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Staphylococcus aureus is the most common cause of hospital-acquired infection. In healthy hosts outside of
the health care setting, S. aureus is a frequent colonizer of the human nose but rarely causes severe invasive
infection such as bacteremia, endocarditis, or osteomyelitis. To identify genes associated with community-
acquired invasive isolates, regions of genomic variability, and the S. aureus population structure, we compared
61 community-acquired invasive isolates of S. aureus and 100 nasal carriage isolates from healthy donors using
a microarray spotted with PCR products representing every gene from the seven S. aureus sequencing projects.
The core genes common to all strains were identified, and 10 dominant lineages of S. aureus were clearly
discriminated. Each lineage carried a unique combination of hundreds of “core variable” (CV) genes scattered
throughout the chromosome, suggesting a common ancestor but early evolutionary divergence. Many CV genes
are regulators of virulence genes or known or predicted to be expressed on the bacterial surface and to interact
with the host during nasal colonization and infection. Within each lineage, isolates showed substantial
variation in the carriage of mobile genetic elements and their associated virulence and resistance genes,
indicating frequent horizontal transfer. However, we were unable to identify any association between lineage
or gene and invasive isolates. We suggest that the S. aureus gene combinations necessary for invasive disease
may also be necessary for nasal colonization and that community-acquired invasive disease is strongly

dependent on host factors.

Staphylococcus aureus is a persistent resident of the human
nose in 20% of the population and intermittently carried by
another 60% (16). Most carriers harbor a single strain (2). S.
aureus is a common cause of minor skin and wound infections,
but only rarely causes severe community-acquired invasive in-
fections such as bacteremia, endocarditis, and osteomyelitis. In
contrast, S. aureus is the most common cause of hospital-
acquired infection, which often occurs in association with
breaches of the skin and mucous membranes in the immuno-
compromised host (14). Hundreds of S. aureus virulence fac-
tors and putative virulence genes have been described, includ-
ing those involved in adherence to human tissue, evasion of the
immune response, toxin secretion, and regulation of virulence
gene expression (29). Specific toxins have also been described
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that play a pivotal role in toxin-mediated disease such as toxic
shock syndrome (toxic shock syndrome toxin-1, encoded by #st;
enterotoxins B and C, encoded by seb, sec) (5), scalded skin
syndrome (exfoliative toxins A and B, encoded by eta, etb) (19),
food poisoning (enterotoxin A, encoded by sea) (5), and more
recently hemolytic pneumonia and skin and soft tissue infec-
tion (Panton Valentine leukocidin [PVL], encoded by the
lukS-PV and lukF-PV genes) (20). Many of these genes are
variably present as a result of being carried on mobile genetic
elements (MGE) (22). However, critical to the development of
targeted or preventive strategies is the elucidation of which if
any of these genes are important in invasive infection.

An important isolate collection associated with community-
acquired invasive disease or carriage by healthy donors in the
Oxford, United Kingdom, region (7) has been examined using
multilocus sequence typing (MLST) (6), in which fragments of
seven housekeeping genes were amplified and sequenced.
Unique alleles at the seven loci were given an allelic number,
and the allelic profile (string of seven integers) was used to
define sequence type (ST) for each isolate. Isolates with an
identical profile were considered to be clonal, and those with at
least five of seven matching genes were considered to belong to
the same clonal cluster (CC). Isolates clustered into 10 major
CCs, none of which were associated with invasive disease (7).
This argued against the presence of virulent genotypes but did
not exclude the possibility that one or more variable genes
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were overrepresented in the invasive-isolate group. This pos-
sibility was examined during a study that defined the presence
or absence of 33 putative virulence genes in this isolate collec-
tion using PCR (27). Seven genes were found to be present
more commonly in invasive isolates, including eta and those
encoding fibronectin binding protein A (fnbA), collagen bind-
ing protein (cna), serine-aspartate repeat containing protein E
(sdrE), staphylococcal enterotoxin J (sej), gamma-hemolysin
(hlg), and intracellular adhesin (ica). This suggested there were
differences between isolates that did not correlate with lineage.
It also suggested that some isolates are potentially more viru-
lent than others.

Each S. aureus isolate is thought to carry hundreds of vari-
able genes including many putative virulence determinants.
The first S. aureus comparative-genomics studies using a mi-
croarray (covering 92% of the genes found in the S. aureus
COL genome) estimated that 22% of the S. aureus genome was
variable (8). Many of the variable genes are known or putative
virulence and resistance genes carried on MGE, and these
elements are likely to transfer horizontally among staphylo-
cocci (see reference 22 for a review). The accumulation of such
MGE may result in the emergence of “superbugs” that are
increasingly resistant and virulent (22). The whole-genome
sequencing of seven isolates of S. aureus (1, 10, 12, 18; www
.genome.ou.edu/staph.html) has allowed us to design, print,
and validate a multistrain PCR product S. aureus microarray
carrying PCR products for every gene identified from these
projects, probably the most comprehensive microarray of its
kind (33). Here we describe the use of the seven-strain S.
aureus microarray to investigate the Oxford collection of com-
munity-acquired S. aureus isolates. The aims were to identify
which regions of the S. aureus genome vary, investigate gene
distribution in a typical S. aureus population, and perform a
comprehensive search for differences between invasive and
carriage isolates.

MATERIALS AND METHODS

Strains. The S. aureus isolates have been previously described (4). Sixty-one
isolates associated with community-acquired infection in the Oxford region were
compared to 100 nasal-carriage isolates from healthy blood donors in the same
Oxford region. The 100 carriage isolates were chosen at random from 180
isolates in the original study.

Microarrays. DNA was extracted using QIAGEN genomic-tip 100/G columns,
and concentration was measured using the optical density at 260 nm. Bulk
reference DNA was prepared from MRSA252 using the cesium chloride method
(21). Four milligrams of test DNA was labeled using Cy3 dye and DNA poly-
merase I large fragment (Klenow; Invitrogen), and 4 mg of reference DNA was
labeled using Cy5 dye. The two samples were pooled and hybridized to an S.
aureus microarray overnight, before washing and scanning (33). Reference DNA
is used to provide a known internal control for each of the spots, and DNA from
a single isolate has technical advantages over multiple isolates or PCR product
controls (33).

The S. aureus microarray has been described previously (33) and contains
3,623 PCR products representing every predicted open reading frame in the
seven genome sequencing projects. The seven sequenced strains and their cor-
responding ST and CC types are MRSA252/ST36/CC30, an epidemic MRSA-16
from a hospitalized patient, Oxford, United Kingdom; N315/ST5/CCS, a methi-
cillin-resistant S. aureus (MRSA) isolate from a hospitalized Japanese patient;
Mu50/STS/CC5, an MRSA isolate related to N315 with intermediate-level resis-
tance to vancomycin; COL/ST250/CCS, an early MRSA strain from the United
Kingdom; 8325/ST8/CCS8, parent of the standard laboratory S. aureus strain;
MW?2/ST1/CC1, a community-acquired invasive MRSA from the United States;
and MSSA476/ST1/CC1, a community-acquired invasive S. aureus isolate from
Oxford, United Kingdom. A number of genes predicted to play a role in viru-
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lence show significant genomic variation between the sequenced strains. Typi-
cally, the majority of the gene is highly conserved (>97% homology) but a
section of the gene, often with discrete boundaries, is highly divergent. These
genes had multiple PCR products designed to target the different variant types
and included those coding for accessory gene regulator (agr), coagulase (coa), a
putative bacillus-like toxin (bceT), fibronectin binding proteins A and B (fubA
and fnbB), and a hemagglutinin-like protein (sasA4) (33). PCR products were
printed in duplicate on GAPS slides (Corning). DNA was fixed using UV light
and blocked with bovine serum albumin prior to hybridization. Microarrays were
scanned using an Affymetrix 428 scanner (33).

Data analysis. BlueFuse for Microarrays 2.0 (BlueGnome, Cambridge, United
Kingdom) was used to convert all scanned images to raw data for analysis. Data
analysis was performed in GeneSpring 6.2 (Silicon Genetics) (33), while results
from Predict Parameter were confirmed using the updated function in Gene-
Spring 7.0. Raw data were normalized as a single experiment in GeneSpring
using LOWESS (locally weighted scatterplot smoothing) with 50% of the data
used for smoothing and a control channel cutoff of 0.01. Condition tree clustering
using the Spearman correlation was performed as a function in GeneSpring and
used to cluster isolates using defined gene lists. Predict Parameter in GeneSpring
7.0 using Fisher’s exact test and the Golub method was used to identify genes
associated with invasive isolates.

The first condition tree using the Spearman correlation was constructed using
every gene (PCR product) on the microarray and normalized microarray data
(ratio of signal intensities of test divided by control) from all 161 isolates. The
gene list was then adjusted to remove all MGE genes and then all core genes.
MGE genes were identified manually from the annotated sequencing projects
and included all those annotated and/or clearly carried on a bacteriophage, S.
aureus pathogenicity island (SaPI), plasmid, transposon, staphylococcal cassette
chromosome (SCC), or genomic island (GI). For COL and 8325 (unannotated at
the time of microarray design), genomes were compared by the Artemis com-
parison tool (32) to the annotated isolates, and BLAST searches of specific genes
were used to confirm MGE. Composite genomes of each MGE were constructed
by identifying the microarray PCR product that best matched each gene in the
MGE and listing them in order (33). Core genes were identified as those with a
fluorescence intensity ratio (test isolate/reference isolate) between 0.5 and 2 in
>95% of the isolates. Condition trees are presented using a color code for each
gene based on the fluorescence intensity ratio, with yellow genes representing
those found in both the test and reference, blue those found in the reference
only, and red those found in the test only. Spots flagged as poor-quality data or
with signals less than twofold above background are colored gray. Those with
weak fluorescence in both channels appear close to white.

Microarray fluorescence intensity values are presented as a ratio of test over
reference. In order to convert this information to “present” or “absent” for each
gene, we tested a number of options (33). Firstly, ratios were converted to log,
values and cutoffs were set at either above 1, 1.5, 2, or 2.5 (“present”) or below
—1, —1.5, =2, or —2.5 (“absent”). All four combinations generated gene lists
that were tested. A second approach was to use GACK software to convert the
data from each individual microarray to present or absent (15, 33). For all
methods and for every gene, the proportion of genes present, absent, or inde-
terminate for the invasive isolates was compared to the carriage isolates using the
chi-squared test. We applied Bonferroni and Benjamini and Hochberg false-
discovery rate multiple testing corrections to reduce the number of false positives
due to the large number of genes tested.

One hundred fifty genes of interest (known or putative virulence genes) (see
Table S2 in the supplemental material) were manually called “present” or “ab-
sent” based on both signal intensity ratio and total intensity on a scatter plot, and
in comparison to the sequenced strains as controls; this was performed by one
person, who was unaware of the source of the isolate. In this case, absence or
presence was called by eye using the following criteria: a gene present in
MRSA252 was called present in the test isolate if it fell on or near the
“median line” at a signal intensity comparable to that of the same gene in a
known “positive” sequenced isolate and absent if it fell below the lower
twofold line with a signal intensity comparable to that of the same gene in a
known “negative” sequenced isolate. Similarly, if a gene is absent in
MRSA252, it was called present in the test isolate if it fell above the upper
twofold line at a signal intensity comparable to that of the same gene in a known
“positive” sequenced isolate and absent if the signal in both channels was flagged
by BlueFuse as poor quality (signal intensity less that twice the background).
Results were then compared by chi-squared test and multiple testing corrections
as above.
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RESULTS

Fully annotated microarray data have been deposited in
BpnG@Sbase (accession number E-BUGS-33; http://bugs.sgul
.ac.uk/E-BUGS-33) and also ArrayExpress (accession number
E-BUGS-33). Visual inspection of the normalized data for
3,623 genes showed substantial variation between the 161 iso-
lates. A condition tree constructed by Spearman correlation of
all genes from all of the isolates was complex with few domi-
nant lineages but some clustering of isolates corresponding to
the MLST CC types (see Fig. S1 in the supplemental data).
This tree showed that a substantial amount of variation be-
tween isolates was due to MGE genes.

Lineages. Analysis followed a stepwise progression. Next, we
constructed a condition tree using all genes apart from the
MGE genes (total of 2,734 genes; see Fig. S2 in the supple-
mental material). Isolates clustered into major lineages, and a
large number of genes were defined as core (present in >95%
of isolates). This list included 52 core genes that were identi-
fied in the rapid COL annotation but were not identified as
open reading frames in the published annotated whole-ge-
nome sequences, mostly due to their small size. All of the core
genes were identified and removed from the gene list, leaving
728 genes that were termed “core-variable” (CV) genes; these
genes are listed in Table S3 in the supplemental material. The
condition tree constructed using these genes is shown in Fig. 1,
along with the signals for a selection of 30 CV PCR products
of interest which illustrate the typical variation seen. (A tree
showing results for all 728 genes is shown in Fig. S3 in the
supplemental material).

The tree clearly discriminates distinct lineages, and these
closely match the MLST clonal clusters CC1, CCS, CCS8, CC9,
CC12, CC15, CC22, CC25, CC30, CC45, and CC51, so we have
kept the same lineage nomenclature. Thirteen “orphan” iso-
lates that were not assigned to a major CC by MLST were
distributed throughout the tree (pale green) and did not clus-
ter with any of the major CC groups. Two isolates called ST6,
CCS5 by MLST clustered separately from the STS, CCS isolates
in the tree, suggesting they belong to a distinct lineage (Fig. 1).
Similarly, two isolates called ST188, CC1 by MLST clustered
separately from the other CCl1 isolates, suggesting they are also
of a distinct lineage (Fig. 1). It is interesting to note that
common STs within each CC did not always cluster together.
For example, ST39 isolates within CC30 do not cluster to-
gether by CV genes (see Fig. S3 in the supplemental material).

Figure 1 also shows the presence/variability of 30 select CV
PCR products of interest. These genes are listed in Fig. 2, with
a cartoon representation of which is found in each lineage.
Some variation represents insertion or deletions of regions
carrying between one and nine genes, such as sarT (staphylo-
coccal accessory regulator T gene) and sasG (staphylococcal
anchored to surface G gene). Other differences are due to
divergent regions within a gene. For example, fnbA has a cen-
tral region of approximately 145 bp showing variation between
the sequenced isolates, and specific PCR products for those
regions from strains MRSA252, N315, and 8325 were included
on the microarray. Isolates of CC12 and CC51 do not hybridize
with any of these primers, suggesting they carry a novel variant
not found on the microarray; this is likely, as no isolate from
these lineages has been sequenced.
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Many of the CV genes are known or predicted to be ex-
pressed on the S. aureus cell surface. capHIJK genes are nec-
essary for S. aureus capsule production, and these four genes
define major capsule types 5 and 8. sasG encodes an LPXTG
cell wall-anchored protein that binds to nasal epithelial cells
(31) and is closely related to the accumulation-associated pro-
tein of Staphylococcus epidermidis, implicated in biofilm pro-
duction. finbA, fnbB, and cna encode LPXTG proteins an-
chored to the cell wall that bind to host tissue (9). Coagulase
(encoded by coa) is secreted by S. aureus and converts fibrin-
ogen to fibrin, although some coagulase is retained on the cell
surface (23). ebh encodes an enormous immunodominant sur-
face-exposed protein that also binds host proteins (3), while
hemagglutinin-like protein (encoded by sas4) has an LPXTG
motif and is predicted to be surface anchored. Aside from the
examples in Fig. 1 and 2, many other CV genes show variation
associated with lineage and encode proteins predicted to be
surface expressed, including those encoding proteins that bind
host tissue (sdrD and sdrE) and immunodominant antigen B
(isaB), peptidoglycan synthesis genes (rmrp and fmhC), a cell
wall hydrolase/autolysin gene (lytN), several oligopeptide
transport genes, and genes encoding many putative lipopro-
teins and membrane proteins of unknown function. For exam-
ple, the vra genes are an ABC transporter operon upregulated
in intermediate-level-vancomycin- resistant isolates (17).

The CV genes also include the global virulence gene regu-
lators agr, trap (target of RNAIII activator protein), and sarT,
all known to regulate expression of surface proteins (see ref-
erence 26 for a review). Four known variants of agr exist (types
I to IV), and each agr type regulates virulence genes in a
different way (13). Each of the lineages was associated with agr
types I to III, except all CC51 isolates. agrlV is predicted to
have 87% homology with the agrl PCR product (over 796 bp),
and no agrlV-specific spot was designed for the microarray.
The agr region of a CC51 isolate (strain 3) was sequenced in
this region, and it matched exactly to the published agrlV. It
has been suggested that frap is involved in activation of the agr
activator molecule, RNAIII (26). Two variant types exist and
are 86% homologous. sarT (also known as sarH3) is one of
several sarA-like regulators that form a complex network con-
trolling expression of virulence genes in S. aureus (26). sarT is
carried on an “islet” found in some strains and not others; this
islet includes two accumulation-associated genes (aac), an-
other sar homolog (sarH2), and a possible transposase gene.

Figure 3 shows that CV genes found in MRSA252 are ran-
domly distributed throughout the chromosome. By microarray,
this isolate has 1,954 genes hybridizing to core genes on the
microarray (71.2%), 327 CV genes (11.9%), and 460 MGE
genes (16.8%).

MGE. The amount of variation in MGE was truly remark-
able, even within lineages. For each MGE distributed among
the 161 isolates, there were two types of variation. Firstly,
distribution patterns of each MGE are assumed to reflect mo-
bility of the MGE. For example, MGE strongly associated with
lineage are thought to be stable (infrequently lost or acquired)
and distributed mostly by vertical transmission to daughter
cells. An MGE that is randomly distributed is likely to be
transferred horizontally. This is because a hypothesis of infre-
quent transfer of each MGE and subsequent multiplication of
isolates is not supported because of the extensive variation of
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FIG. 1. Conditional tree constructed using the Spearman correlation of 161 isolates and 728 CV genes. A selection of 30 CV PCR products
is displayed representing insertions/deletions and gene variants of interest (see Fig. 2). Each vertical line represents an isolate, and its branch on
the tree is colored according to MLST CC type, with the same colors repeated in the row of boxes at the bottom with corresponding CC numbers.
Note that the six pale green clusters represent 13 “orphan” isolates that did not match an MLST CC and do not cluster with the most common
lineages by microarray. *, two CC5 (ST6) isolates that do not cluster with the other CC5 (STS) isolates, marked in dark green; ¥, two CC1 (ST188)
isolates that do not cluster with the other CCl1 isolates, marked in red. In the central region, each row of colored squares represents the
hybridization signal to a microarray PCR product. The corresponding PCR products are listed in Fig. 2. The intensity of all the colors is an indicator
of the total signal intensity, while the color is an indicator of test signal over reference signal ratio. Thus, PCR products colored yellow hybridized
to both the test and reference (MRSA252) isolates, PCR products in blue hybridized to the reference strain only, and PCR products in red
hybridized to the test strain only. Spots with fluorescent signals lower than two times the background are flagged and colored gray, indicating a
gene absent in both the test and reference. Genes with white signals are very low intensity and regarded as negative for both isolates. The figure
clearly shows CV genes that are present or absent in accordance with lineage, and the lineages correlate with MLST CC groups.

other MGE between isolates, even within the same lineage.
MGE that are horizontally transferred but conspicuously ab-
sent from certain lineages are thought to have some restric-
tions on horizontal transmission (18). The second type of vari-
ation occurring within each MGE was typically seen as
conservation of short mosaic fragments of an MGE but not the
rest of the element. From the sequencing projects, there is
evidence of substantial homologous recombination within

MGE, such that each MGE is composed of multiple short
mosaic fragments that are randomly spread through other
MGE of the same type (e.g., phage or SaPI). Therefore, the
presence of only a fragment of an MGE in an isolate by
microarray is likely to indicate the carriage of a whole MGE,
with the remaining fragments either not represented on the
microarray or represented by other short mosaic fragments on
the microarray.
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FIG. 2. PCR products in Fig. 1. PCR products representing CV
genes or gene variant regions are listed in the same order as Fig. 1 by
putative gene product name and identifier or annotated gene number
(R products are from MRSA252, N products are from N315, 8- prod-
ucts are from 8325-4, and the M product is from MW2). “v” denotes a
PCR product designed to a specific variant region, and so multiple
variant regions of some genes are included. A black box indicates that
the gene is present in that CC. “u” indicates variation in gene distri-
bution for that CC. For some genes that are found in all isolates,
variant regions may not have been sequenced and therefore are not on
the microarray, e.g., the coagulase gene variant region in isolates of
CC15.

Bacteriophages were the most widespread and variable
MGE. Some phages are clearly transferred horizontally, while
others such as the ¢3 group are more stable. Significant re-
combination (as seen by conserved mosaic fragments) was
common. Virulence genes carried on phages include lukS-PV
and lukF-PV, sea, the staphylokinase gene (sak), the gene en-
coding chemotaxis inhibitory protein (chips), and eta. lukS-PV
and lukF-PV are carried on $2 (MW?2) in strain MW2, but of
the seven lukS-PV- and lukF-PV-positive isolates identified by
microarray in this collection, only one carried ¢2 genes. Thus,
PVL genes are likely to be carried on an unrelated phage in
these isolates. Similarly, sea and chips are found on ¢3 phage
in the sequenced isolates, but by microarray these genes are
sometimes found in isolates that do not carry many ¢3 genes.
The nine eta-positive isolates were all from unsequenced lin-
eages (mostly CC51), and carried few phage genes that hybrid-
ized to the microarray.

At least two SaPI genes were found in 152 (94%) of the
isolates, showing that SaPIs are widespread. SaPIs are typically
15 kb, carry an integrase gene related to bacteriophage inte-
grase genes, integrate at specific sites, and can transfer hori-
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FIG. 3. Representation of the MRSA252 genome with each gene
colored according to whether it is a core gene or CV gene or whether
it is found on an MGE. The figure was generated in GeneSpring using
the same lists used for identifying CV genes. The outer circle repre-
sents genes on the forward coding strand, and the inner circle repre-
sents genes on the complementary strand.

zontally at very high frequency with the help of specific bacte-
riophages (21). Some SaPIs are clearly quite stable such as
SaPI4(MRSA252), with the majority of the SaPI found in 34 of
the 51 CC30 isolates (67%). SaPIs related to SaPI(N315),
carrying the fst gene, were common in CC30 isolates, yet are
clearly missing in some CC30 isolates including MRSA252.
Fragments of these SaPIs were also found in other lineages,
suggesting horizontal transfer.

A number of plasmid genes were widespread in the collec-
tion, indicating frequent horizontal transfer but with some
restriction. The integrated plasmid in MRSA252 was found in
48 of 51 CC30 isolates, suggesting it is stable and rarely lost.
Integrated conjugative elements were also relatively stable.
The transposon Tn552, encoding B-lactamase resistance, was
widespread, but Tn554, encoding erythromycin resistance, was
rare. Surprisingly, only three isolates carried an SCC-like ele-
ment. One of these isolates carried an SCCmeclV element, and
was CC22, indicating it was an epidemic methicillin-resistant
MRSA-15, typical of hospital isolates in the United Kingdom.
The other two isolates included the sequenced MSSA476 and
carried a putative fusidic acid resistance gene. Insertion se-
quences were common but were associated strongly with lin-
eages, suggesting horizontal transfer is rare.

The S. aureus genomic islands Gla and GI are variable, but
variation corresponded strongly to CC. Thus they seem stable
and more like CV genes. However, some variation in GIf in
the CC30 lineage occurs only in the eight ST39 isolates. This
suggests that a stable variant of this region may be associated
with a subgroup of CC30, although members of the ST39
group do not cluster together in a condition tree constructed
using the CV genes.
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Genes associated with invasive isolates. GeneSpring Predict
Parameter failed to identify any gene that was convincingly or
statistically different between the invasive and carriage groups.
The cutoff and GACK methods for assigning genes as present
or absent did not identify any gene that was significantly asso-
ciated with invasive isolates. Using a visual confirmation of the
150 known or putative virulence genes that were manually
called present or absent, no gene was found to be statistically
associated with invasive isolates. The PVL locus is thought to
be associated with invasive community-acquired isolates (20),
particularly those that are methicillin resistant, but was found
in only seven isolates of this study, six of which were invasive.
This association was not statistically significant, due to the low
incidence of the gene, and shows that PVL is not responsible
for invasive disease in this collection.

If each CC has a unique complement of virulence genes, it
could be that any gene truly associated with invasive isolates is
masked by this bias. Only one CC group contained sufficient
isolates to investigate this hypothesis: CC30, which contains 51
isolates, including 19 associated with invasive disease. Using
Predict Parameter, log, cutoff method and manual calling, no
gene was found to be associated with the invasive isolates.

DISCUSSION

The seven S. aureus sequencing projects suggested the ge-
nome consisted of core genes and accessory genes found on
MGE (22). Here, we identify a third group of genes that show
substantial variation between isolates but are typically stable
and transferred vertically. These CV genes are scattered
throughout the genome and make up approximately 10 to 12%
of any genome. Our findings suggest that the common ancestor
of human S. aureus isolates, represented by a backbone of
1,954 core genes, has over time acquired CV genes which may
subsequently recombine or be lost. Of the billions of possible
combinations, the progeny of only 10 major lineages have
become established in the human nose.

The lineages identified here correlate very strongly with
those generated by MLST. This confirms the usefulness of both
methods in classifying isolates of S. aureus into the major
lineages. MLST detects point mutations in core housekeeping
genes, and it seems likely that these mutations accumulate
slowly and are passed to daughter cells in the lineage, just as
the CV insertions/deletions and gene variants detected by mi-
croarray are passed on. It is interesting that MLST detects
further differences (ST) within each CC that are not corrobo-
rated by microarray. This could be due to the enormous
amount of variation seen in the S. aureus genome, so that
relying on only a few markers places increased weight on minor
differences. Within lineages, most of the variation between
isolates detected by microarray was due to the acquisition or
loss of MGE, and this variation was substantial. Most other S.
aureus typing methods are skewed by MGE genes which effec-
tively mask the lineages, including pulse-field gel electrophore-
sis and amplified fragment length polymorphisms (11, 24).

Our results show that variation between lineages is due to a
range of insertions, deletions, and variant regions in hundreds
of S. aureus genes and, in particular, microbial surface compo-
nents recognizing adhesive matrix molecules (MSCRAMMs)
as well as key regulators that control their expression. S. aureus
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binding to tissue during infection is thought to be a key step in
pathogenesis, primarily mediated by MSCRAMMs binding to
fibrinogen, fibronectin, collagen, and other components of the
host extracellular matrix (9). MSCRAMMs are also candidate
molecules for vaccines and other immunotherapies to prevent
colonization and infection (30). If each bacterial lineage pre-
sents a unique surface architecture to the human host, pre-
sumably each lineage interacts with the host in unique ways.
Furthermore, isolates from only four of the dominant lineages
have been sequenced, so there are likely to be variations
unique to the other lineages that are currently unidentified.
The investigation of these variants and how they interact with
the host should enhance our understanding of host-pathogen
interactions and the development of therapies.

The normal habitat of S. aureus is as a commensal of the
human nose, where it binds to nasal epithelial cells and mucin.
Many bacterial factors are implicated in nasal colonization
including fnbA, fnbB, cna, sasG, and capsule (28, 31). These
genes are core variable by microarray. Most colonized humans
carry only one lineage of S. aureus (2, 28), and this may be due
to specific host factors, as a host cleared of a colonizing strain
will preferentially recolonize with the same strain, even when
inoculated with a mixture of strains (25). It therefore seems
likely that different lineages preferentially colonize particular
hosts. Although the factors responsible for host variation re-
main speculative, this host variation in the nose may have
driven the evolution of the 10 lineages.

There were no consistent differences in gene content that
could be used to distinguish between invasive and carriage
isolates in this study. The isolate collection used here repre-
sents a subset of those used in a study in which seven genes
(fnbA, cna, sdrE, sej, eta, hlg, and ica) were more commonly
detected by PCR in invasive isolates, and the combination of
all seven genes was even more predictive (27). However, using
the microarray, these genes were not confirmed as associated
with invasive isolates either alone or in combination. fnbA, cna,
and sdrE were CV genes by microarray, while all 161 isolates
were positive for Alg and ica. The possibility that the previous
finding based on PCR (27) was due to variation in sequence
around the primer binding sites cannot be discounted.

If each lineage expresses a distinct combination of surface
structures that have been implicated in virulence, it seems
remarkable that no lineage seems any more virulent that the
others. If each lineage is essentially equally virulent, perhaps
the presence and variability in these individual genes are not as
important for disease as initially thought, and the key is gene
combinations. If we also consider that only 10 lineages are
found in the human nose, it raises the possibility that these
lineages carry the necessary virulence gene combinations for
successful colonization of the nose. Therefore, it could be that
the genes necessary for virulence are the ones that allow nasal
carriage and that the ability to cause invasive disease is mostly
dependent on host factors.

The ability of particular toxins to render an isolate virulent
is established for toxin-mediated diseases such as toxic shock
syndrome, food poisoning, and scalded skin syndrome. Recent
studies have suggested that PVL is associated with necrotizing
pneumonia in children and outbreaks of severe skin infection
in healthy people (20). Melles et al. (24) also suggested an
association with this toxin and arthritis and abscess isolates.
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PVL genes were rare in our collection, and although an asso-
ciation with invasive isolates was seen, it was not significant. No
evidence for the association with any other toxin with invasive
isolates in this study was seen.

In conclusion, we find no evidence that certain genes or
lineages are associated with invasive isolates in the community
setting. However, it is possible that some genes or lineages are
associated with particular types of invasive disease, e.g., bac-
teremia, osteomyelitis, and pneumonia, and specific isolate
collections will be needed to address this question. It is also
possible that this strain collection is not typical of strains car-
ried in other parts of the United Kingdom or the world, or that
S. aureus populations change over time, and further studies will
be needed to confirm this. While we generated an enormous
amount of data and identified substantial differences between
isolates, it could be that virulence is due to the expression of
one or more important genes under appropriate in vivo con-
ditions. Testing for this will be complicated by identifying ap-
propriate conditions for S. aureus growth.

Despite the enormous variation seen between S. aureus iso-
lates and the considerable amount of genetic exchange be-
tween isolates, we have no evidence that this variation influ-
ences pathogenesis. Future studies may show that variation is
important for nasal carriage. The key to understanding S. au-
reus pathogenesis may lie in the identification of host factors
that contribute to colonization, and subsequent susceptibility
to community-acquired infection.
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