for ST80, showing that this clone
is characterised by a specific antimicrobial resistance
pattern and by specific virulence factors such as etD
(encoding the exfoliative toxin D) and edinB (encoding
for the epidermal cell differentiation inhibitor B), which
are strong markers for the European ST80 clone [23,
24]. At variance with the vast majority of European
countries, in Italy, ST80 appears not to be the most
common CA-MRSA clone [10].
agrlll/ST88/SCCmecV

Two strains belonged to ST88. They possessed the
bi-functional gene aacA-aphD, encoding gentamicin—
kanamycin resistance. In this clone, enterotoxin P and
the truncated hlb gene for the insertion of the sak, scn
and chp genes were present. The hsdSI gene was found
only in the two ST88 isolates. hsdSI encodes a site-
specific deoxyribonuclease subunit type 1, involved in
a restriction modification system responsible for DNA
protection [30].

CA-MRSA ST88 isolates are rather rare: they have
been found only sporadically in Africa, Bangladesh,
China and Europe [31, 32]. However, in Africa, the
ST88 clone was found both in hospitals and in the
community, both MSSA and MRSA [31]. Differently

from the previously published microarray profile of this
clone, ST88 isolates from this study did not bear ent4
or fetK genes [23].

agrll/ST772/SCCmecV

Two strains belonged to ST772. They possessed the
antibiotic resistance genes msrA, mpbBM, aacA-aphD,
aphA-3, sat and fosB, and gave positive hybridisation
for enterotoxins entd, entK-Q and egc (comprising
entG-I-M-N-O-U) clusters and scn. The isolates lacked
the leukocidins /ukD-lukE and the serine proteases
splA, splB and splE. Both isolates harboured the cna
gene. This gene encodes a collagen-binding adhesin, a
virulence factor that could have a role in necrotising
pneumonia pathogenesis [33].

ST772 isolates are rather rare: they have been found
in Malaysia, Bangladesh, India and England [34, 35].
The toxin and virulence factor contents of the isolates
were in accordance to those of the Bangladesh isolates
[34], although our isolates did not carry ukD and lukE
genes.

ST772 is a single-locus variant of ST1. However, the
microarray profile of ST772 is completely different
from that of ST1, in terms of antibiotic resistance, toxin
content, SCCmec elements and agr alleles [23, 24].
agrll/ST5/SCCmecIV-V

Two strains shared this ST, but they harboured
different SCCmec elements (IV and V). Uniquely
among the isolates under study, the two ST5 isolates
did not possess the bla genes encoding the staphylo-
coccal penicillinase. The content of the other antibiotic
resistance genes and the toxin genes was quite different
in the two isolates. Sau22 possessed fosB, dfrd
(trimethoprim resistance), tetM (tetracycline resistance)
and gacA, responsible for quaternary ammonium com-
pounds resistance tolerance. The enterotoxin cluster egc
and the phage-borne genes sak, scn and chp were
present. Sau31 harboured aacA-aphD, tetK and fosB,
the enterotoxin gene entP, the enterotoxin clusters
entD-JR and egc, and the phage-borne genes sak and
scn. The two strains shared the same MSCRAMMs and
proteases genes.

The agrll/STS5 clone is widely disseminated and can
present different gene profiles, as microarray results
have previously described [23, 24].
agrlll/ST30/SCCmecIV

Only one strain belonged to ST30. This strain was
relatively antibiotic-susceptible, since it possessed only
the fosB gene. It harboured the enterotoxin egc cluster,
sak, scn, chp and cna genes. As expected, in this strain,
the allelic variants of some genes were found: for
instance, the variant 2 of the leukocidin /ukY, the alleles
MRSA252 of fib, encoding a fibronectin-binding
protein and of isd4, an immune-evasion factor. The
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microarray profile is in general accordance with that of
the ST30 strain MRSA252, with the exception that
Saul$5 lacks aadD and ermA [23]. ST30 corresponds to
the South-West Pacific clone, a pandemic clone spread
in Oceania, East-Asia, the United States, South Amer-
ica and some European countries [3].

Conclusions

Our data provide evidence of the diversity of the clones
circulating in Italy. The presence of six distinct community-
acquired methicillin-resistant Staphylococcus aureus (CA-
MRSA) clones probably reflects the introduction into the
country of different clones by international travellers or
immigrants. Among a limited number of Panton—Valentine
leukocidin (PVL)-positive CA-MRSA isolates, we found
isolates belonging to uncommon clones, such as agrlll/
ST88/SCCmecV and agrlll/ST772/SCCmecV, which are
only sporadically reported in other countries [31, 32, 34, 35].
Isolates belonging to ST8 were the most common. In
previously published case reports [12, 13], some of the
isolates were already assigned to the USA300 clone. In fact,
with the exception of one strain that presented all of the
USA300 characteristics, the other ST8 isolates should be
defined as arginine catabolic mobile element (ACME)-
negative USA300 strains. ACME-negative strains were
identified inside the USA300 clone in the USA [7],
Australia [28], Austria [10], Spain [29], Latin America
[36] and Italy [37], but, often, they represented only a
minority of the isolates. On the contrary, the majority of the
ST8 isolates found in Italy are ACME-negative.
Microarray hybridisation has the great potentiality of
investigating simultaneously the presence of a large
number of genomic loci. Hence, it allows the detection
of unexpected characteristics in a particular isolate that
would not be searched for by more labourious methods
(e.g. by polymerase chain reaction [PCR] assays). This
applies to less common antibiotic resistance genes and to
complex patterns of virulence genes. Some of the
peculiarities found, if confirmed, have the potentiality
to represent new epidemiological markers for the clones.
One example is the mer operon, which, in our study, was
recovered only in the ACME-negative USA300 strains
and not in the ACME-positive USA300 or in the other
CA-MRSA isolates. In the study by Monecke et al. [28],
the mer operon was also present in the USA300 ACME-
negative strains from Australia and not in the USA300
ACME-positive strains. Although the microarray has
allowed to find characteristics that are unique to clones
and strains, no specific patterns of toxin or virulence
factors genes have been identified that characterise CA-

@ Springer

MRSA or CA-MRSA strains causing specific diseases,
such as necrotising pneumonia, as already pointed out by
previous studies [23, 24, 28].

In conclusion, this study confirms that microarray
hybridisation represents a valid alternative approach to the
conventional molecular typing techniques, providing addi-
tional features that are complementary to the character-
isation of the strains.

Acknowledgements We thank the Italian clinicians and micro-
biologists who provided the CA-MRSA isolates and Novartis
Vaccines Italia for providing the USA300 reference strain FPR3757.
We thank C. Courtier, C. Gardon, C. Bouveyron and C. Spinelli for
their technical help with the microarrays, M. Bes for the microarray
analyses, G. Lina, F. Vandenesch and all the other members of the
“Centre National de Référence des Staphylocoques” and of the
laboratory “Pathogénie des Staphylocoques” for their hospitality and
helpful advice. We thank G. Gherardi for the bionumerics analyses of
the PFGE results. The software program Ridom StaphType (Ridom
GmbH, Wurzburg, Germany) and laboratory training were provided
by the European Antimicrobial Resistance Surveillance System
(EARSS). This publication made use of the Multi Locus Sequence
Typing website (http://www.mlst.net) at Imperial College London,
developed by David Aanensen and funded by the Wellcome Trust.
Part of the results were presented at the 19th European Congress of
Clinical Microbiology and Infectious Diseases (ECCMID), Helsinki,
Finland, May 2009.

Funding and conflict of interest statement This work was
supported in part by a grant from the Italian Ministry of Research
(Fondo per gli Investimenti della Ricerca di Base, FIRB, 2005
“Costruzione di un Laboratorio Nazionale per lo Studio delle
Resistenze Batteriche agli Antibiotici”) and from the Italian Ministry
of Health (CCM 2008, “Sorveglianza dell’antibiotico-resistenza in
comunita, nelle infezioni trasmesse dagli alimenti e in quelle di origine
zoonosica”). A.S. was supported by a grant from the Italian Ministry
of Research. The authors declare that they have no conflict of interest.

References

1. Pantosti A, Sanchini A, Monaco M (2007) Mechanisms of
antibiotic resistance in Staphylococcus aureus. Future Microbiol
2:323-334. doi:10.2217/17460913.2.3.323

2. Pantosti A, Venditti M (2009) What is MRSA? Eur Respir J
34:1190-1196. doi:10.1183/09031936.00007709

3. Deleo FR, Otto M, Kreiswirth BN, Chambers HF (2010)
Community-associated meticillin-resistant Staphylococcus aureus.
Lancet 375:1557-1568. doi:10.1016/S0140-6736(09)61999-1

4. Higuchi W, Takano T, Teng LJ, Yamamoto T (2008) Structure and
specific detection of staphylococcal cassette chromosome mec
type VII. Biochem Biophys Res Commun 377:752-756.
doi:10.1016/j.bbrc.2008.10.009

5. Shore AC, Rossney AS, Kinnevey PM, Brennan OM, Creamer E,
Sherlock O, Dolan A, Cunney R, Sullivan DJ, Goering RV,
Humphreys H, Coleman DC (2010) Enhanced discrimination of
highly clonal ST22-methicillin-resistant Staphylococcus aureus IV
isolates achieved by combining spa, dru, and pulsed-field gel
electrophoresis typing data. J Clin Microbiol 48:1839-1852.
doi:10.1128/JCM.02155-09

6. Dauwalder O, Lina G, Durand G, Bes M, Meugnier H, Jarlier V,
Coignard B, Vandenesch F, Etienne J, Laurent F (2008)


http://www.mlst.net
http://dx.doi.org/10.2217/17460913.2.3.323
http://dx.doi.org/10.1183/09031936.00007709
http://dx.doi.org/10.1016/S0140-6736(09)61999-1
http://dx.doi.org/10.1016/j.bbrc.2008.10.009
http://dx.doi.org/10.1128/JCM.02155-09

Eur J Clin Microbiol Infect Dis (2011) 30:1399—-1408

1407

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

Epidemiology of invasive methicillin-resistant Staphylococcus
aureus clones collected in France in 2006 and 2007. J Clin
Microbiol 46:3454-3458. doi:10.1128/JCM.01050-08

. McDougal LK, Fosheim GE, Nicholson A, Bulens SN, Limbago

BM, Shearer JE, Summers AO, Patel J (2010) Emergence of
resistance among USA300 methicillin-resistant Staphylococcus
aureus isolates causing invasive disease in the United States.
Antimicrob Agents Chemother 54:3804-3811. doi:10.1128/
AAC.00351-10

. Boyle-Vavra S, Daum RS (2007) Community-acquired

methicillin-resistant Staphylococcus aureus: the role of Panton—
Valentine leukocidin. Lab Invest 87:3-9. doi:10.1038/labinvest
.3700501

. Diep BA, Stone GG, Basuino L, Graber CJ, Miller A, des

Etages SA, Jones A, Palazzolo-Ballance AM, Perdreau-
Remington F, Sensabaugh GF, DelLeo FR, Chambers HF
(2008) The arginine catabolic mobile element and staphylococ-
cal chromosomal cassette mec linkage: convergence of virulence
and resistance in the USA300 clone of methicillin-resistant
Staphylococcus aureus. J Infect Dis 197:1523-1530. doi:10.1086/
587907

Otter JA, French GL (2010) Molecular epidemiology of
community-associated meticillin-resistant Staphylococcus aureus
in Europe. Lancet Infect Dis 10:227-239. doi:10.1016/S1473-
3099(10)70053-0

Monaco M, Antonucci R, Palange P, Venditti M, Pantosti A
(2005) Methicillin-resistant Staphylococcus aureus necrotizing
pneumonia. Emerg Infect Dis 11:1647-1648

Valentini P, Parisi G, Monaco M, Crea F, Spanu T, Ranno O,
Tronci M, Pantosti A (2008) An uncommon presentation for a
severe invasive infection due to methicillin-resistant Staphylococ-
cus aureus clone USA300 in Italy: a case report. Ann Clin
Microbiol Antimicrob 7:11. doi:10.1186/1476-0711-7-11

Tinelli M, Pantosti A, Lusardi C, Vimercati M, Monaco M (2007)
First detected case of community-acquired methicillin-resistant
Staphylococcus aureus skin and soft tissue infection in Italy. Euro
Surveill 12:E070412.1

Marchese A, Gualco L, Maioli E, Debbia E (2009) Molecular
analysis and susceptibility patterns of meticillin-resistant Staphy-
lococcus aureus (MRSA) strains circulating in the community in
the Ligurian area, a northern region of Italy: emergence of
USA300 and EMRSA-15 clones. Int J Antimicrob Agents
34:424-428. doi:10.1016/j.jjantimicag.2009.06.016

Stefani S, Bongiorno D, Cafiso V, Campanile F, Crapis M, Cristini
F, Sartor A, Scarparo C, Spina D, Viale P (2009) Pathotype and
susceptibility profile of a community-acquired methicillin-
resistant Staphylococcus aureus strain responsible for a case of
severe pneumonia. Diagn Microbiol Infect Dis 63:100-104.
doi:10.1016/j.diagmicrobio.2008.09.012

European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (2010) Clinical breakpoints. Available online at:
http://www.eucast.org/eucast_disk diffusion_test/breakpoints/
Clinical and Laboratory Standards Institute (CLSI) (2008)
Performance standards for antimicrobial susceptibility testing;
eighteenth informational supplement. M100-S18. Vol. 28; No. 1.
CLSIL, Wayne, PA

The British Society for Antimicrobial Chemotherapy (BSAC)
(2010) Clinical breakpoints. Available online at: http://www.bsac.
org.uk/Susceptibility+Testing/Breakpoints

. Monaco M, Sanchini A, Grundmann H, Pantosti A, EARSS-Italy

S. aureus typing Group (2010) Vancomycin-heteroresistant phe-
notype in invasive methicillin-resistant Staphylococcus aureus
isolates belonging to spa type 041. Eur J Clin Microbiol Infect Dis
29:771-777. doi:10.1007/s10096-010-0922-2

Diep BA, Gill SR, Chang RF, Phan TH, Chen JH, Davidson MG,
Lin F, Lin J, Carleton HA, Mongodin EF, Sensabaugh GF,

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Perdreau-Remington F (2006) Complete genome sequence of
USA300, an epidemic clone of community-acquired meticillin-
resistant Staphylococcus aureus. Lancet 367:731-739.
doi:10.1016/S0140-6736(06)68231-7

McDougal LK, Steward CD, Killgore GE, Chaitram JM,
McAllister SK, Tenover FC (2003) Pulsed-field gel electrophore-
sis typing of oxacillin-resistant Staphylococcus aureus isolates
from the United States: establishing a national database. J Clin
Microbiol 41:5113-5120

van Belkum A, Tassios PT, Dijkshoorn L, Haeggman S,
Cookson B, Fry NK, Fussing V, Green J, Feil E, Gerner-
Smidt P, Brisse S, Struelens M, European Society of Clinical
Microbiology and Infectious Diseases (ESCMID) Study Group
on Epidemiological Markers (ESGEM) (2007) Guidelines for
the validation and application of typing methods for use in
bacterial epidemiology. Clin Microbiol Infect 13(Suppl 3):S1-
S46. doi:10.1111/5.1469-0691.2007.01786.x

Monecke S, Slickers P, Ehricht R (2008) Assignment of
Staphylococcus aureus isolates to clonal complexes based on
microarray analysis and pattern recognition. FEMS Immunol Med
Microbiol 53:237-251. doi:10.1111/j.1574-695X.2008.00426.x
Monecke S, Berger-Bachi B, Coombs G, Holmes A, Kay I,
Kearns A, Linde HJ, O’Brien F, Slickers P, Ehricht R (2007)
Comparative genomics and DNA array-based genotyping of
pandemic Staphylococcus aureus strains encoding Panton—Valen-
tine leukocidin. Clin Microbiol Infect 13:236-249. doi:10.1111/
j.1469-0691.2006.01635.x

Montgomery CP, Boyle-Vavra S, Daum RS (2009) The arginine
catabolic mobile element is not associated with enhanced
virulence in experimental invasive disease caused by the
community-associated methicillin-resistant Staphylococcus aureus
USA300 genetic background. Infect Immun 77:2650-2656.
doi:10.1128/IA1.00256-09

Larsen AR, Goering R, Stegger M, Lindsay JA, Gould KA, Hinds
J, Serum M, Westh H, Boye K, Skov R (2009) Two distinct
clones of methicillin-resistant Staphylococcus aureus (MRSA)
with the same USA300 pulsed-field gel electrophoresis profile: a
potential pitfall for identification of USA300 community-
associated MRSA. J Clin Microbiol 47:3765-3768. doi:10.1128/
JCM.00934-09

Ito T, Katayama Y, Asada K, Mori N, Tsutsumimoto K,
Tiensasitorn C, Hiramatsu K (2001) Structural comparison of
three types of staphylococcal cassette chromosome mec integrated
in the chromosome in methicillin-resistant Staphylococcus aureus.
Antimicrob Agents Chemother 45:1323-1336. doi:10.1128/
AAC.45.5.1323-1336.2001

Monecke S, Ehricht R, Slickers P, Tan HL, Coombs G (2009) The
molecular epidemiology and evolution of the Panton—Valentine
leukocidin-positive, methicillin-resistant Staphylococcus aureus
strain USA300 in Western Australia. Clin Microbiol Infect
15:770-776. doi:10.1111/j.1469-0691.2009.02792.x

Blanco R, Tristan A, Ezpeleta G, Larsen AR, Bes M, Etienne J,
Cisterna R, Laurent F (2011) Molecular epidemiology of Panton—
Valentine leukocidin-positive Staphylococcus aureus in Spain:
emergence of the USA300 clone in an autochthonous population.
J Clin Microbiol 49:433-436. doi:10.1128/JCM.02201-10
Wilson GG (1991) Organization of restriction-modification
systems. Nucleic Acids Res 19:2539-2566

Breurec S, Zriouil SB, Fall C, Boisier P, Brisse S, Djibo S,
Etienne J, Fonkoua MC, Perrier-Gros-Claude JD, Pouillot R,
Ramarokoto CE, Randrianirina F, Tall A, Thiberge JM; Working
Group on Staphylococcus aureus infections, Laurent F, Garin B
(2011) Epidemiology of methicillin-resistant Staphylococcus
aureus lineages in five major African towns: emergence and
spread of atypical clones. Clin Microbiol Infect 17:160-165.
doi:10.1111/5.1469-0691.2010.03219.x

@ Springer


http://dx.doi.org/10.1128/JCM.01050-08
http://dx.doi.org/10.1128/AAC.00351-10
http://dx.doi.org/10.1128/AAC.00351-10
http://dx.doi.org/10.1038/labinvest.3700501
http://dx.doi.org/10.1038/labinvest.3700501
http://dx.doi.org/10.1086/587907
http://dx.doi.org/10.1086/587907
http://dx.doi.org/10.1016/S1473-3099(10)70053-0
http://dx.doi.org/10.1016/S1473-3099(10)70053-0
http://dx.doi.org/10.1186/1476-0711-7-11
http://dx.doi.org/10.1016/j.ijantimicag.2009.06.016
http://dx.doi.org/10.1016/j.diagmicrobio.2008.09.012
http://www.eucast.org/eucast_disk_diffusion_test/breakpoints/
http://www.bsac.org.uk/Susceptibility+Testing/Breakpoints
http://www.bsac.org.uk/Susceptibility+Testing/Breakpoints
http://dx.doi.org/10.1007/s10096-010-0922-2
http://dx.doi.org/10.1016/S0140-6736(06)68231-7
http://dx.doi.org/10.1111/j.1469-0691.2007.01786.x
http://dx.doi.org/10.1111/j.1574-695X.2008.00426.x
http://dx.doi.org/10.1111/j.1469-0691.2006.01635.x
http://dx.doi.org/10.1111/j.1469-0691.2006.01635.x
http://dx.doi.org/10.1128/IAI.00256-09
http://dx.doi.org/10.1128/JCM.00934-09
http://dx.doi.org/10.1128/JCM.00934-09
http://dx.doi.org/10.1128/AAC.45.5.1323-1336.2001
http://dx.doi.org/10.1128/AAC.45.5.1323-1336.2001
http://dx.doi.org/10.1111/j.1469-0691.2009.02792.x
http://dx.doi.org/10.1128/JCM.02201-10
http://dx.doi.org/10.1111/j.1469-0691.2010.03219.x

1408

Eur J Clin Microbiol Infect Dis (2011) 30:1399—-1408

32.

33.

34.

Yao D, Yu FY, Qin ZQ, Chen C, He SS, Chen ZQ, Zhang XQ,
Wang LX (2010) Molecular characterization of Staphylococcus
aureus isolates causing skin and soft tissue infections (SSTIs).
BMC Infect Dis 10:133. doi:10.1186/1471-2334-10-133

de Bentzmann S, Tristan A, Etienne J, Brousse N, Vandenesch F,
Lina G (2004) Staphylococcus aureus isolates associated with
necrotizing pneumonia bind to basement membrane type I and IV
collagens and laminin. J Infect Dis 190:1506—1515. doi:10.1086/
424521

D’Souza N, Rodrigues C, Mehta A (2010) Molecular character-
ization of methicillin-resistant Staphylococcus aureus with emer-
gence of epidemic clones of sequence type (ST) 22 and ST 772 in
Mumbai, India. J Clin Microbiol 48:1806—1811. doi:10.1128/
JCM.01867-09

@ Springer

35.

36.

37.

Ellington MJ, Ganner M, Warner M, Cookson BD, Kearns AM
(2010) Polyclonal multiply antibiotic-resistant methicillin-resistant
Staphylococcus aureus with Panton—Valentine leucocidin in Eng-
land. J Antimicrob Chemother 65:46-50. doi:10.1093/jac/dkp386
Reyes J, Rincon S, Diaz L, Panesso D, Contreras GA, Zurita J,
Carrillo C, Rizzi A, Guzman M, Adachi J, Chowdhury S, Murray
BE, Arias CA (2009) Dissemination of methicillin-resistant
Staphylococcus aureus USA300 sequence type 8 lineage in Latin
America. Clin Infect Dis 49:1861-1867. doi:10.1086/648426
Baldan R, Tassan Din C, Semeraro G, Costa C, Cichero P,
Scarpellini P, Moro M, Cirillo DM (2009) Severe community-
onset infections in healthy individuals caused by community-
acquired MRSA in an Italian teaching hospital, 2006-2008. J
Hosp Infect 72:271-273. doi:10.1016/j.jhin.2009.04.007


http://dx.doi.org/10.1186/1471-2334-10-133
http://dx.doi.org/10.1086/424521
http://dx.doi.org/10.1086/424521
http://dx.doi.org/10.1128/JCM.01867-09
http://dx.doi.org/10.1128/JCM.01867-09
http://dx.doi.org/10.1093/jac/dkp386
http://dx.doi.org/10.1086/648426
http://dx.doi.org/10.1016/j.jhin.2009.04.007

	DNA...
	Abstract
	Introduction
	Materials and methods
	Bacterial isolates, antimicrobial susceptibility and biofilm production testing
	Characterisation of the isolates by PCR
	Molecular typing of the isolates
	DNA microarray hybridisation

	Results and discussion
	Molecular typing
	Microarray analyses

	Conclusions
	References


