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Conjugative transfer and replacement of hundreds of kilobases of a bacterial chromosome can occur in vitro,
but replacements in nature are either an order of magnitude smaller or involve the movement of mobile genetic
elements. We discovered that two lineages of Staphylococcus aureus, including a pandemic methicillin-resistant
lineage, were founded by single chromosomal replacements of at least ~244 and ~557 kb representing ~10 and
~20% of the chromosome, respectively, without the obvious involvement of mobile genetic elements. The
replacements are unprecedented in natural populations of bacteria because of their large size and unique
structure and may have a dramatic impact on bacterial evolution.

The parasexual mechanisms of transformation, transduction,
and conjugation provide the means by which bacteria exchange
genetic material. It is thought that these mechanisms facilitate
the replacement of small portions of the chromosome, a pro-
cess referred to as localized sex (24). Transformation is the
uptake of DNA from the environment by competent bacteria
and results in small replacements of <10 kb in nature (10).
Transduction, the most common form of genetic exchange,
involves the packaging of host DNA by phage and can result in
replacements of tens of kilobases in vitro (17). Conjugation
involves cell-to-cell contact and the movement of host DNA by
conjugative plasmids or transposons and can result in the larg-
est replacements of hundreds of kilobases in vitro (15, 17).
With both transduction and conjugation, the donor DNA is
frequently abridged by endonuclease cutting and exonuclease
shortening before incorporation into the recipient chromo-
some (17).

The size of recombined genetic material in natural popula-
tions of bacteria is seldom examined; more is known about the
frequency of recombination (9) and the size of mobile and
accessory genetic elements (3). For example, studies of Esch-
erichia coli strain MG1655 have revealed that gene content can
be accounted for by 67 insertions and deletions ranging in size
from <2.5 to >20 kb with a bias toward smaller sizes (18). The
largest mobile genetic elements in bacteria include the ~60-kb
staphylococcal cassette chromosome mec (SCCmec) antibiotic
resistance island of Staphylococcus aureus (12), the ~105-kb clc
biodegradation island of Pseudomonas sp. strain B13 (21), the
~190-kb PAI-II pathogenicity island of E. coli (2), and the
~500-kb symbiosis islands of the rhizobia (25). Mobile genetic
elements have a characteristic structure of flanking repeats and
a recombinase for excision and integration but ultimately de-
pend on transformation, transduction, and conjugation for
movement between bacteria.

It is unknown whether rare large chromosomal replacements
are as important in the evolution of a bacterial species as fre-
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quent small replacements and the movement of mobile genetic
elements. Here, we address this question on the basis of obser-
vations of S. aureus, a human pathogen responsible for a signifi-
cant burden of disease worldwide that has evolved resistance to
all antibiotic classes (7). While clones of S. aureus arise more
frequently by point mutation than by recombination (8), our
findings suggest that the long-term evolution of S. aureus can
be influenced by unusually large chromosomal replacements
that leave little evidence of their mechanism of exchange.

MATERIALS AND METHODS

Bacterial isolates. We screened a total of 220 isolates for chromosomal re-
placements by using partial sequence data from 15 genes, including 7 house-
keeping genes (arcC, aroE, gIpF, gmk, pta, tpi, and yqiL), 7 surface protein-
encoding genes (sasA, sasB, sasD, sasE, sasF, sasH, and sasI), and the gene that
encodes immunoglobulin G-binding protein A (spa). One set of 147 isolates
representing the major lineages of hospital-acquired methicillin-resistant . au-
reus (MRSA) was examined previously (22). Another set of 73 isolates repre-
senting lineages of methicillin-sensitive S. aureus and lineages of community-
acquired MRSA was examined here. Details of the isolates studied are available
on the S. aureus MLST website (saureus.mlst.net). All isolates were stored at
—80°C and grown overnight on blood agar plates at 37°C.

PCR and DNA sequencing. Chromosomal DNA was isolated with the DNeasy
kit (Qiagen). PCR and DNA sequencing on both strands were performed as
previously described (22), with an ABI3700 automated sequencer (PE Applied
Biosystems). The 15 primer sets used to screen the 220 isolates for chromosomal
replacements are found in references 6 and 22. The 53 primer sets used to
characterize the replacements to a base pair resolution are provided in supple-
mentary Table 1 (http://staff.bath.ac.uk/bsspaw/supptablel.doc).

Nucleotide sequence accession numbers. The nucleotide sequences reported
here have been deposited in the GenBank database and assigned accession
numbers AY442690 to AY442811 (sas alleles) and AY442390 to AY442506
(other alleles).

RESULTS AND DISCUSSION

Multilocus sequencing of seven housekeeping genes was
used previously to study the evolutionary events resulting in
pandemic clones of MRSA (7). To resolve events between
closely related clones, we chose to sequence an additional set
of eight surface protein-encoding genes that evolve more rap-
idly than housekeeping genes. Partial sequencing of these 15
genes was applied to 147 isolates representing common hospi-
tal-acquired MRSA (22). Multilocus sequence type 8 (STS8)
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FIG. 1. Hypothesized evolutionary relationships of STs involved in
chromosomal replacements. The approximate contributions of each
parent chromosome to the mosaic chromosomes are shown with black
and white sectors. (A) The ST239 mosaic has descended from STS8 and
ST30 parents. (B) The ST34 mosaic has descended from ST30 and
ST10/ST145 parents. The ST42 mosaic has descended from ST39 and
ST10/ST145 parents.

and ST239 were thought to be closely related because they
differed at one of seven housekeeping genes (arcC) (7) but
were found to differ at four of seven sas genes (sasA, sasD,
sasF, and sasH) (22) and had extensively different spa repeat
sequences (4, 22). The six genes that distinguished ST8 from
ST239 differed at multiple nucleotide sites, and the differing
alleles were almost exclusive to ST239 and an unrelated clone
named ST30. The hypothesized evolutionary relationships of
the involved STs are shown in Fig. 1A. The six genes that
distinguished ST239 from ST8 were found to be contiguous
and spanned the origin of replication on the strains whose
genomes have been sequenced COL (www.tigr.org) and
MRSA252 (www.sanger.ac.uk), which are recent descendants
of ST8 and ST30, respectively (22) (Fig. 2A). Two hypotheses
have been presented to explain these data, including (i) par-
allel evolution of multiple nucleotide sites within multiple
genes located within a specific region of the chromosome and
(ii) genetic exchange between unrelated clones (22).

To test the hypothesis of genetic exchange between STS and
ST30, we sequenced portions of an additional 26 genes from
seven strains and determined whether the ST239 sequences
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were similar to ST8 or ST30. Of the total of 41 genes, 22 genes
asymmetrically oriented around the origin of replication were
similar for ST239 and ST30 and 19 genes outside of this region
were similar for ST239 and ST8 (Fig. 2A). No strains of ST239
were similar to ST8 near the origin of replication, and likewise,
no strains of ST239 were similar to ST30 outside of this region.
This pattern converged within the sgaT and mmpL genes,
which encode putative transport proteins. An ~1-kb region
surrounding the junctions of the pattern was sequenced. The
nucleotide polymorphisms clearly showed that the pattern con-
verged within sgaT and mmpL (Fig. 3A). These data were
consistent with the genetic exchange hypothesis.

The left junction within sgaT was identical for all of the
strains examined (Fig. 3A). However, the right junction
within mmpL occurred between sites 85 and 317 for strains
EMRSAI11 and Fin75541 and between sites 528 and 633 for
strain FFP200 (Fig. 3A). These data suggested that a second-
ary replacement may have occurred at the right junction. Strain
FFP200 is a representative of the so-called Brazilian clone,
which is a major cause of MRSA disease in Brazil and Portugal
(5). As of July 2003, all of the strains of ST239 recorded in the
MLST database (www.mlst.net) were methicillin resistant. Re-
sistance arises from carriage of the mobile genetic element
called SCCmec. While most strains of ST239 carry SCCmec
type III, the Brazilian clone carries variant SCCmec type IITA
(20). It is likely that the Brazilian clone is a derivative of the
ST239 lineage and that the slightly different right junction seen
with strain FFP200 represents a secondary replacement.

On the basis of the COL and MRSA252 genome sequences,
we infer that the ST239 mosaic chromosome has ~557 kb
spanning the origin of replication (oriC) from its ST30 parent
and has ~2,220 kb spanning the terminus of replication (ferC)
from its ST8 parent. From these data, we cannot determine
which parent was the donor and which was the recipient. How-
ever, we can infer that the minimal replacement size was ~557
kb or ~20% of the chromosome. Neither flanking repeats nor
known mobile genetic elements were apparent in the se-
quences that we obtained, nor were such elements apparent
near the junctions in the COL or MRSA252 genome sequences.

On the basis of data from Okuma et al. (19), the average
(= standard deviation) doubling times of ST239, ST30, and
ST8 are 42.2 + 6.5,27.0 = 0.6, and 28.7 = 2.3 min, respectively,
after removal of an outlier of 61.0 min from ST30. The longer
doubling time of ST239 could be the result of mixing large
portions of unrelated genomes in which gene regulatory cir-
cuits have separately evolved. It is difficult to understand how
ST239 could have survived with a doubling time much longer
than that of its parents without a counterbalancing selective
advantage. However, it is clear that ST239 has thrived to be-
come a pandemic lineage of MRSA represented by numerous
clones, including the EMRSA-1, -4, -7, -9, -11, Brazilian, Por-
tuguese, and Vienna clones (5, 16, 26). We note that neither
ST8 nor ST30 carries SCCmec type III, which suggests that
ST239 acquired its SCCmec element elsewhere. SCCmec type
III is larger by ~10 kb or more than other SCCrmec genes and
carries resistance to multiple antibiotics, antiseptics, and heavy
metals (12). Thus, we speculate that this antibiotic resistance
island provides a selective advantage to ST239 in hospitals.

To determine whether such a large chromosomal replace-
ment is common in S. aureus, we partially sequenced the seven
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SA0318 SA2339
22445556689 3445566777788999
Sequence 3555688948341151440 44581112837013526569
Strain type (ST) 4567637991503958496 05257238934657427199
COL ST250 CTCTGTCAGTAAATAGTAT GGCGCGTATGAAACCHGTTC
E3008 ST8 CTCTGTCAGTAAATAGTAT GGCGCGTATGAAACCGGTTC
A Nott110 ST8 CTCTGTCAGTAA. GGCGCGTATGAAACCGGTTC
FFP200 ST239
EMRSAI11 ST239
Fin75541 ST239
E1410 ST30
Btn1260 ST30
MRSA252 ST36

SA0112 SA2405-SA2406 SA2413
11111 11111111111111
234779900111 12346811333445567778 123446899
Sequence 889488829117 94979919467330437892 353479123

Strain type (ST) 764803546147 46610826966694012006 225508235

MRSA252 ST36 TTTTCCAGCTCT ~CCGGATGAACGGTACGTTAA TGCTTGAAT
B Btnl873 ST39 TTTTCCAGCTCT CCGGATGAACGGTACGTTAA TGCTTGAAT

Btn1260 ST30 TTTTCCAGCTCT CCGGATGAACGGTACGTTAA TGCTTG.

C160 ST34 N@TTCCAGCTCT CCGGATGAACGGTACGTTAA

ca27 ST42 CCAGCTCT HC

HI19 ST10

D139 ST145

FIG. 3. Polymorphic nucleotide sites spanning the junctions of the
chromosomal replacements. Loci are numbered in accordance with the
finished genome sequence of strain N315 (13). Parent nucleotides are
shown with black and white backgrounds. A grey background indicates
unique nucleotides. (A) Polymorphic sites from 995- and 1,049-bp
fragments spanning the left and right junctions, respectively, of the
ST239 mosaic. (B) Polymorphic sites from 1,199-, 1,918-, and 973-bp
fragments spanning the left and both right junctions, respectively, of
the ST34 and ST42 mosaics.

housekeeping genes, seven sas genes, and spa from a further 73
isolates representing lineages of methicillin-sensitive S. aureus
and community-acquired MRSA. In the total of 220 isolates in
which we have sequenced these 15 gene fragments, we ob-
served one additional case in which the putative replacement
would span a region of the chromosome similar to that in the
case characterized above. This case involved multiple replace-
ments within the same lineage. The hypothesized evolutionary
relationships of the STs involved are shown in Fig. 1B. ST30
and ST34 differed at one of seven housekeeping genes (arcC),
they differed at three of seven sas genes (sasA, sasF, and sasH),
and they differed in spa repeat sequences. The five genes that
distinguished ST30 from ST34 differed at multiple nucleotide
sites, the differing alleles were shared by a pair of clones named
ST10 and ST145, and the genes were contiguous and spanned
oriC on the strains whose genomes have been sequenced (Fig.
2B). Likewise, ST39 and ST42 differed at two of seven house-
keeping genes (arcC and gmk), they differed at three of seven
sas genes (sasA, sasF, and sasH), and they differed in spa repeat
sequences. gmk differed by only a single base pair, and this was
probably due to a point mutation in ST42. The remaining five
genes that distinguished ST39 from ST42 were the same as
those that distinguished ST30 from ST34 (Fig. 2B).

To test the hypothesis of genetic exchange between ST30
and ST10/ST145 and between ST39 and ST10/ST145, we se-
quenced portions of an additional 18 genes from six strains.
The results from the total of 33 genes are summarized in Fig.
2B. The left junction for both ST34 and ST42 occurred within
a gene that is predicted to encode a cysteine synthase. The
right junction for ST34 occurred within cysJ, which encodes a
component of a sulfite reductase. The right junction for ST42
occurred ~12 kb further upstream, between betA and betB,
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which encode a choline dehydrogenase and a glycine betaine
aldehyde dehydrogenase, respectively. The nucleotide poly-
morphisms from ~1- to 2-kb sequences clearly defined the
junctions (Fig. 3B). These data were consistent with the ge-
netic exchange hypothesis. On the basis of the MRSA252 ge-
nome sequence, we infer that the ST34 and ST42 mosaic chro-
mosomes, respectively, have ~244 and ~256 kb spanning oriC
from their ST10/ST145 parent and have ~2,659 and ~2,647 kb
spanning terC from their ST30 and ST39 parents. Again, nei-
ther flanking repeats nor known mobile genetic elements were
apparent near the junctions.

What mechanism of genetic exchange could account for
these novel replacements in S. aureus? Conjugation in gram-
negative bacteria is a well-characterized process and has been
shown to exchange large fragments of the chromosome in vitro
(15, 17). Although much is unknown about conjugation in
gram-positive bacteria (11), we consider it to be a candidate for
the mechanism that leads to the replacements characterized
here because of the sizes involved. A role for conjugative
plasmids, transposons, and phage is unlikely because they
would have been precisely excised from the junctions of the
replacements, perhaps on multiple occasions. Moreover, the
replacements represent the exchange of essential genetic ma-
terial, not the insertion or deletion of accessory genetic mate-
rial that is carried on mobile genetic elements. Although
phage-induced transformation (1) and electrotransformation
(14) of S. aureus can occur in the laboratory, we know of no
reports of natural transformation in this species. Protoplasm
fusion driven by cell wall-acting antibiotics is also an unlikely
mechanism of genetic exchange because ST34 and ST42 are
invariably methicillin sensitive and would be killed by antibi-
otic treatment.

We note that in both replacements, the left junction was
common to all of the strains examined but the right junction
varied among strains. This observation suggests that a speci-
ficity occurs in the left junction that is not present in the right
junction. We also note that since both replacements involved
the ST30 lineage, these events may not occur randomly
throughout the species and hence it follows that expression of
lineage-specific genes may be required for the replacements to
occur. As genomic sequencing has been limited to a few strains
of any one species, our methodology based on comparative
sequencing of well-characterized strains would more efficiently
reveal the extent of large replacements in S. aureus and in
other bacterial species.
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