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Summary. Diverse genotyping methods, including multiple-locus variable-number tandem-repeat (VNTR) analysis
(MLVA), pulsed field gel electrophoresis (PFGE), and multilocus sequence typing (MLST), were used for genotyping
Staphylococcus aureus in samples recovered from a clinical case of osteomyelitis. An unexpected genetic diversity of strains
was determined, including four new sequence types (ST 1521, 1522, 1628 and 1629) belonging to the same genetic lineage,
implying the appearance of a new subgroup derived from clonal complex CC121 isolated from that hospital. A close phylo-
genetic relationship among the STs was demonstrated, reflecting a possible diversifying evolution process. To our knowledge,
there have no been previous reports of staphylococcal genetic variability observed within a single individual with such a high
degree of variation. These findings emphasize the need for infection control measures to monitor the high genetic variability
continuously occurring in this often dangerous infectious agent. [Int Microbiol 2011; 14(1):33-39]
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Introduction

Osteomyelitis is an acute or chronic inflammatory process of
both the bone and its structures that occurs secondary to
infection with pyogenic organisms [13]. Staphylococcus
aureus is the main cause of purulent infections in humans,
including bone and joint infections [5], and generates lethal
and increasingly common nosocomial infections [19].
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Occasionally, S. aureus acquires enhanced virulence and
antimicrobial resistance through horizontal DNA transfer,
which increases its variability. The central genome core,
however, is relatively stable and mainly diversifies by the
accumulation of single-nucleotide substitutions in the
absence of frequent interstrain recombination [8]. It is there-
fore possible to discern different clones and clonal lineages
by molecular typing methodologies.

Molecular typing of the S. aureus pathogen has been used
to examine both long-term or global epidemiology and short-
term or local epidemiology. In another context, the typing of
organisms in a defined setting over a short period of time
may be used to study the relationships between isolates asso-
ciated with carriage and infection in a given individual [20].
This last approach was used for this study.
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Multilocus sequence typing (MLST) is based on house-
keeping genes that represent exclusively core genome genes.
These genes can only evolve through mutation and gene
replacement. MLST has been used to analyze and compare
worldwide genetic variation in collections of bacterial iso-
lates [14]. The number of nucleotide differences between two
alleles at a single divergent locus can be used to gauge the
likelihood that the allele in the founder genotype has changed
by mutation or recombination [9]. Sequence data of S. aureus
strains analyzed thus far show that genetic differences
between a single-locus variant and its ancestral strains appear
15-fold more frequently by point mutations than by recombi-
nation [8], indicating a predominantly clonal evolution. The
clonality of a delimited population could also be elucidated
by this highly discriminatory, precise molecular typing
method.

It is known that the genotypes of healthcare-associated
methicillin-resistant S. aureus (HA-MRSA) clones may dif-
fer both within this group and, markedly, from methicillin-
sensitive (HA-MSSA) isolates from the same hospitals [7].
However, there is little evidence for differences among HA-
MSSA or HA-MRSA isolates causing infections in the same
individual.

The aim of this investigation was to describe the HA-
MSSA strains recovered from a single patient suffering from
osteomyelitis, and to explore the diversification of these
strains in hospital settings. Isolates were characterized by
genotypic methods, thereby inferring the relationships
among them.

Materials and methods

Bacterial isolates, and phenotypic identification. A 48-year-
old female patient of University Hospital Nuestra Sefiora de Candelaria
(HUNSC) with very aggressive rheumatoid arthritis, fitted with total pros-
theses in both knees, presented with destruction of the left femoral head and
pubic symphysis. Pathological and microbial evaluation showed active, chron-
ic osteomyelitis from which MSSA were isolated. Ten isolates of S. aureus,
comprising nine isolates from osseous samples and one from articular liquid,
were simultaneously recovered from the patient. Phenotypic identification
and antimicrobial resistance were performed with Vitek2 (bioMérieux,
Lyon, France). The antimicrobial susceptibility of the patient’s isolates was
tested in accordance with Clinical and Laboratory Standards Institute guide-
lines, including clindamycin, ciprofloxacin, erythromycin, fusidic acid, gen-
tamicin, levofloxacin, penicillin G, rifampicin, trimethoprim, mupirocin,
tobramycin, teicoplanin, vancomycin, oxacillin, linezolid and tetracycline;
methicillin and mupirocin resistance were confirmed by multiplex poly-
merase chain reaction (PCR) as described below.

PCR. In addition to the phenotypic characterization of the isolates, a multi-
plex PCR assay, which permits simultaneous identification of S. aureus and

detection of the methicillin and mupirocin resistance genes, was performed
as previously described [22,23]. The isolates were also tested for the pres-
ence of Panton-Valentine leucocidin (PVL) genes (/ukF-PV and [ukS-PV) by
using described primers and methods [9,12,25], and for the presence of the
intercellular adhesion gene cluster (ica) [15,16].

Pulsed field gel electrophoresis (PFGE). All S. aureus isolates
were characterized by macrorestriction analysis of Smal-digested genomic
DNA by PFGE as described [24]. Restriction fragments were resolved by
PFGE with a CHEF-DRIII contour-clamped homogeneous electric field
apparatus (Bio-Rad Laboratories, Richmond, CA). Following electrophore-
sis, the 1% Seakem Gold agarose gels were stained with ethidium bromide
(0.5 pg/ml), visualized under UV illumination, and photographed with the
Gel Doc 2000 system (Bio-Rad). Digital images were stored electronically
as TIFF files.

Multiple locus VNTR analysis (MLVA). MLVA typing was per-
formed as previously described [10,25,26] with minor modifications. Gel
images were exported as TIFF files for further analysis.

Computer-monitored fingerprinting analysis. Computer
analyses of the banding patterns obtained by PFGE and MLVA were per-
formed with the InfoQuest FP software v4.5 (Bio-Rad) as previously
described. A dendrogram of banding patterns using the unweighted pair-
group method with arithmetic averages (UPGMA) was constructed by using
the Dice coefficient. As in previous studies, a similarity cut-off of 80% was
used to define a PFGE type [27,28].

Multilocus sequence typing (MLST). MLST was performed for all
the isolates as described by Enright et al. [6]. Sequences were determined
with an ABI Prism 310 genetic analyzer with BigDye fluorescent terminator
chemistry (Applied Biosystems, Warrington, UK). Allele numbers were
assigned by using the MLST website (http://www.mlst.net), and resulting
allelic profiles were assigned to particular sequence types (ST) for each iso-
late. The eBURST algorithm, available at [http://eBURST.mlst.net], was
used to classify different STs into clusters or clonal complexes (CCs) of phy-
logenetic relationships by comparison against the MLST database. Such CCs
consisted of two or more isolates with the same ST(s), which differed either
at a single locus (single-locus variants) or at two loci (double-locus variants).
A minimum spanning tree (MST) constructed with InfoQuest FP software
v4.5 (BioRad) using the concatenated seven gene fragments was also used
to show the phylogenetic relationships between isolates. The categorical
coefficient was used to calculate the MST. The software applies a rule by
which, in case of identical calculated distances between types, the type that
has the highest number of single-locus variants is linked first [2].

Results

Isolates characteristics. Ten MSSA isolates were recovered:
nine from osseous samples and one from articular liquid. All
were confirmed as MSSA by multiplex PCR due to the pres-
ence of the femB gene (identifying S. aureus at the species
level) and the absence of mecA (encoding high-level methi-
cillin resistance). The presence of the iles-2 gene (encoding
high-level mupirocin resistance) was also discarded with the
same triplex PCR experiment. There was no resistance to
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Fig. 1. Dendrogram obtained by the unweighted pair group method using arithmetic averages (UPGMA) and the Dice coefficient, showing the relatedness
of the combined PFGE and MLVA banding patterns of Staphylococcus aureus isolates. The ST and strain source are indicated to the right of each gel lane.

The scale indicates the level of pattern similarity.

methicillin, mupirocin, or a battery of several other antibi-
otics (vancomycin, clindamycin, ciprofloxacin, linezolid).

Typing of isolates. According to the criterion of
Tenover [28], the isolates were grouped into two PFGE
types. Nine of the ten isolates (all recovered from osseous tis-
sue) were clustered within one type. Similarly, by applying
the 80% similarity criterion above mentioned, we were able
to group the MLVA patterns into two clusters homologous to
those obtained with PFGE. A combined dendrogram deduced
from the cluster analysis of macrorestriction and MLVA pat-
terns was constructed (Fig. 1).

PFGE and MLVA clearly distinguished between the
osseous sample strains, which formed a defined group under-
lining their relatedness, and the articular liquid strain. A high
preponderance of isolates with the ica cluster was obtained in
both clusters.

Four new STs not previously recorded (submitted to the
MLST database and designated ST1521, ST1522, ST1628
and ST1629) were found, and only one previously described
MSSA ST120. All of the new STs were represented by one

unique isolate, with the other six isolates belonging to ST120
(Fig. 1), which was the most represented ST. New STs were
all single- or double-locus variants of ST120.

Population structure. By using the BURST, we were
able to group the STs in only one CC without singletons
among the five STs. The predicted ancestor ST120 included
most of the isolates (Fig. 1). Accordingly, the clonal complex
was called CC120. The complex contained sequence types that
differed by not more than two loci. In addition, in most cases,
the STs differed by a few mutations. ST1628 was a single-
locus variant (SLV), single-nucleotide variant, in the aroE
locus from ST120; similarly, ST1629 was a SLV in the gmK
locus from ST1628, differing by two substitutions; and, final-
ly ST1522 and ST1523 were SLV in the pta allele from
ST1628, differing by three and five substitutions, respectively,
which is consistent with a recombination event. This ST1628
turned out to be an intermediate genetic state between ST120
and the remaining STs described here (Figs. 2 and 3A).

The genotypes described seem to have emerged from
ST120, and the evolutionary pattern could be explained by
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Fig. 2. Application of eBURST algorithm to MLST data for the collection of 52 STs composing the CC121. Each ST is represented by black dots except for
subgroup founders identified by white dots. Brackets surround the cluster formed by STs derived from ST120.

means of successive point mutations and recombination
processes. Figure 3A shows the probable evolutionary tree
resulting from application of the eBURST algorithm. With
the objective of validating the clustering and evolutionary
model proposed by eBURST, we constructed a cluster analy-
sis using a MST of the concatenated sequences of the seven
MLST genes of the five STs and ST121 (Fig. 3B).

Discussion

The new MSSA clonal complex isolated from just one patient
afflicted with an osteomyelitic process included five clones,
four of which had never been described before. Within the
current worldwide epidemic of community-acquired S. aureus
infections, attention has focused on the role of methicillin-
resistant strains. In this study, we characterized new STs of
methicillin-susceptible strains that can contribute to this epi-
demic, either as infectious agents themselves or as reservoirs

for the emergence of new MRSA by horizontal acquisition of
SCCmec element, as described for other STs [21,29].

Most of the MSSA isolates in our study were closely
related based on their PFGE and MLVA patterns. Only subtle
band changes were observed in the group of strains recovered
from osseous tissue. However, there was a high diversity in
the MLST. The allelic profiles allowed the isolates to be
grouped in a new single clonal complex CC120 with ST120
as founder. None of the genotypes included in the CC120 had
been detected in this hospital before and four of them were
new STs. These results suggest the appearance of an entirely
new group of nosocomial, infectious S. aureus. Moreover,
the four new strains appeared in a single patient.

Analysis of the sequence data obtained by MLST, based
on the slowly evolving genomic “core”, provided data that
are well suited to studies of global epidemiology and popula-
tion biology of bacterial pathogens [24]. We attempted to
introduce MLST in the analysis of a focused infecting popu-
lation isolated from one individual. The clones, considered
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Fig. 3. Clonal complex 120. (A) Analysis of S. aureus isolates with e BURST. The predicted clonal ancestor is shown in the central ring, the single-locus
variant in the middle (solid) ring, and double-locus variants in the outer (dashed) ring. The number of isolates in ST120 is shown in parentheses. No single-
tons were detected. (B) Phylogenetic diversity of the sequenced Staphylococcus aureus strains. The split decomposition tree was constructed using concate-
nated sequences of the seven loci used in MLST for all the STs isolated and ST121. The graph was constructed by using SplitsTree Version 4. Distances were

estimated based on Hamming (uncorrected) distances.

similar through the use of PFGE, were distinguished by
MLST, which indicates a high genotypic diversity [17].
Staphylococcus aureus is characterized by low levels of
recombination, with clones diversifying predominantly by
point mutation rather than by recombination [8]. STs
belonging to CC120 might have evolved by point muta-
tions in two cases (ST1628 and ST1629) and by recombi-
nation in the remaining two (ST1522 and ST1521), as
shown by the predicted evolutionary tree (Fig. 3B). A high-
ly related PFGE pattern in ST1433 was previously isolated
from this hospital several years before and described by
our group. The group of isolates defined in this study might
have had a phylogenetic relationship with ST1433.
However, this was not supported by the PFGE results. As
PVL has been associated with life-threatening infections
[22], we tested the presence of PVL genes, which we did
not detect in any of the isolates. Although PVL has been
associated with the founder clone ST120 [4], this gene was
not detected by PCR. Furthermore, even though this ST is
commonly described as a community-acquired (CA)-
MSSA, in our study, this strain was recovered as an HA-
MSSA. This result supports the suggestion to eliminate the
artificially established barrier between CA-MRSA and
HA-MRSA [F.C. Tenover, personal communication].

The ability of S. aureus strains to develop a biofilm has
been often considered as a virulence factor in osteomyelitic
processes [11]. Therefore, we tested for the presence of the
ica-gene cluster, whose component icaR (regulatory) and
icaADBC (biosynthetic) genes are known to be necessary for
biofilm formation and virulence [3,18]. All the isolates but
two carried this cluster, which is in accordance with previous
work reporting that it is commonly found in S. aureus strains
involved in osteomyelitis [1].

Together, these findings reflect that the spread of infec-
tions caused by genetically closely related methicillin-sus-
ceptible strains sharing phenotypic characteristics other than
susceptibility to methicillin involves a driving force probably
different from that of methicillin resistance and related to
other undefined fitness characteristics. Our results also indi-
cate the need to reinforce microbiological controls in infec-
tion processes involving osteomyelitis, persistent bacter-
aemia, and other deep-seated infections, all of which are
associated with high mortality rates and are often difficult to
treat. In addition, the data can be applied to examine the
potential role of combination therapy in resolving these
infections.

Previous works have compared strains in a given individ-
ual over a short period of time [5]. These studies and many
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others have found higher indexes of diversity by PFGE than
by MLST, in which only one ST corresponds to a group of
related PFGE patterns [30]. Conversely, here we argue that
focusing only on PFGE patterns may lead to a subdiscrimi-
nation with respect to variability as applied to microepidemi-
ological purposes. Nonetheless, for many strictly epidemiolog-
ical applications, PFGE is the system of choice, with MLST is
reserved for more profound population genetic studies.

The history of staphylococcal infections has been marked
by the rapid emergence of new strains with distinctive epi-
demiological and clinical characteristics. We are currently in
such a period. We conclude that such an emergence and clon-
ality of S. aureus can occur within a restricted location, such
as a single individual, in which a highly localized bacterial
strain diversity is possible. Thus, continued epidemiological
surveillance is of great importance to monitor the course of
this development, to provide further evidence concerning the
evolution of this human pathogen, and to predict additional
probable changes.
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