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Abstract

We analyzed the genome-wide pattern of single nucleotide polymorphisms (SNPs) in a sample with 12 strains of Staphylococ-
cus aureus. Population structure of S. aureus seems to be complex, and the 12 strains were divided into five groups, named A,
B, C, D, and E. We conducted a detailed analysis of the topologies of gene genealogies across the genomes and observed a high
rate and frequency of tree-shape switching, indicating extensive homologous recombination. Most of the detected recombi-
nation occurred in the ancestral population of A, B, and C, whereas there are a number of small regions that exhibit evidence
for homologous recombination with a distinct related species. As such regions would contain a number of novel mutations,
it is suggested that homologous recombination would play a crucial role to maintain genetic variation within species. In the
A-B-C ancestral population, we found multiple lines of evidence that the coalescent pattern is very similar to what is expected
in a panmictic population, suggesting that this population is suitable to apply the standard population genetic theories. Our
analysis showed that homologous recombination caused a dramatic decay in linkage disequilibrium (LD) and there is almost
no LD between SNPs with distance more than 10 kb. Coalescent simulations demonstrated that a high rate of homologous
recombination—a relative rate of 0.6 to the mutation rate with an average tract length of about 10 kb—is required to produce
patterns similar to those observed in the S. aureus genomes. Our results call for more research into the evolutionary role of

homologous recombination in bacterial populations.
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Introduction

Although bacterial species have a single haploid genome
with no meiotic process, recombination plays a signifi-
cant role in their genome evolution (Feil and Spratt 2001;
Awadalla 2003; Falush 2009; Tenaillon et al. 2010). Recom-
bination in bacteria is defined as the process in which a seg-
ment of a donor genome is integrated into a host genome,
with two possible major outcomes. One is a homologous ex-
change between the foreign segment and the host genome,
called homologous recombination. This potentially occurs
when the host genome has regions homologous to the for-
eign DNA, and the rate of successful DNA exchange of ho-
mologous region would depend on the sequence identity
between them (Levin 1988; Rayssiguier et al. 1989). The
other outcome is the insertion of a foreign DNA segment
into an arbitrary position in the host genome. When the in-
serted segment includes coding genes, it results in the well-
known phenomenon of lateral (or horizontal) gene transfer
(Griffith 1928; Ochman et al. 2000).

Here we focus on the former process, homologous
recombination. The mechanism of bacterial homologous
recombination is quite different from recombination
(crossing-over and gene conversion) in eukaryotes. Homol-
ogous recombination in bacteria occurs by an uptake of a
foreign DNA segment through various mechanisms such

as natural transformation (uptake of naked DNA segments
from the environment), conjugation (physical contact
between donor and recipient cells), and transduction
(bacteriophage-mediated transfer) (Whittam and Ake
1993; Ochman et al. 2000; Errington et al. 2001). Then a
homology-dependent allelic (and possibly nonallelic) ex-
change occurs between the foreign DNA segment and the
recipient genomic sequence (Levin 1988; Rayssiguier et al.
1989). It has been demonstrated that the rate of suc-
cessful exchange can dramatically decrease with increasing
sequence divergence (Majewski and Cohan 1999), so
that homologous exchanges predominantly occur within
species.

One approach to estimate the rate and explore the
role of homologous recombination is to analyze sequence
data, such as single nucleotide polymorphisms (SNPs). So
far, homologous recombination in bacteria has been best
documented by the multilocus sequence typing (MLST)
project, in which short fragments, generally in seven house-
keeping genes, were resequenced for a very large sample
in various species (Maiden et al. 1998; Narra and Ochman
2006; Vos and Didelot 2009). In these data, the presence of
homologous recombination is indicated by the incongru-
ence among the genealogies of the different loci. However,
our knowledge of the rate and tract length of homologous
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Table 1. List of Strains of Staphylococcus aureus Used in the Present Study.

Group? Strains Accession®  GenomeSize (bp)  mecA +/—  Host Species sTd cce Reference

A CcOoL NC002951 2,809,422 mecA+ Human ST250 cCs Gill et al. (2005)
USA300 NC007793 2,872,769 mecA+ Human ST8 cCs Diep et al. (2006)
NCTC8325 NC007795 2,821,361 mecA— Human ST8 CC8 Gillaspy et alf
Newman NC009641 2,878,897 mecA— Human ST254 cCs Baba et al. (2008)

B MSSA476 NC002953 2,799,802 mecA— Human ST1 cC1 Holden et al. (2004)
MW2 NC003923 2,820,462 mecA+ Human ST1 cc1 Baba et al. (2002)

C N315 NC002745 2,814,816 mecA+ Human ST5 CCs Kuroda et al. (2001)
Mu50 NC002758 2,878,529 mecA+ Human ST5 CCs Kuroda et al. (2001)
JH9 NC009487 2,906,700 mecA+ Human ST105 CCs Mwangi et al. (2007)
JH1 NC009632 2,906,507 mecA+ Human ST105 CCs Mwangi et al. (2007)

D RF122 NC007622 2,742,531 mecA— Bovine ST151 NA Herron-Olson et al. (2007)

E MRSA252 NC002952 2,902,619 mecA+ Human ST36 CC30/CC39  Holden etal. (2004)

2The groups were based on phylogenetic analysis in figure 2A.
bAccession numbers of NCBI database.
“Methicillin resistance (+) or susceptible (—).

dSequence types (STs) inferred from the concatenation of seven MLST loci (Enright et al. 2000; Feil et al. 2003).

€Clonal complex (Feil et al. 2003; Sabat et al. 2008).
fDirect submission.

recombination is still limited. Here, we aim to quantify the
extent of homologous recombination from polymorphism
data. For this purpose, long collinear region data sets, rather
than multiple short regions, would yield more information
and be amenable to analyses using established population
genetic theories.

Theories of population genetics mainly concern mi-
croevolutionary processes of orthologous loci (regions) in a
single population or species. Therefore, it is straightforward
to apply them to most loci in eukaryotes. However, this may
not be as easy for bacteria given that bacterial genomes un-
dergo frequent genome rearrangements, such as inversion
and translocation, and lateral gene transfers, which disrupt
the synteny along the genome. In such regions, it is hard to
establish orthology relationships and to align genomic se-
quences among the strains in a single species. Thus, it has
been thought that applying population genetic theories to
bacteria may not be very suitable (e.g., Treangen et al. 2008;
Darling et al. 2008).

Nonetheless, there are several species in which the rates
of lateral gene transfers and genomic rearrangement are
relatively low so that collinearity is conserved across the
genomes, such as in the case of Staphylococcus aureus (Lind-
say and Holden 2004) and Bacillus cereus (Rasko et al. 2005).
In this study, we use S. aureus as a model organism because
we find it feasible to identify orthology for most regions in
the genome, so that population genetic analyses of SNPs can
be verified. Staphylococcus aureus is a major pathogen that
is associated with serious community-acquired and noso-
comial diseases (Emori and Gaynes 1993; Steinberg et al.
1996). Methicillin-resistant strains (MRSA) of this species
are well recognized because they are resistant to multiple
antibiotics, including methicillin, and their infection could
cause serious diseases (Panlilio et al. 1992; Speller et al. 1997;
Grubb 1998). Due to these medical concerns, S. aureus is
one of the species for which genomic sequences of multi-
ple individuals are available; whole-genome sequences for
this species are available for more than ten strains, including
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MRSA and methicillin-susceptible S. aureus (MSSA) strains
(table 1). This availability of whole-genome sequences of
multiple strains was one of our initial motivations for con-
ducting this study.

Still, applying the standard coalescent theory to S. aureus
is not very straightforward due to two major differences
between eukaryotes and bacteria. First, the mechanism of
recombination is different. The major recombination mech-
anisms in eukaryotes are crossing-over and gene conver-
sion, whereas in bacteriahomologous recombination occurs
through transformation, transduction, or conjugation. The
resolution of bacterial homologous recombination is an al-
lelic exchange of a relatively short fragments, which is sim-
ilar to gene conversion in eukaryotes (Maynard Smith et
al. 1991; Didelot and Falush 2007). Therefore, recombina-
tion should be incorporated as such a conversion-like event
in the framework of the coalescent theory. The second
concerns isolation between individuals (strains). As well as
eukaryotes, geography is the major factor to cause isola-
tion. For infectious bacteria, population structure of the
host species also matters. Furthermore, in bacteria, isola-
tion could be caused by physiological factors, such as the
frequency or efficacy of transformation, transduction, and
conjugation. As a consequence, it is possible that a popula-
tion can be genetically structured in a sympatric situation.
These factors should be reflected in modeling the evolution
of a bacterial population, although the coalescent is flexi-
ble enough to incorporate any kind of isolation. Through-
out this work, we perform population genetic analysis of
genome-wide SNPs in S. aureus, taking these factors into
account.

Methods

Genome Sequences of S. aureus

The genome sequences of 12 strains of S. aureus were
downloaded from the NCBI database (ftp://ftp.ncbi.nih.
gov/genomes/) on November 2006, including 8 MRSA
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FiG. 1. Comparative circular map of 12 strains of Staphylococcus aureus. Red bars outside the circle indicate the positions of the seven MLST loci
(Enright et al. 2000; Feil et al. 2003). The outer circle represents conserved (blue) and highly variable (gray) regions, respectively. In the second
circle, the distribution of synonymous nucleotide diversity, 7s, is shown in green. The third circle shows the distribution of the GC content at third
positions of codons in magenta. The fourth and fifth circles are for the positions of genes with forward (cyan) and reverse (orange) orientations,
respectively. Most genes in the left half of the circular genome have forward orientations and vice versa, consistent with other bacteria (Rocha

2004; Bentley and Parkhill 2004).

(Panlilio et al. 1992; Speller et al. 1997; Grubb 1998) and 4
MSSA strains (summarized in table 1). These strains were
isolated from humans except for RF122, which was isolated
from a bovine. The genome sizes of the 12 strains range from
2.74 to 2.91 Mb. Genomic sequences are currently available
for more than 12 strains, but adding them to the analysis
does not change our major conclusions because each of the
new strains has nearly identical genomic sequence to at least
one of the 12 strains we consider here.

Alignment of Whole-Genome Sequences

The whole-genome sequences of those 12 strains of S. au-
reus were aligned, which was not very complicated because
the synteny along the entire chromosome is well conserved,
as has been pointed out (Lindsay and Holden 2004). We first
confirmed the synteny conservation by all-against-all BlastN
searches with default parameters (Altschul et al. 1997). This
process revealed that there is no large-scale structural vari-
ation such as inversion and duplication and that the major
part of the genome can be reliably aligned at the nucleotide
level except for some local regions, including staphylococcus
cassette chromosome mec (SCCmec) element, pathogenic-
ity islands, prophages, restriction enzymes, transposable

elements, and highly repetitive sequences (Katayama et al.
2000; Ma et al. 2002; Lindsay and Holden 2004). Interrupted
by those regions, the genome was divided into 33 subregions
(shown in blue in fig. 1), in which reliable multiple align-
ments of the 12 genomes were obtained. The alignment of
each subregion was constructed by using ClustalW version
1.83 with default parameters (Thompson et al. 1994), fol-
lowed by visual inspection.

According to the annotation in the NCBI database,
roughly >70% of the conserved regions are protein-coding
regions. Because the 12 genome sequences were deter-
mined by different research groups and gene prediction was
carried out by those independent groups with different soft-
wares, there are some variation in the annotation of cod-
ing genes in the conserved regions among the 12 strains
(~2,000 genes on average); there are a number of regions
with almost no nucleotide variation, which are annotated
as an open reading frame (ORF) in some strains but not
in the others. In our analysis, a “gene” is defined when it
is annotated as an ORF in at least 3 strains and its DNA
sequence is conserved in all 12 strains without premature
stop codon or frameshift mutation. According to these cri-
teria, we found 1,788 “genes” in the well-aligned regions.
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FIG. 2. Genome-wide pattern of homologous recombination in Staphylococcus aureus. (A) An NJ tree of the 12 strains in S. aureus based on the
distance matrix of all synonymous SNPs. The 12 strains were classified into five groups, named A, B, C, D, and E. (B) The proportions of different
tree shapes. (C) The distribution of tree shapes across the genome, represented by colored bars. The colors correspond to those in (B).

For these 1,788 genes, we applied basic population ge-
netic analysis using the SITES software (Hey and Wakeley
1997), including calculating synonymous divergence and
GC contents in the third positions of codons (GC3). To de-
tect recombination break points, the four-gamete test of
Hudson and Kaplan (1985) was used.

Results

Overview of the Pattern of Polymorphism

The 33 well-aligned regions were used in our polymorphism
analysis. The regions in total consist of 2.3 Mb with 1,788
genes, which cover more than 80% of the entire S. aureus
genome. There were 65,412 SNPs, 64,359 of which were bial-
lelic. The average pairwise nucleotide difference was 0.00847
per site.

The nucleotide diversity at synonymous sites (7s) and
GC contents at third position of the codon (GC3) in the
1,788 genes are plotted in green and magenta bars, respec-
tively, in figure 1. GC3 is fairly constant, around 22.1 & 4.0%
across genes. The average synonymous nucleotide diversity
is ms = 0.0247 =+ 0.0237 with substantial local variations,
most likely reflecting a heterogeneity in the time to most
recent common ancestor (MRCA) due to homologous re-
combination (see below).

Using all synonymous sites, pairwise synonymous nu-
cleotide distances were calculated, from which a neighbor
joining (NJ) tree was constructed (fig. 2A). Based on the
tree structure, the 12 strains were classified into 5 groups,
named A, B, C, D, and E (table 1 and fig. 2A). All internal
branches in the tree of the five groups were 100% sup-
ported by a bootstrap analysis. We observed large diver-
gences (~0.0525) between the ABC cluster and the other
two, which largely explains 7rs for the sampled stains. The
average pairwise divergences within each of the A, B, and C
groups were <0.0003, much lower than 7, the average of
all pairwise comparisons. These three groups are relatively
closely related, and indeed some of them are strongly re-
lated. For example, JH1 and JH9 in group C were isolated
from a single patient (Mwangi et al. 2007), and they have
almost identical sequences as expected. COL was isolated

800

only about 50 years before USA300, and both strains belong
to group A (Diep et al. 2006). On the other hand, MSSA476
and MW?2 in group B were sampled in the United Kingdom
and the United States (Holden et al. 2004), indicating that
there is very recent migration between continents presum-
ably following human immigrations.

Because our sample consists of only 12 strains, it is not
clear if our data represent the pattern of SNPs in the en-
tire species. To check this, we compared the phylogeny in
figure 2A and that from the MLST project (Cooper and Feil
2006). According to Cooper and Feil (2006), thousands of
strains worldwide were classified into two major clades. It
was found that our groups A, B, and C (ten strains in to-
tal) belong to one and E (1 strain) belongs to the other (D
was not included in their analysis), indicating our sample is
strongly biased toward one of the two major groups. Thus,
our work mainly describes the pattern of SNPs in one of the
two major groups defined by Cooper and Feil (2006), which
is well described by five representing lineages (A, B, C, D, and
E). In the following analysis, we mainly focus on the relation-
ship among these five lineages.

Homologous Recombination

If there is no recombination (i.e,, strict clonality), all regions
in the genome should follow a single tree. On the other
hand, if recombination is active, we expect local variation
in the tree shape. This can be applied not only to a pan-
mictic population but also to a highly structured population
(i.e, situation known as incomplete lineage sorting; Degnan
and Rosenberg 2009). According to this logic, incongruence
in the tree topology between local regions can be consid-
ered as evidence for recombination. It should be noted that
the fact that the phylogenetic relationship of the five rep-
resentative lineages in figure 2A is very well supported by
a bootstrap analysis does not necessarily mean that all ge-
nomic regions follow this single tree. This is because the tree
of figure 2A reflects only the genome-wide average of the
phylogenetic relationship. Even when local trees are highly
variable, with a large number of SNPs, internal branches on
the genome-average tree can have high bootstrap values.
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Therefore, itis necessary to investigate local trees carefully in
order to evaluate the role of recombination. Barring multi-
ple mutations at same sites, recombinationis the only cause
of incompatibility among local trees.

We constructed NJ trees for the 1,788 genes, which were
classified into several categories according to their tree
shape. There were no informative sites in 344 genes, which
were classified into the “no-resolution” category and ex-
cluded from the analysis.

It was found that 83% of the 1,444 informative trees
are roughly consistent with the genome-average tree in fig-
ure 2A (fig. 2B). For these genes, there is almost no varia-
tion within each of the A, B, and C groups, and these three
groups have a common ancestor without coalescing with D
or E. Topologies with this pattern are called “major topolo-
gies,” whereas the remaining ones are referred to as “mi-
nor topologies.” The pattern within this A-B-C clade in the
major topologies is highly variable. There are three possible
topologies, ((A,B),C), ((B,C),A), and ((A,C),B), and we found
their percentages to be 40.8:28.4:30.8 (fig. 2B). The propor-
tion of ((A,B),C) was slightly higher than the other two, mak-
ing the genome-average tree support ((A,B),C) in fig. 2A
(see next section for details). We further found that these
topologies distributed nearly uniformly (fig. 2C), indicating
that the tree shapes have changed very frequently across
genes because of extensive recombination between the an-
cestral lineages of the three groups. The common ancestor
of ABC should next coalesce with either D or E, but their
topology could not be determined because of the lack of an
outgroup.

To emphasize the role of recombination, we confirmed
that these observations are not caused by multiple muta-
tions at the same sites. First of all, the level of divergence
between A, B, and C is only ~0.6%, and we found almost
no sites at which more than two nucleotides are segregat-
ing (i.e., tri- and tetra-allelic sites). Because a high mutation
rate creates a number of tri- and tetra-allelic sites, this ob-
servation is not consistent with the hypothesis of multiple
mutations. Second, we found that the proportion of infor-
mative sites over all segregating sites (including singletons)
is roughly 32%. From a simple simulation, we found that
this observed proportion is much larger than explained by
multiple mutations when the entire genome follows a sin-
gle tree. In this simulation, assuming a strict clonal model
for the A-B-C trio with no recombination, we set the phy-
logeny of A, B, and C such that the observed proportion
of three types is consistent with the observation (40.8%
for ((A,B),C), 28.4% for ((B,C),A), and 30.8% for ((A,C),B))
(i.e, a phylogenetic relationship consistent with fig. 2A).
Then we placed mutations allowing multiple mutations. If
we determine the mutation rate such that the total num-
ber of segregating sites is consistent with the observation,
we found that the proportion of informative sites is only
3%. The observation (~32%) is significantly larger than this
expected value (P =~ 0; Fisher's exact test). Note that
this statistical argument is conservative because the simu-
lation assumed only two alleles at a single site, providing an
upper bound for the proportion; the lower bound will be

given when four symmetric alleles are allowed, and the real
situation would be somewhere between the two bounds be-
cause there is a strong bias in the mutation rate between AT
and GC. Third, we performed a bootstrap analysis for each of
gene tree. It was found that for more than 90% of the gene
trees, the branch that determines the relationship among
A, B,and C (i.e,, ((A,B),C) vs. (A,(B,C)) vs. ((A,C),B)) was sup-
ported with bootstrap value >50% even when the statistical
power is expected to be low due to a limited number of SNPs
in each gene. Thus, these lines of evidence strongly show
that the data are hardly explained by multiple mutations
on a single tree and that recombination plays significant
roles. We will come back to this problem later to further
discriminate the effects of recombination and multiple
mutations.

The patterns of minor topologies (247 genes) are highly
variable, in which A, B, and C do not exhibit monophyletic
topologies. Examples are illustrated in the “Minor topolo-
gies” category in figure 2B. There are two potential causes of
generating minor topologies. One is that the ancestral lin-
eage of D, for example, has received a segment from the an-
cestral population of C after the splits of A, B, and C, in which
the branch of either D or E is placed within the ABC clade
(see the fist topology in the Minor topology box in fig. 2B).
The other is that the MRCA of A, B, and C are exceptionally
old by some reason and they independently coalesce with
D and E (see the last two topologies in the “Minor topol-
ogy” box in fig. 2B). These genes with minor topologies also
distribute uniformly across the genome (fig. 2C).

Although we used a gene as a unit in the above con-
ventional analysis, recombination also occurs within cod-
ing regions. To further investigate the impact of recombi-
nation at a finer scale, the four-gamete test of Hudson and
Kaplan (1985) was applied and the locations of recombina-
tion break points were inferred. The minimum number of
break points to explain the genome-wide pattern of SNPs
turned out to be 3,452, and the density is roughly 1 per 1.6
kb. We mapped these break points on the chromosome, and
the results for five representative 10-kb regions are shown in
figure 3. In each panel, the locations of inferred recombina-
tion break points and linage-specific SNPs and the spatial
distribution of the level of synonymous polymorphism, s,
are presented on the map of coding genes (blue and orange
arrows, representing forward and backward genes). For the
locations of SNPs, those specific to A, B, and C (red, green,
and blue, respectively) are shown in the upper row and
those specific to D and E (cyan and magenta, respectively)
are in the lower row. The distribution of 75 is presented in
the range from 0 to 0.1 in red and in blue if 75 > 0.1. The
gray boxes represents gaps in the alignment due to inser-
tions/deletions (indels). An NJ tree is also shown for each
gene if there is no signature of recombination within it; oth-
erwise, the coding region is divided into subregions with no
recombination break point within each of them, and an NJ
tree is given for each subregion.

Figure 3A reresents the most typical pattern of the
changes of tree shape across the chromosome. Most of
the changes in topology are those among the three major
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FIG. 3. Genome-wide patterns of recombination and synonymous nucleotide polymorphism. The blue and orange arrows represent forward and
backward genes, respectively. The name of each gene is given in italics when it is a specific gene, otherwise we provide the name of the gene family
with significant homology. See text for details.

topologies, ((A,B),C), ((B,C),A), and ((A,C),B), although there In figure 3B, there is a region with an exceptionally high
are a few minor topologies. In this region, 7 ranges from level of 75 due to a cluster of many B-specific SNPs (green
0 to 0.05, and five kinds of linage-specific SNPs distribute bars in a red box), which is most likely because the lineage
near evenly. leading to B recently acquired a highly diverged sequence
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(perhaps from outside this species). Four additional such
regions are shown in figures 3C—E. Thus, homologous re-
combination may occur not only within S. aureus but also
between S. aureus and other species. However, looking at
the pattern in the entire genome, there are only few such
regions. The pattern shared by these regions is that diver-
gence is extraordinarily elevated typically in a few hundred
base pairs, which is much shorter than the average length of
recombination blocks (1.6 kb).

Over the entire genome, the pattern of SNPs is blocky
with clustering of SNPs with the same configurations (al-
though only part of them are shown in fig. 3 because of space
limitation). This blocky structure is not what is expected by
a clonal model with a high mutation rate and no recom-
bination because in such a situation, all configurations of
SNP distribute randomly across the genome. This was sta-
tistically tested by using the relationship between A, B, and
C, and the results are summarized in figure 4. First, we in-
vestigated clusters of the same type of informative sites. A
cluster is defined as a contiguous segment of the same type
of informative sites with no interruption by the other two
types. Under the assumption of the presence of a single tree
with no recombination, because the three types of informa-
tive sites distribute randomly, the expected distribution is
easily obtained by a geometric distribution (represented by
the broken linein fig. 4A). This expectation is compared with
the observed distribution (bars in fig. 4A). Obviously, the ob-
servation has a larger average number of SNPs within clus-
ters, and the difference is again very significant (P & 0; x?
test).

Next, we focused on the number of synonymous nu-
cleotide differences between A, B, and C. For each gene,
the A-B, A-C, and B-C synonymous divergences were com-
puted and the density distributions are shown in figure 4B.
The distributions for all three pairs are very similar; they
are L-shaped with averages roughly 0.01 (although the av-
erage for the A-B pair is slightly lower than the others).
We tested if this observation can be explained by the
strict clonal model, in which it is predicted that the co-
alescent time is constant in the entire genome so that
the number of synonymous differences should follow Pois-
son distributions. It was found that for all three cases, the
observed distributions significantly differ from the Poisson
distribution (P < 10~ '; Kolmogorov—Smirnov test). The
observed monotonically decreasing distributions have sig-
nificantly large variances than predicted by the Poisson dis-
tribution or the strict clonal model. This should be because
the variance includes the stochastic variance of the time to
MRCA due to the coalescent process, in addition to the vari-
ance due to random placement of mutations (this part of
the variance corresponds to that explained by the Poisson
process). In contrast, as we will show later, the observed dis-
tributions fit very well to the prediction in which the co-
alescent process with recombination is taken into account
(see below). Thus, we have shown several lines of evidence
against the clonal model with no recombination. We there-
fore conclude that a high rate of recombination is needed
to explain these observations.
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FIG. 4. Testing a strict clonal model. (A) The number of informative
sites with the same configuration in a cluster. (B) The synonymous
divergences between A, B, and C. The observed distribution is shown
in the bars with the expectations under the strict clonal model (gray
broken line). The result for B versus C is not shown because it is almost
identical to that of A versus C.

Decay of Linkage Disequilibrium

We next searched for direct evidence for recombination. We
focused on linkage disequilibrium (LD) between SNPs. It is
well known that LD and physical distance between SNPs
are expected to have a negative correlation when recombi-
nation is active. We first investigated r2, a commonly used
measure of LD. r? was computed for all pairs of SNPs. The
data were binned into 100-bp windows according to dis-
tance, and the average r for each bin is plotted in figure 5A.
In this analysis, we used the five representing strains (one
from each group was randomly chosen). It was found that
r? decreases as the distance increases. This decrease of LD
against distance can be considered as strong evidence for
recombination. It was also found that r? saturates in ~10
kb at r* = 0.5. The expectation of r* with free recombina-
tionis 1/n in a panmictic population,where n is the sample
size. In our analysis, the average r? for long distance is 0.5,
which is much larger than 1/n = 0.2, indicating that the
five strains are not a sample from a single panmictic popu-
lation. Thus, the result can be summarized that LD decays
as increasing distance by recombination, but the genome-
wide LD is elevated by population structure possibly due to
geographic and/or physiological isolations between strains.
Because the effects of recombination and population struc-
ture are confounding, it is difficult to evaluate the effect of
recombination alone from this plot of r?.
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In contrast, if we focused on the relationship between A,
B, and C, fortunately, we found that this problem is very
minor. For this analysis, we used another measure of LD
instead of r? because the computation of r? requires at
least four strains. Representatives of the three groups, A,
B, and C, provide the minimum sample size to detect re-
combination when an outgroup (D or E) is available. Fol-
lowing the method of Ruderfer et al. (2006), we used 5,289
SNPs at which the allelic configuration of {A,B,C, D, E}
€ {{1,1,0,00},{0,1,1,0,0},{1,0,1,0,0} }, where 0 and
1 represent two variable nucleotides. For these sites, it is
very likely that 0 is the ancestral allelic state; therefore, the
tree shape at each SNP can be parsimoniously inferred (i.e.,
((AB),C), (B,C),A), and ((A,C),B) are given for {1,1,0,0,0},
{0,1,1,0,0}, and {1,0,1,0, 0}, respectively). It is expected
that the probability of tree-shape compatibility for a pair
of completely linked sites is 1 and this probability decreases
as the recombination rate between the two sites increases.
When the two sites are completely unlinked, the probabil-
ity is expected to be 0.33 in a panmictic population. Thus,
the decrease of the probability of tree-shape compatibil-
ity against distance is analogous to the decay of r2. Follow-
ing the procedure for r?, the tree-shape compatibility was
examined for all pairs of SNPs and the data were binned
into 100-bp windows according to distance. Then the pro-
portion of compatible SNP pairs for each bin is plotted in
figure 5B. It was found that the tree-shape compatibility de-
creases dramatically and becomes close to the theoretical
minimum in a panmictic population (0.33) when the dis-
tance is larger than 5 kb. The major difference from the plot
of r? is that the saturated level of tree-shape compatibility is
close to the expectation under a panmictic population but
not for r2. It can be concluded that the relationship between
A, B, and C is very close to that for a sample withn = 3
from a panmictic population, so that we do not observe
significant elevation of genome-wide LD in figure 5B. This
near-panmictic situation provides excellent opportunity to
quantitatively evaluate the role of recombination.

Before we estimate the recombination rate using the re-
lationship between A, B, and C (see the next section), we fur-
ther checked if the observed decay of LD can be explained
by a clonal model. It should be noted that our tree com-
patibility analysis used only informative sites and singletons
were excluded. An informative site is defined such that two
alleles segregate with frequencies 2 and 2 in the alignment
of A, B, C,and an outgroup (D or E). There are three possible
types of informative sites, AB/CD segregation (red boxes),
AC/BD segregation (blue boxes), and AD/BC segregation
(green boxes), asillustrated in supplementary figure S3, Sup-
plementary Material online, which is consistent with the
typical pattern of informative sites in our observation (see
also fig. 3). As mentioned above, in the S. aureus genome, the
same type of informative sites tends to make a cluster (see
fig. 4A), which makes the probability of tree compatibility
nearly one for a small distance and it decreases as distance
increases (fig. 5). In contrast, a strict clonal model predicts
no correlation between LD and distance (i.e., broken lines
in fig. 5). This is obvious because informative sites arise by
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FIG. 5. The decay of LD with distance. r* and the probability of tree
compatibility are plotted as a function of distance in kilobase up to
10 kb. The expectation when free recombination is shown by broken
lines.

multiple mutations at the same sites so that the three types
distribute randomly across the genome. As expected, in the
simulation data used for the previous analysis, we found that
the probability of tree compatibility is flat at ~0.33 (supple-
mentary fig.54, Supplementary Material online).

One might think that recombination from an external
source might create a negative correlation because it could
cause an elevation of local LD. As demonstrated in supple-
mentary figure S4, Supplementary Material online, this is
indeed true but not very relevant because our analysis ex-
cluded regions that likely experienced recombination from
an external source. It is expected that such regions should
exhibit a clear signature in the shape of local gene tree.
For example, a local region with phylogenetic relationship
(((AD),(B,C)),E) suggests that the sequence of D (or A) was
recently transferred to A (or D). As was demonstrated ear-
lier, very small parts of the entire genome (roughly 8%) sup-
port such patterns of minor topologies (see figs. 2 and 3).
In our LD analysis, because these regions were excluded, re-
combination with an external source cannot be the major
explanation of the observed decay of LD. This argument
does not completely rule out the contribution of recombi-
nation with an external source, but the quantitative effect
should be very minor even when we missed signature of re-
combination with an external source for some regions and
have included in the LD analysis.

Quantifying the Rate of Homologous Recombination

Our next task was to quantify the extent of recombina-
tion. More specifically, we set out to estimate the rate of
homologous recombination and the length of integrated
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tract by homologous recombination. A possible strategy in
population genetics is to fit a theoretical prediction to
observe data, for example, decay of LD (Nielsen 2000; Had-
drill et al. 2005; Plagnol et al. 2006). The theoretical predic-
tion should be derived under the conditions of the correct
demography because the decay of LD is strongly affected
by demography (Ohta 1982; Slatkin 1994; Kruglyak 1999;
McVean 2002; Stumpfand McVean 2003; Slatkin 2008). This
posed a challenge to applying the theory directly to the LD
plot for the five strains in figure 5A, but it would be easier for
the tree compatibility plot in figure 5B because it has very lit-
tle genome-wide elevation of LD so that there may not be
strong population structure within it.

As a first approximation, we assumed that the A-B-C trio
are a random sample from a single panmictic population.
The theoretical prediction on the decay of tree compatibil-
ity was obtained by coalescent simulations. A homologous
recombination event can be modeled such that the out-
come is analogous to allelic gene conversion (Wiuf and Hein
2000; Didelot and Falush 2007). We take the parameter g to
represent the initiation rate of a transferring event per site
per generation and G to be the population rate, G = 2Ng,
where N is the effective population size. The elongation of
the converted tract starts at the initiation site and is ter-
minated at a constant rate, q. Therefore, the tract length
follows a geometric function with mean 1/q, and the two
parameters G and g determine the decay function (Supple-
mentary Material online). Under this setting, we changed
G and g to investigate what values of these two parame-
ters can produce a similar pattern to the observation in fig-
ure 5B. We found that G = 0.007 with 1/q > 10 kb ex-
plains the observation very well (fig. 5B; see Supplementary
Material online). Then the g/p = G/ ratio is esti-
mated to be roughly 0.45 because 6 was estimated to be
0.0156 from the average number of pairwise nucleotide
differences.

Next, we tried to be more precise about the effect of de-
mography as the above assumption of a single panmictic
population may not be very correct. This is because the pro-
portion of ((A,B),C) is slightly higher than those of ((A,C),B)
and (A,(B,Q)); accordingly the synonymous divergences be-
tween A and C and between B and C are slightly larger than
that between A and B. It is interesting to point out that the
situation of A, B, and C may be very similar to that of hu-
man, chimpanzee, and gorilla. It has been well known that
these three species shared a large ancestral population, so
that the coalescent pattern is different gene by gene and
all three coalescent patterns, ((human,chimp),gorilla), ((hu-
man,gorilla),chimp), and (human,(chimp,gorilla)), arise. Be-
cause the speciation of human and chimpanzee is younger,
the proportion of ((human,chimp),gorilla) is higher than the
other two (Wu 1991; Li 1997; Chen and Li 2001). In the case
of the A-B-C trio of S. aureus, because A and B are closely re-
lated, A, B, and C should correspond to human, chimp, and
gorilla, respectively. This is a situation known as incomplete
lineage sorting (Degnan and Rosenberg 2009), where a gene
tree is not necessarily consistent with the species tree. When
we observe various patternsin local gene trees, it is indicated
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FIG. 6. (A) The population model for the A-B-C trio used in this study.
(B) The decay of LD as the proportion of compatible tree. The red
line represents the expected decay of LD with the estimated rate,
G = 0.006, 1/q = 10 kb. (C) The distributions of the synonymous
nucleotide divergence between A and B (upper panel) and between
A and C (lower panel). The expected distributions under the inferred
demography are shown by red lines.

that recombination between local regions are active (unless
the mutation rate is extremely high, which is not the case
here as demonstrated earlier).

Therefore, we employed a simple modeliillustrated in fig-
ure 6A, which is commonly applied to the human-chimp-
gorilla case, and we estimated the ancestral population sizes
and divergence times. According to the theories in Hudson
(1983) and Takahata et al. (1995), we estimated the demo-
graphic parameters involved in the model (Supplementary
Material online; see also Wu 1991; Chen and Li 2001). We
found that the A-B-C trio shared a very large ancestral popu-
lation; our maximum likelihood estimate of the population
mutation rate is §, = 2I\i2p = 0.0105, where N, and p
are the effective population size and mutation rate per site
per generation, respectively, so that N, is estimated to be
5.3 x 107 if u = 107 "% is assumed (Drake 1991). £, was es-
timated to be 3.5 x 10° generations, which corresponds to
only 7% of the mean coalescent time in the ancestral popu-
lation. After the split of AB and C, A and B shared an an-
cestral population of size N;, which was estimated to be
0.569N,, and the time of population split between A and
B was estimated to be jit; =~ 0. Conditional on this esti-
mated demography, the rate of homologous recombination
was estimated. We found that G = 0.006 with 1/q > 10kb
explains the observation very well (fig. 6B; see Supplemen-
tary Material online). Then the g /11 = G /0 ratio is roughly
0.6 because we have 6, = 0.0105. The quantitative results
are essentially identical to those assuming a single panmictic
population.

It should be noted that the observed distributions of
synonymous divergences are also very well explained by
the three-population model with the estimated parame-
ters, although it was difficult to fit a strict clonal model
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(fig. 4). Figure 6C shows that the distributions of observed
divergences between A, B, and C are in excellent agree-
ment with the expectations under the inferred demo-
graphic model. Together with the excellent fit of LD decay in
figure 6B, itis indicated that the inferred model well approx-
imates the coalescent process among the A-B-C trio.

Discussion

By analyzing the genome-wide pattern of SNPs in S. aureus,
we demonstrated that homologous recombination is abun-
dant across the entire chromosome. We found signatures of
recombination break points on average every 1.6 kb, which
resulted in different phylogenetic relationship between re-
gions. This level of recombination caused a dramatic de-
crease in LD (fig. 5), making phylogenetic relationships of
two loci more than 10 kb apart essentially independent.
We also showed that there were a number of short regions
that exhibited strong evidence for recombination with dis-
tinct species (fig. 3). As recombination rate and sequence
similarity are negatively correlated (Majewski and Cohan
1999; Fraser et al. 2007), homologous recombination should
predominantly occur within species and recombination be-
tween different species should be relatively less frequent.
However, if it occurs, a number of nucleotide variations
are introduced into the species, indicating that this mech-
anism could play an important role in maintaining nu-
cleotide variation within species. Even within S. aureus, we
were able to detect regions that should have experienced
recent homologous recombination between relatively dis-
tant strains, that is, between one of the A-B-C trio and
the other two. Similar to recombination between differ-
ent species, footprints of such recombinations were clear;
the tree does not exhibit a monophyletic topology of A, B,
and C.

Although these types of recombination have been
drawn quite much attentionin previous studies of bacterial
homologous recombination (Milkman and Crawford 1983;
Ochman et al. 2000; Dingle et al. 2005; Didelot et al. 2007),
the major interest of this article is in recombination be-
tween very close strains. Because such recombination does
not leave clear direct footprints, it has been difficult to eluci-
date the rate and contribution to genome evolution. There-
fore, it was necessary to focus on indirect footprint, the
decay of LD over distance, which is commonly used to esti-
mate the recombination rate in eukaryotes. Still, estimating
the rate of homologous recombination in a bacterial natu-
ral population is a challenging task mostly because a bacte-
rial population is usually structured geographically and/or
physiologically. Changes of population size also affect the
decay of LD (Slatkin 1994; Kruglyak 1999; McVean 2002;
Stumpf and McVean 2003; Slatkin 2008). Nevertheless, the
situation for the A-B-C trio happened to be very similar to
that for a random sample from a single panmictic popula-
tion, so that we can apply conventional population genetic
analyses. We successfully applied population genetic theo-
ries to estimate the homologous recombination between
the A-B-C trio and estimated the ratio of the recombination
to mutation rate to be 0.6 (i.e, G /0 or g/ 11).
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Our estimate of homologous recombination rate is much
higher than previous estimates (0.067-0.1) (Feil et al. 2003;
Vos and Didelot 2009), which is simply because previous es-
timates concern only recombinations with very clear foot-
prints, that is, recombination between diverged strains (Feil
et al. 1999, 2000; Didelot and Falush 2007; Didelot et al.
2010). In contrast, our estimate is for recombination be-
tween close strains with high sequence identity. Considering
the well-recognized negative correlation between sequence
identity and the rate of recombination, it may not be sur-
prising that we obtained roughly one order of magnitude
higher estimate of the homologous recombination rate.

The average length of recombination tracts was esti-
mated to be >10 kb. This estimation of long tract length
is reasonable in species like S. aureus, in which phage-
mediated transduction should be the major mechanism of
recombination. (Novick et al. 2010). Empirical work has sug-
gested that tracts of homologous recombination sometimes
exceed 10 kb (occasionally >100 kb) (Milkman et al. 1999;
Robinson and Enright 2004).

Our results indicate that homologous recombination
should be quite active between closely related strains, al-
though it does not always cause drastic changes in DNA
sequence. This hypothesis should not be unreasonable
provided the nature of S. aureus. This human associate
pathogen should have a high migration rate among strains,
which is consistent with the fact that major clades includ-
ing A, B, and C (i.e, CC8, CC1, and CC5) have worldwide
distributions. A most likely scenario may be that the an-
cestral population of the A-B-C trio was one of the ma-
jor strains of this species, and it has spread over the world
with recent extensive migration from humans. In this expan-
sion, the spread of the three strains might have been em-
phasized, and they became to be recognized as CC8, CCT1,
and CC5 (A, B, and C according to our notation). Our es-
timate of population split between the A-B ancestor and
Cist, = 3.5 x 10° generations, which is obviously af-
ter the initiation of the expansion of modern humans. Al-
though the generation time of this species in nature is un-
known, if it is at most several days, t, would be very recent,
at most on the order of 100 years. Alternatively, there might
be still frequent recombination between the A-B-C trio be-
cause a panmictic model also showed a reasonable fit to
the data. A slight excess of regions with topology ((A,B),C)
might be explained by a minor heterogeneity in the rate
of recombination (i.e., perhaps heterogeneity in the rate of
transduction).

Our results naturally give rise to two major questions.
First, to what extent can our high estimate of homologous
recombination be applied. It has been known that there is
substantial variation between species in the rate of homol-
ogous recombination. Our estimate may be applied only to
the A-B-C trio of S. aureus, but at least it implies that there
would be a number of occasions where homologous recom-
bination between closely related strains plays a significant
role. More SNP data with sophisticated population genetic
analyses are required to improve our understanding of the
rates of bacterial homologous recombination.
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The second major question would be what evolution-
ary role does homologous recombination play in a bacterial
population?In eukaryotes, it is thought that recombination
within a population is advantageous in facilitating the fix-
ation of beneficial mutations and avoiding the hitchhiking
of deleterious mutations. Does this theory apply to bacte-
ria? In our SNP analysis, we found that there is almost no LD
between SNPs that are more than 10 kb apart—a scenario
similar to thatin sexual eukaryotes. For example, in humans,
although there are substantial amounts of local variation in
the recombination rate, it seems that the typical distance at
which r? decreases to a half of its initial value is <50 kb (In-
ternational HapMap Consortium 2007). This distance may
be shorter in Arabidopsis (<10 kb; Kim et al. 2007), yeast (<5
kb; Liti et al. 2009), and Drosophila (0.2 ~ 0.3 kb; Ometto
et al. 2005).

Thus, it seems that the level of decay of LD in S. aureus
is not very different from those of eukaryotes, but it is a
very difficult problem to compare the evolutionary role of
homologous recombination in bacteria and that of meiotic
crossing-over in eukaryotes because there are many differ-
ences in the mechanism of recombination and other pop-
ulation genetic parameters including population size. To
address this question, we need further theoretical under-
standing on the behaviors of advantageous and deleteri-
ous mutations in a bacterial population, in which the effect
of homologous recombination and population structure is
seriously taken into account.

Supplementary Material

Supplementary figures S3 and S4 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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