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Staphylococcus aureus is an important nosocomial and communityacquired pathogen. Its genetic plasticity has facilitated the evolution of many virulent and drug-resistant strains, presenting a major
and constantly changing clinical challenge. We sequenced the
⬇2.8-Mbp genomes of two disease-causing S. aureus strains isolated from distinct clinical settings: a recent hospital-acquired
representative of the epidemic methicillin-resistant S. aureus
EMRSA-16 clone (MRSA252), a clinically important and globally
prevalent lineage; and a representative of an invasive communityacquired methicillin-susceptible S. aureus clone (MSSA476). A comparative-genomics approach was used to explore the mechanisms
of evolution of clinically important S. aureus genomes and to
identify regions affecting virulence and drug resistance. The genome sequences of MRSA252 and MSSA476 have a well conserved
core region but differ markedly in their accessory genetic elements.
MRSA252 is the most genetically diverse S. aureus strain sequenced
to date: ⬇6% of the genome is novel compared with other
published genomes, and it contains several unique genetic elements. MSSA476 is methicillin-susceptible, but it contains a novel
Staphylococcal chromosomal cassette (SCC) mec-like element (designated SCC476), which is integrated at the same site on the
chromosome as SCCmec elements in MRSA strains but encodes a
putative fusidic acid resistance protein. The crucial role that accessory elements play in the rapid evolution of S. aureus is clearly
illustrated by comparing the MSSA476 genome with that of an
extremely closely related MRSA community-acquired strain; the
differential distribution of large mobile elements carrying virulence and drug-resistance determinants may be responsible for the
clinically important phenotypic differences in these strains.

he impact on human health of Staphylococcus aureus infections in community and hospital settings has lead to intensive
investigation of this organism over recent years. It is the causative agent of a wide range of diseases, from carbuncles and food
poisoning, through more serious device and wound-related
infections, to life threatening conditions, such as bacteremia,
necrotizing pneumonia, and endocarditis. S. aureus produces a
plethora of virulence factors that facilitate attachment, colonization, cell–cell interactions, immune evasion, and tissue damage. The number of effective antibiotics has been reduced by the
emergence of resistance to penicillin, methicillin, and, more
recently, vancomycin (1, 2), a problem that has been com-
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pounded by the recent emergence of methicillin-resistant S.
aureus (MRSA) carriage and disease in the community (3, 4).
The genomes of two recently isolated clinical S. aureus strains
were sequenced: a hospital-acquired MRSA strain (MRSA252),
representative of the highly successful epidemic EMRSA-16
clone, and a community-acquired methicillin-susceptible S. aureus (MSSA) strain (MSSA476). More complete genomes are
now available for S. aureus than for any other bacterial species,
thus providing a detailed insight into the evolutionary processes
leading to strains of differing virulence and drug-resistance
potential. Our comparative analyses used the previously published genomes of closely related hospital-acquired MRSA and
vancomycin intermediately susceptible S. aureus strains (N315
and Mu50, respectively) (5), and a community-acquired MRSA
strain (MW2) (6). Furthermore, extensive multilocus sequence
typing (MLST) data have been generated for this species,
allowing the comparison of the sequenced strains within the
context of the whole S. aureus population (7). MRSA252 belongs
to the clinically important EMRSA-16 clone that is responsible
for half of all MRSA infections in the U.K. (8) and is one of the
major MRSA clones found in the U.S. (USA200) (9). Its
emergence in the last 10 years has been associated with a
significant increase in the numbers of S. aureus infections in U.K.
hospitals, and it is regarded as endemic in the majority of U.K.
hospitals (8). MSSA476 was chosen because it caused severe
invasive disease in an immunocompetent child in the community
and belonged to a major clone associated with communityacquired disease that also contains the community-acquired
MRSA strain MW2 (10).
In this study, we describe general features of the two new
genomes and highlight the significance of mobile genetic eleThis paper was submitted directly (Track II) to the PNAS office.
Abbreviations: MLST, multilocus sequence typing; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive Staphylococcus aureus; SCC, Staphylococcal
chromosomal cassette; ST, sequence type; SaPI, Staphylococcus aureus pathogenicity
islands.
Data deposition: The sequences and annotation of the MRSA252 and MSSA476 genomes,
including the pSAS1 plasmid from MSSA476, have been deposited in the EMBL database
(accession nos. BX571856 –BX571858).
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acquired DNA, often at loci that have been previously identified
as mobile genetic elements or ‘‘genomic islands’’ (Fig. 1) (5, 6).
Many of the genes contained in these regions are associated with
virulence or drug resistance. A summary of the genomic islands
of MRSA252 and MSSA476 and the important determinants
they carry is given in Table 1.

Methods

Genetic Elements Carrying Resistance Genes in MRSA252 and
MSSA476. MSSA476 is resistant to penicillin and fusidic acid but

Bacterial

Strains.

Hospital-acquired,

epidemic

strain

MRSA252.

MRSA252 was isolated in 1997 from a 64-year-old female who
acquired MRSA postoperatively. The organism was part of a
miniature outbreak at an intensive treatment unit where all three
of the patients who became infected died as a direct consequence
of MRSA septicemia (septic shock or multiorgan failure subsequent to septic shock). MRSA252 is resistant to penicillin,
ciprofloxacin, erythromycin, and methicillin and sensitive to
fusidic acid, rifampicin, tetracycline, trimethoprim, gentamicin,
and amikacin. The strain has been typed as belonging to the
EMRSA-16 clone by pulsed-field gel electrophoresis and to
sequence type (ST)36 by MLST (8, 10).
Community-acquired, invasive strain MSSA476. MSSA476 was isolated
in 1998 from a 9-year-old boy with community-acquired primary
upper tibial osteomyelitis and bacteremia who had no predisposing risk factors. Although resistant to penicillin and fusidic
acid, the strain was susceptible to most commonly used antibiotics, including ciprof loxacin, rifampicin, tetracycline, trimethoprim, erythromycin, gentamicin, amikacin, and methicillin. After surgical intervention and treatment with i.v.
flucloxacillin the patient made a full recovery. The strain has
been assigned to ST1 by MLST (10).
Whole-Genome Sequencing. The two genome sequences were

produced independently by separate teams within The Sanger
Institute Pathogen Sequencing Unit to ensure that there was no
cross contamination between the two projects. The sequence was
assembled, finished, and annotated as described in ref. 11 by
using ARTEMIS to collate data and facilitate annotation (12);
detailed information is available in Supporting Methods, which is
published on the PNAS web site.
Comparative Genomics. Comparison of the genome sequences was
facilitated by using ARTEMIS COMPARISON TOOL (K.R., unpublished data; see also www.sanger.ac.uk兾Software兾ACT) which
enabled the visualization of BLASTN and TBLASTX comparisons
between the genomes (13). Orthologous proteins were identified
as reciprocal best matches by using FASTA with subsequent
manual curation. The genomes used for comparisons were for
the S. aureus strains Mu50 (5), N315 (5), and MW2 (6).

Results
Features of the MRSA252 and MSSA476 Genomes. The MRSA252

and MSSA476 chromosomes are 2,902,619 bp and 2,799,802 bp
in size and contain 2,671 and 2,565 predicted protein-coding
sequences (CDSs) or genes, respectively. A summary of the
general properties of the two genomes is presented in the
supporting information. Comparisons of the chromosomes reveal they are collinear with each other and with those of the
sequenced S. aureus strains N315, Mu50, and MW2 (5, 6).
However, the conserved ‘‘core’’ genome is peppered with regions of small- and large-scale difference (Fig. 1).
Small-scale variation, defined as genetic changes that affect an
individual gene or small numbers of genes (⬍10 CDSs), includes
the formation of pseudogenes by insertion sequence integration,
point mutations, and variation in polymeric nucleotide repeats.
Details of insertion sequence elements and pseudogenes for both
strains is provided in Tables 2 and 3, which are published as
supporting information on the PNAS web site. Large-scale
variation (involving ⬎10 CDSs) is associated with horizontally
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susceptible to methicillin. Surprisingly MSSA476 contains a
novel Staphylococcal chromosomal cassette (SCC)mec-like element (designated SCC476) integrated at the same site on the
chromosome as SCCmec elements in MRSA strains (Fig. 1). The
22.8-kb SCC476 contains 18 CDSs and shares the same left and
right boundaries (attL and attR, respectively) and similar inverted repeat sequences as SCCmec elements (Fig. 2) (14).
However, unlike SCCmec elements, SCC476 does not carry the
mecA gene (encoding penicillin-binding protein 2a) that confers
resistance to methicillin, but it carries a CDS (SAS0043) encoding a protein similar (43.7% amino acid identity) to the plasmidborne fusidic acid-resistance determinant Far1 (15). The only
other apparent resistance protein contained within the
MSSA476 genome is the pSAS1 plasmid encoded ␤-lactamase
(pSAS19). This finding correlates well with the antibiotic resistance profile of MSSA476.
Six CDSs within SCC476 are conserved with respect to other
types of SCCmec elements (Fig. 2) (16), including the two
site-specific recombinases ccrA and ccrB, which were most
similar to those found in type I SCCmec elements (17). However,
the highest similarity of these proteins was to the ccrA and ccrB
homologues of a Staphylococcus hominis non-mec SCC element
(SCC12263) (18). At the left-hand end of the SCC476 element
there are three CDSs that are similar to components of a type
I restriction modification system: hsdM, hsdS, and hsdR.
The hospital-acquired MRSA252 is resistant to a larger
number of antibiotics than MSSA476; as a corollary it contains
more mobile element-encoded resistance determinants than the
community-acquired strain. The genome contains a 58.8-kb
SCCmec element at a site near the origin of replication (Fig. 1).
The structure of the SCCmec element in MRSA252 corresponds
to that of a type II SCCmec element (Fig. 2) and is very similar
to those reported in the N315 and Mu50 genomes (14, 17). The
SCCmec element carries an integrated copy of pUB110 with
bleomycin- and kanamycin-resistance genes and a copy of Tn554
carrying erythromycin- and spectinomycin-resistance genes. The
right-hand end of the MRSA252 SCCmec element contains six
previously uncharacterized CDSs (three hypothetical proteins
and three transposases) and a gene remnant. Immediately
downstream of the SCCmec element is a 15.6-kb region encoding
hypothetical proteins, proteins with similarity to modification
and specificity components of a putative type-IV restriction
enzyme system, a number of proteins with diverse predicted
functions (SAR0087–SAR0103). In addition to the SCCmec
element, there are two copies of a Tn554 transposon carrying
erythromycin resistance; one is located in the type II SCCmec
element (Fig. 2), and the other copy is inserted into a homologue
of the DNA repair gene radC (SAR1733 and SAR1740). The
MRSA252 chromosome also contains a Tn552 transposon that
encodes the BlaI, BlaR, and BlaZ components of the inducible
S. aureus ␤-lactamase. There is also an element integrated into
the chromosome that contains similarity to the Tn916 transposon (Fig. 1); however, it does not appear to carry any obvious
resistance determinants. An integrated plasmid confers resistance to the heavy metals arsenic and cadmium (Table 1).
MSSA476 also carries resistance to heavy metals on a free
plasmid, pSAS1.
Distinct from the characterized drug-resistance determinants
associated with mobile genetic elements in MRSA252, there are
PNAS 兩 June 29, 2004 兩 vol. 101 兩 no. 26 兩 9787
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ments for the acquisition of traits of clinical importance. We also
present comparisons of very similar and very diverged genomes
that reveal the patterns of genomic diversification over time and
in particular illustrate the speed with which resistance genes and
putative virulence genes move between strains by lateral gene
transfer.

Fig. 1. Schematic circular diagrams of the MRSA252 and MSSA476 chromosomes. Where appropriate, categories are shown as pairs of concentric circles
representing both coding strands. The outer colored segments on the gray outer ring represent genomic islands and horizontally acquired DNA (see figure for
key). Inside the gray outer ring, the rings from outside to inside represent scale in Mbp, annotated CDS (colored according to predicted function), tRNA and rRNA
(green), additional DNA compared to the other S. aureus strain described here (MSSA476 or MRSA252 where appropriate; red), additional DNA compared to
other sequenced S. aureus strains [N315 (5), Mu50 (5), and MW2 (6); blue], percentage of G ⫹ C content, and G ⫹ C deviation (⬎0%, olive; ⬍0%, purple). Color
coding for CDSs is as follows: dark blue, pathogenicity兾adaptation; black, energy metabolism; red, information transfer; dark green, surface-associated; cyan,
degradation of large molecules; magenta, degradation of small molecules; yellow, central兾intermediary metabolism; pale green, unknown; pale blue,
regulators; orange, conserved hypothetical; brown, pseudogenes; pink, phage plus insertion sequence elements; gray, miscellaneous.

several chromosomally encoded determinants, including a fluoroquinolone resistance protein (norA), SAR0748; a putative
fosfomycin resistance protein ( fosB), SAR2419; and teicoplaninresistance-associated membrane proteins (tcaAB), (SAR2442
and SAR2441). There are also several other hypothetical proteins with similarity to families of proteins associated with drug
resistance.
Genetic Elements Carrying Virulence Genes in MRSA252 and MSSA476.

S. aureus pathogenicity islands (SaPI) are mobile genetic elements that often carry superantigen genes, such as toxic shock
syndrome toxin and enterotoxins B and C, implicated in toxic
shock and food poisoning. MRSA252 carries a SaPI-like element, SaPI4, that contains homologues of pathogenicity island
proteins and displays synteny (conserved gene order) with the
previously characterized pathogenicity islands SaPI1, SaPIbov,
and ‘‘SaPI3’’ (19–21). SaPI4 has a integrase gene and insertion
site downstream of the ribosomal protein gene rpsR but contains
several hypothetical proteins with no similarity to characterized
virulence genes.
The genomic islands Sa␣ and Sa␤ have been identified in
the genomes of all strains of S. aureus sequenced thus far (5, 6).
The islands are found at the same loci and contain genes
associated with pathogenicity. MRSA252 contains variants of
these islands (Fig. 1 and Table 1), whereas those of MSSA476
match those of MW2 (6).
The transfer of toxin genes by lysogenic bacteriophage, or
phage conversion, is an important mechanism in the evolution of
virulent strains. The MRSA252 and MSSA476 genomes each
9788 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0402521101

contain two prophages (Fig. 1 and Table 1). Of the four
prophages, three can be categorized into the previously described groups [Sa2 (252), Sa3 (252), and Sa3 (476)] (6). The
fourth prophage is integrated at a locus in MSSA476 and has
been designated Sa4 [Sa4 (476)]. This prophage has a mosaic
structure, sharing regions of similarity with Sa2 (252),
Sa2(MW2) (6), and 12 (22) and does not carry any known
virulence determinants. Sa4 integrase is most closely related to
the integrase from phage L54a (23) and is integrated into the
promoter region of the putative serine protease htrA. Sa2 (252)
is a 46-kb prophage and shares similarity with Sa2(MW2),
PVL, and SLT (6, 24, 25), but unlike these three, it does not
contain the Panton–Valentine leukocidin toxin subunits or any
other obvious virulence determinants. 〈 Sa3 family phage has
been identified in all of the sequenced S. aureus genomes and in
each case is integrated into the hlb (␤-hemolysin) gene. These
prophages typically harbor well characterized virulence factors,
such as staphylokinase and pyrogenic toxin superantigen proteins. Both the Sa3 (252) and Sa3 (476) prophages contain
staphylokinase (sak) and enterotoxin type A (sea) genes.
Diversity of S. aureus Strains. MLST is a technique widely used for

typing S. aureus clinical isolates and has been used to show that
the population structure of S. aureus is highly clonal (7). For a
selection of S. aureus strains, including those whose genomes
have been sequenced, the sequences of the seven housekeeping
gene fragments used in MLST (sequences were obtained from
the S. aureus MLST database, http:兾兾saureus.mlst.net) were
joined end-to-end (concatenated) and a split decomposition
Holden et al.

MRSA252

MSSA476

SCC
Type II SCCmec
mecA
—
SCC476
—
far
Transposons
Tn554
ermA (2), spc (2)
—
Tn552
blaZ
—
Tn916-like
NI
—
Bacteriophage
Sa2
NI
—
Sa3
sea, sak
sea, sak, seg2, sek2
Sa4
—
NI
Genomic islands
Sa␣
set (9), lpl (6)*
set (11), lpl (5)
Sa␤
hysA, spl (5), exotoxin (6)* spl (4), lukDE, bsa
Pathogenicity islands
SaPI4
NI
—
Plasmids
cadAC, arsBC (integrated) blaZ, cadD (pSAS)
Insertion Sequences
IS1272
9
—
IS431
2
1
ISYZ
5
—
ISX
6
—
Others (remnants)
8
4
The presence of genomic islands and other mobile regions is indicated by
text that lists the genes involved in virulence or drug resistance; in the absence
of genes proven to play a role in virulence, the presence of an element is
indicated by neutral insertion (NI). Values in parentheses indicate the number
of homologues in that region. For the insertion sequences, the number in each
strain is given. The designation of genomic islands and prophage follows the
convention previously described for S. aureus (6). —, not present. Asterisks
indicate the presence of additional pseudogenes.

graph was constructed (Fig. 3). MRSA252 is the most phylogenetically distinct of the strains sequenced thus far (ST36; Fig. 3).
MSSA476, on the other hand, is much more closely related to the
other sequenced strains (which are all relatively closely related
in genotype; Fig. 3), and is indistinguishable by MLST from
another sequenced community-acquired strain MW2 (both ST1)
(6). Two other published genome strains, N315 and Mu50 (5),
also have an identical MLST type: ST5. The remaining two
unpublished but sequenced strains, NCTC8325 (www.genome.
ou.edu兾staph.html; ST8) and COL (www.tigr.org; ST250), are
also very closely related to each other, differing at only one
MLST locus.
Degree and Nature of Genetic Diversity Between MSSA476 and MW2.

MW2 and MSSA476 are two community-acquired invasive
strains isolated from distinct geographical locations (MW2 was
isolated in the U.S. in 1998) (3) that are indistinguishable in
genotype by MLST but differ in their susceptibility to methicillin.
Global comparison reveals three large-scale differences that are
the result of at least five separate horizontal gene transfer events.
MSSA476 lacks the SCCmec type IV cassette, the SaPI3 pathogenicity island, and the bacteriophage Sa2(MW2) (6), but it
contains SCC476 and bacteriophage Sa4 (476) (Table 1). These
genomic differences are reflected in phenotypic differences
between the strains; most notably MSSA476 is susceptible to
methicillin and lacks three toxins, including the Panton–
Valentine leukocidin toxin associated with necrotizing pneumonia (26). In contrast to these large-scale differences in gene
content, the sequence of the core genome of MSSA476 and
MW2 is extremely similar as predicted by MLST. An examination of all orthologous CDSs in these two genomes revealed only
Holden et al.

285 single nucleotide polymorphisms within functional coding
regions. A high proportion of these mutations (70%) were
nonsynonymous, raising the possibility that they may have some
adaptive significance. However, this observation can be more
simply explained by assuming that these very recent mutations
may be slightly deleterious, but purifying selection has not yet
had time to remove them from the population (7).
Degree of Genetic Diversity Between the Phylogenetically Distinct
MRSA252 and Other S. aureus Strains. Comparisons of the phylo-

genetically distinct genomes of MRSA252, MSSA476, and N315
by using BLASTN (score cut-off set at 100) were used to identify
DNA regions that were unique to the individual strains. Encoded
in these regions were 166 CDSs in MRSA252 (6.1% of the total
number of CDS of MRSA252), compared with 109 CDSs (4.2%)
in MSSA476 and 54 CDSs (2.1%) in N315. Many of the unique
CDSs found in MRSA252 are found in small regions of inserted
DNA (Fig. 1). Such regions have previously been called
‘‘genomic islets,’’ and have been observed in the genomes of
other species of pathogenic bacteria (e.g., Escherichia coli O157
and Salmonella enterica serovar Typhi) (27, 28). Forty-one
MRSA252-unique CDSs were found in these islets, representing
⬇1.5% of the total CDSs (see Table 4, which is published as
supporting information on the PNAS web site). Twenty-four
CDSs are associated with islets of three CDSs or less. The other
17 are found in two regions of 7 and 10 CDS, the larger of which
lies downstream of the type II SCCmec element. Analysis of the
predicted functions of CDSs within these regions failed to
identify any virulence factors. Many of the CDSs are predicted
to have metabolic and transport functions and may therefore
increase the metabolic repertoire of MRSA252.
Discussion
Over the past 50 years, S. aureus has undergone incremental
changes in genetic complement that have resulted in the emergence of strains that are antibiotic-resistant and that appear to
be successful at transmission and causing disease in the hospital
setting. More recently, MRSA strains appear to have become
established within the community. MLST has demonstrated that
although many different genetic lineages cause invasive disease
in hospital and community settings, only a limited number of
these have acquired SCCmec and become successful MRSA
clones (29). Several hospital MRSA clones have become multidrug resistant, and reduced susceptibility to vancomycin, although rare, has been found in each of these (30). There is little
doubt that if vancomycin resistance (vanA) genes become established in S. aureus, they would also spread into successful
hospital MRSA lineages. A better understanding of the features
that make MSSA and MRSA strains successful in both community and hospital settings is urgently needed. Sequencing of
diverse S. aureus strains facilitates description of the full range
of putative pathogenic determinants carried by this species and
provides a basis for predicting rates of horizontal gene transfer.
Such information may provide clues to the observed variability
in pathogenesis of different strains and could inform future
efforts to prevent and treat serious S. aureus disease. The strains
chosen for sequencing during this project were phylogenetically
similar to (MSSA476) and markedly divergent from (MRSA252)
previously sequenced isolates (Fig. 3), thereby maximizing the
amount of informative data generated.
One of the most significant findings of this study is that ⬇6%
of the MRSA252 genome is previously undescribed when compared with other published S. aureus genomes, including the
other hospital-acquired MRSA strains. These additional genes
fall into the accessory category. MRSA252 belongs to the
clinically important EMRSA-16 clone that is responsible for half
of all MRSA infections in the U.K. (8), and the recent detection
of EMRSA-16 isolates in several other countries has highlighted
PNAS 兩 June 29, 2004 兩 vol. 101 兩 no. 26 兩 9789
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Table 1. Summary of the major genetic elements of the
MRSA252 and MSSA476 genomes

Fig. 2. Comparison of SCC elements. Shown are the schematic diagrams of S. aureus type II SCCmec of MRSA252 (first schematic), non-mec SCC476 of MSSA476
(second schematic), the type IV SCCmec of MW2 (third schematic), and the non-mec SCC12263 from S. hominis (fourth schematic). Genes are marked in the direction
of transcription as arrows. Genes with similarity in all elements are marked in the same color; genes with no similarity are white. Conserved regions in the SCC
elements are joined by light blue shading. Genes within the S. hominis SCC12263 element that are similar to genes downstream of the SCC elements in the
community-acquired strains MSSA476 and MW2 and within the MRSA252 SCCmec are shaded in gray. The black arrows in the MRSA252 SCCmec element indicate
the additional CDS in comparison to the type II SCCmec elements of N315 and Mu50. The colored boxes at the end of the SCC elements mark the left and right
attachment sites (blue, attL; green, attR). Inverted complementary repeats at the boundaries of the elements are marked by red arrows.

the pandemic potential of this clone (9, 31). The genetic diversity
observed was generated by numerous mechanisms involving the
horizontal acquisition of mobile DNA, both on the large and
small scale. For example, the MRSA252 genome contains
examples of two previously uncharacterized genomic islands that
appear to be horizontally transferred together with new allelic
variants of previously characterized islands (6). Gene accretion
has also been supplemented in MRSA252 by the acquisition of
genomic islets. The presence of genes encoding putative metabolic functions in many of these islets may enhance the survival
and growth of this strain in the hospital environment, thereby
contributing to the success of EMRSA-16.
The distinctness of the MRSA252 genome is also likely to be
a reflection of the choice of strains that have been sequenced

thus far; MRSA252 is highly divergent from strains MSSA476,
MW2, N315, Mu50, and from NCTC8325 and COL (whose
genomes are not yet published), which all cluster together on a
phylogenetic tree and represent only a fraction of the diversity
within the species as a whole (7) (Fig. 3). This bias has practical
implications for postgenomic analysis, for example, during the
construction of microarrays that aim to include the full complement of accessory genes within the species S. aureus. We predict
that many of the genes identified here will be found elsewhere
once a more representative sample of the S. aureus population
is sequenced and that additional genes will be found, particularly
if the choice of strains takes account of strain phylogeny.
Global comparisons of the five published genomes demonstrated marked variation in the distribution of genomic islands,

Fig. 3. Phylogenetic diversity of the sequenced S. aureus strains. The split decomposition tree was constructed by using concatenated sequences of the seven
loci used in MLST for a selection of STs from the staphylococcal MLST database. The graph was constructed by using SPLITSTREE Version 3.1 (34). Distances were
estimated by using hamming (uncorrected) distances. The positions of all seven strains for which complete genome sequences are available are shown.
9790 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0402521101
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indicating that mobile DNA is exchanged readily in the S. aureus
population. The potential for rapid evolution of strains via this
mechanism is highlighted by the comparison of the two community-acquired strains, MSSA476 and MW2, which are very
closely related. By comparing their genomes, it is possible to
examine in detail the processes by which genetic variation arises
during the short-term evolution of S. aureus and during the
emergence of MRSA strains from MSSA strains; such a comparison also pinpoints regions of the genome that are evolving
at an exceptional speed. There appear to have been at least five
separate acquisition or loss events that distinguish these strains,
leading to markedly different virulence factor and drugresistance repertoires. Rapid spread of genetic elements is also
suggested by their phylogenetic distribution, which does not
correlate with the genetic relatedness inferred by MLST. This
lack of correlation suggests that mobile elements facilitate the
exchange of virulence factors and antibiotic resistance determinants between S. aureus lineages and may lead to rapid changes
in the pathogenic potential or drug resistance of strains. It is
worth noting that all but one of the antibiotic-resistance determinants that account for the antibiotic-resistance profile of
MRSA252 are encoded on mobile genetic elements.
Community- and hospital-acquired MRSA evolve from prevalent MSSA upon acquisition of SCCmec (29). Hospital MRSA
contain one of four SCCmec types (I–IV), but the emergence of
community-acquired MRSA is associated overwhelmingly with
the acquisition of SCCmec IV (32), the smallest element and one
that confers only resistance to ␤-lactams. Community MRSA are
more diverse genetically than hospital MRSA (4) as a consequence of the increased frequency of acquisition of SCCmec IV
compared with other SCCmec types (33). The sequenced community-acquired MRSA strain MW2 is assigned by MLST to
ST1, which previously was identified as a cause of invasive

disease in the community (3, 10). Surprisingly, MSSA476, an
MSSA isolate assigned to ST1, also carries SCC476 but does not
contain the mec gene. The presence of a putative fusidic
acid-resistance gene in SCC476 highlights the potential of these
elements to act as carriers for genes that provide a selective
benefit in the absence of methicillin. The lack of overall similarity, coupled with the sequence divergence of conserved
components (ccrA and ccrB), makes it unlikely that SCC476 is
derived from SCCmec. Therefore, SCC476 represents a new type
of SCC antibiotic-resistance carrying element (SCCfar) that is
distinct from SCCmec, which indicates the potential spread of
fusidic acid resistance by means of horizontal gene transfer. Our
findings also raise the possibility that SCC elements are transferred readily through the S. aureus population (and perhaps
other members of the genus) independently of the mec gene and
that previously undetected SCC may be common within MSSA
strains. Investigation into the prevalence and role of such
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