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Abstract

Signatures of balancing selection can highlight polymorphisms and functions that are important to the long-term fitness of
a species. We performed a first genome-wide scan for balancing selection in a bacterial species, Staphylococcus aureus,
which is a common cause of serious antimicrobial-resistant infections of humans. Using a sliding window approach,
the genomes of 16 strains of S. aureus, including 5 new genome sequences presented here, and 1 outgroup strain of
S. epidermidis were scanned for signatures of balancing selection. A total of 195 short windows were investigated based on
their extreme values of both Tajima’s D (.2.03) and p/K ratios (.0.12) relative to the rest of the genome. To test the
unusualness of these windows, an Approximate Bayesian Computation framework was used to select a null demographic
model that better accounted for the observed data than did the standard neutral model. A total of 186 windows were
demonstrated to be unusual under the null model and, thus, represented candidate loci under balancing selection. These
186 candidate windows were located within 99 candidate genes that were spread across 62 different loci. Nearly all the
signal (97.2%) was located within coding sequences; balancing selection on gene regulation apparently occurs through the
targeting of global regulators such as agr and gra/aps. The agr locus had some of the strongest signatures of balancing
selection, which provides new insight into the causes of diversity at this locus. The list of candidate genes included multiple
virulence-associated genes and was significantly enriched for functions in amino acid and inorganic ion transport and
metabolism and in defense mechanisms against innate immunity and antimicrobials, highlighting these particular
functions as important to the fitness of this pathogen.

Key words: balancing selection, population genomics, Approximate Bayesian Computation, bacterial evolution,
Staphylococcus aureus.

Introduction
The human genome has been comprehensively mined for
signatures of positive selection for nearly a decade. Many of
these studies have focused on identifying targets of short-
term selective sweeps, where the population frequency of
a favorable allele has increased and variation at linked sites
has been eliminated (Akey et al. 2002; Nielsen et al. 2005;
Sabeti et al. 2007). Fewer studies have focused on compre-
hensively identifying targets of long-term balancing selec-
tion, where multiple favorable alleles have been maintained
at intermediate frequencies in the population, reaching
neither fixation nor extinction, and variation at linked sites
has been increased (Bubb et al. 2006; Andrés et al. 2009).
Balancing selection can occur where a selective advantage
is conferred by a heterozygous genotype, by the rarity of an
allele (i.e., frequency-dependent selection), or where selec-
tive pressures fluctuate in space or time (Charlesworth
2006). Certain genes of the human immune system present
strong signatures of balancing selection (Andrés et al.
2009), and the human leukocyte antigen (HLA) locus is
one of the more widely studied examples (Hughes and Ye-
ager 1998). Other examples include pathogen recognition
molecules (Ferrer-Admetlla et al. 2008), inflammatory me-
diators (Wilson et al. 2006; Fumagalli, Pozzoli, et al. 2009),

and effector molecules such as antimicrobial peptides
(AMPs) (Cagliani et al. 2008; Hollox and Armour 2008). Fur-
thermore, balancing selection may affect variation in hu-
man genes that encode pathogen receptors and in other
genes that influence infectious disease susceptibility (Bam-
shad et al. 2002; Fumagalli, Cagliani, et al. 2009).

Signatures of balancing selection are also evident in the
genomes of human pathogens. Some of these signatures
may be a direct result of long-term host–pathogen inter-
actions. This possibility is under active investigation for the
malarial parasite, Plasmodium falciparum, where new vac-
cine candidates are being compiled based on the signatures
left by host immunity (Tetteh et al. 2009; Nygaard et al.
2010; Ochola et al. 2010). No comprehensive genome-wide
scans for balancing selection have been performed for
a bacterial species. However, some examples of balancing
selection in pathogenic bacteria have been developed. For
instance, the outer surface protein C (ospC) of the causative
agent of Lyme disease, Borrelia burgdorferi, has been sug-
gested to be under balancing selection. Possible causes
for the maintenance of ospC polymorphisms include the
frequency-dependent selection of host immunity (Wang
et al. 1999) or the heterogeneous environments that differ-
ent vertebrate hosts present to the bacteria (Brisson and
Dykhuizen 2004). Another possible example involves the
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maintenance of diversity in the O-antigen encoded by the
rfb locus of Salmonella enterica. It has been suggested that
this diversity is caused by the feeding preferences of host-
specific amoeba (Wildschutte and Lawrence 2007). In both
examples, no single allele confers a fitness advantage in all
the different environments that the bacteria inhabit; thus,
the selected polymorphisms from each environment be-
come balanced in the population.

In this study, we performed a genome-wide scan for bal-
ancing selection in a premier human pathogen, the bacte-
rium Staphylococcus aureus. Although S. aureus harmlessly
colonizes the anterior nares of up to 30% of the human pop-
ulation (van Belkum et al. 2009), it is a common cause of
infections that range in severity from relatively mild skin boils
and self-limiting food poisoning to life-threatening osteomy-
elitis, pneumonia, and endocarditis (Boucher et al. 2010). By
the year 2005, approximately 478,000 S. aureus–related
hospitalizations were reported annually in the United States
(Klein et al. 2007). Facilitating its success as a pathogen,
S. aureus strains have acquired resistance to nearly all classes
of antibiotics including the stalwarts of antistaphylococcal
therapy, the beta-lactams and glycopeptides (Rehm and Tice
2010). Strains that are resistant to all beta-lactams, which are
known as methicillin-resistant S. aureus (MRSA), have ex-
panded their niche beyond the healthcare setting to include
the community (DeLeo et al. 2010). We sought to determine
whether balancing selection was detectable in S. aureus,
whether it was more frequent in coding or noncoding
DNA and whether overt virulence genes or other genes were
the more frequent targets. The results provide new insights
into the causes of genetic variation in S. aureus, and they high-
light particular polymorphisms and functions of consequence
to this pathogen.

Materials and Methods

Bacterial Strains
Staphylococcus aureus population genetic structure consists
of well-defined groups of closely related clones, called clonal
complexes (CCs), most of which nest within two predom-
inant subspecies groups (Feil et al. 2003; Robinson et al.
2005). Two CC10 strains (D139 and H19) and three CC30
strains (E1410, M809, and WW2703/97) were sequenced
for comparative genomics studies. These five genome se-
quences were combined with 11 other publicly available
sequences (fig. 1) to capture both intra- and inter-CC genetic
variations. In addition, we selected an outgroup sequence
from S. epidermidis strain RP62a (Gill et al. 2005). Strains
were grown overnight on blood agar plates or in tryptic
soy broth at 37 �C. Strains were stored long term at �80 �C
in 15% glycerol/tryptic soy broth (v/v) stocks. Bacterial ge-
nomic DNA was extracted using commercial kits (Qiagen
and Invitrogen) as per the manufacturer’s protocols.

Genome Sequencing, Assembly, and Annotation
High-quality draft genome sequences were determined for
the five S. aureus strains using 454 FLX pyrosequencing
(Roche). DNA fragment libraries were constructed and

paired-end reads of up to 3 kb were obtained according
to the manufacturer’s recommendations. Genome assem-
bly was performed using the program Newbler. Reads were
assembled into contigs and scaffolds using the runAssem-
bly script with the parameters –ar –rip –g. RNAmmer was
used to scan the assembly for at least one 16S ribosomal
RNA (rRNA) sequence of an appropriate class, and the best
match to a collection of high-quality reference 16S sequen-
ces from the Ribosomal Database Project (RDP) was iden-
tified using the RDP k-mer matching method. As a final
step, contaminating sequences were removed by querying
assemblies via BLAST against several databases, including
a mitochondrial database, UniVecCore, and the NCBI non-
redundant (NR) database.

Genome assemblies were annotated using both ab
initio–based and evidence-based approaches. GeneMark
(Borodovsky et al. 1995), Glimmer3 (Delcher et al. 1999),
Zcurveb (Guo et al. 2003), and MetaGene (Noguchi
et al. 2006) were used to predict ab initio gene models.
Open reading frames were constructed from BLASTX hits
against the NCBI NR protein database, as part of the
evidence-based approach; BLAST hits were required to
have an e value better than 1 � 10�10 to be used as BLAST
evidence. Annotations from highly curated reference ge-
nomes were transferred to genome assemblies where avail-
able, in order to improve automated annotation. Hmmer
searches were used to identify Pfam and TIGRfam domains;
Pfam/TIGRfam domains were located based on six-frame
translations of the genomic sequence using a Pfam/TIGR-
fam library. RNAmmer (Lagesen et al. 2007) was used to
identify rRNAs, tRNAScan-SE (Lowe and Eddy 1997) was
used to identify tRNA encoding sequences and RFAM
(Griffiths-Jones et al. 2005) was used to detect other com-
mon RNA features. Putative gene loci were determined by
the combination of ab initio predictions, transferred refer-
ence gene models, and models generated from BLASTX
hits. The most-likely nonconflicting gene models were se-
lected for each locus, based on the best evidence available.
Gene models with evident discrepancies were manually
reviewed.

Genome Alignment and Scan
The genome sequences of 16 S. aureus strains (fig. 1) and
a single S. epidermidis outgroup strain were aligned using
the progressiveMauve algorithm of Mauve v2.3.1 (Darling
et al. 2010) with default parameters. Locally collinear
blocks (LCBs), which are alignment blocks that contain
potential positional homologies, were only included in
subsequent analyses if they contained aligned sequence
for all 17 strains. The included LCBs were concatenated
based on their order in the finished reference genome
of S. aureus strain N315. All gapped positions were ex-
cluded, including entire LCBs that represented accessory
genomic regions of S. aureus and regions unique to either
S. aureus or S. epidermidis.

Tajima’s Dwas used to measure the allele frequency spec-
trum (Tajima 1989) and the ratio of intraspecific polymor-
phism (p) to interspecific divergence (K) was used to
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measure genetic variation within and between species
(Hudson et al. 1987). D compares two estimators of the
population-scaled mutation rate; D. 0 is expected to result
from balancing selection as well as certain demographic pro-
cesses such as population contractions and subdivisions.
High p/K ratios reflect high levels of intraspecific polymor-
phism, as expected with balancing selection, while control-
ling for loci that have high mutation rates. These two
measures reflect different aspects of genetic variation and
together constitute a powerful 2D scan for balancing selec-
tion (Innan 2006; Andrés et al. 2009; Ochola et al. 2010).

The simulations of Nordborg and Innan (2003) indicate
that the appropriate window size for detecting balancing
selection with Tajima’s D is determined by the ratio of the
population-scaled mutation (h) and recombination (q)
rates. Too large a window will dilute the signal and too
small a window will not include enough signal to reach sta-
tistical significance. At a h/q of 10/1, which is similar to that
estimated from our observed data using ClonalFrame v1.2
software (Didelot and Falush 2007) (per site: h 5 0.008,
q5 0.0007), 200 bp windows are optimal and 100 bp win-
dows are second best (Nordborg and Innan 2003). Our scan
for balancing selection was carried out using 200 bp win-
dows and repeated using 100 bp windows. The simulations
of Nordborg and Innan (2003) did not use a gene conversion
model of recombination as used here for bacteria, so the
truly optimal window sizes for bacteria may be smaller than
what we have used here (see Andolfatto and Nordborg

1998). D and p/K were calculated for consecutive nonover-
lapping windows to simplify the summaries of the number
of targets. Windows lacking single nucleotide polymor-
phisms (SNPs) among the S. aureus genomes were excluded
because Tajima’s D is undefined for such windows. Windows
in the top 5% of the empirical distributions of both D and
p/K were retained for further study.

Approximate Bayesian Computation
Although loci may have extreme values of D and p/K, it does
not necessarily follow that they have been influenced by bal-
ancing selection. The different processes of natural selection
and demography can leave similar patterns of genetic vari-
ation at a given locus (Tajima 1989). Neutrality tests are often
performed to eliminate false positive signatures of selection,
but the null model for these tests should attempt to account
for confounders. An adequate demographic model
provides a conservative null model for identifying loci with
unusual patterns of genetic variation that may have resulted
from selection (Andrés et al. 2009). Unfortunately, the demo-
graphic history of S. aureus is unexplored, and the bias in-
troduced by our nonrandom sampling procedure has not
been characterized. To address these challenges, an Approx-
imate Bayesian Computation (ABC) framework (Beaumont
et al. 2002) was used to select a null demographic model.

Under the standard neutral model (SNM), which assumes
a constant-sized population, Tajima’s D is expected to be
zero (Tajima 1989). However, Tajima’s D was positive when

FIG. 1. Staphylococcus aureus genome phylogeny and details of the strains and sequences used in this study. Numbers within circles indicate the
clonal complex of the strains. Numbers within squares indicate the subspecies group of the strains. The phylogeny was constructed using
RAxML v7.0 (Stamatakis 2006) using a GTR þ C þ I model of nucleotide substitution on the aligned genome sequences. Nonparametric
bootstrapping with 1,000 replicates revealed that all nodes had 100% support except the node marked with an asterisk, which had 97%
support. Sequence type (ST) is based on multilocus sequence typing data.
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calculated from full-length S. aureus genomes (D5 1.27) and
when averaged across 200 bp windows (D5 0.73); also, the
empirical distribution of D across windows was shifted in the
positive direction (fig. 2A). These observations suggested
that the SNM may not adequately describe the observed
data. Recent population contraction and population subdi-
vision are both expected to result in positive values of
D (Ingvarsson 2004; Thornton and Andolfatto 2006). Prelim-
inary investigations indicated that simple population con-
traction models could potentially mimic both the
observed D and p/K, whereas a simple model of population
subdivision, including two subpopulations with no migra-
tion, could potentially mimic the observed D but not p/K
due to the high p produced in the simulations. Viable pop-
ulation subdivision models would likely require much more
complicated parameter-richmodeling. Thus, we focused fur-
ther study on three models: the SNM, a recent population
contraction model (PCM), and a recent bottleneck model
(BNM). For both the PCM and the BNM, the positive values

of Tajima’s D would represent the retention of lineages that
were prevalent before the contraction. Because of the non-
random sampling of genomes in this study, we do not con-
sider these models to reflect an exact demographic history of
S. aureus; rather, these models provide potentially conserva-
tive alternatives to the SNM.

We assumed that an ancestral population diverged and
eventually produced outgroup (S. epidermidis) and ingroup
(S. aureus) populations. The time of divergence, Td, was
a parameter to be estimated for all three models. Following
Innan (2006) and Putnam et al. (2007), Td can be roughly
estimated in units of N generations as (K/p � 1)/2. From
the observed data, the rough estimate of Td was 13.8–14.2
depending on whether full-length genomes or 200 bp win-
dow averages were used. Given these reference points, the
prior distribution of Td was set to be uniform between
3 and 30. For the PCM and BNM, we further assumed that
the ingroup population experienced an instantaneous pop-
ulation contraction. The reduction in population size, Nb,
relative to the constant ancestral and outgroup population
sizes, N 5 1, was a parameter to be estimated for the PCM
and BNM. The prior distribution of Nb was set to be uniform
on the log10 scale between �4 and 0, with the lower limit
eliminatingmost genetic variation and the upper limit allow-
ing for no change in population size. For the PCM, the time
of contraction was fixed at 0.005 coalescent units. For the
BNM, we further assumed that the ingroup population ex-
perienced an instantaneous recovery back to the original
population size. The strength of a bottleneck is the ratio be-
tween Nb and the duration time of the bottleneck
(Ingvarsson 2008). Preliminary investigations indicated that
multiple combinations of Nb and duration time appeared to
have similar impacts on genetic variation, and we could not
simultaneously estimate both parameters with the available
summary statistics. We therefore fixed the duration time at
0.005 coalescent units and estimated the time of recovery, Tr.
The prior distribution of Tr was set to be uniform on the
log10 scale between�4 and 0, with the lower limit represent-
ing a very recent recovery and the upper limit being close to
the estimated coalescent time of the most recent common
ancestor of the sampled S. aureus genomes.

ClonalFrame v1.2 software (Didelot and Falush 2007)
was used with default settings on the aligned S. aureus ge-
nomes to estimate mutation and recombination parame-
ters. The program was run twice, and convergence of the
Markov chains from the two runs was verified for all pa-
rameters. The estimated mutation and recombination
parameters were averaged across the two runs and used
as fixed parameters in the ABC analyses. Although Clonal-
Frame may underestimate bacterial recombination rates by
a factor of two (Didelot et al. 2010), an additional simula-
tion done with twice the recombination rate estimated
here showed no large impact on the PCM’s D and p/K dis-
tributions (data not shown).

Our ABC simulation pipeline used ms software (Hudson
2002) to simulate the coalescent tree with recombination,
Seq-Gen v1.3.2 software (Rambaut and Grassly 1997) to sim-
ulate sequences on the tree, and VariScan v2.0.2 software

FIG. 2. Empirical distributions of Tajima’s D and p/K. (A) Bar graph
shows the distribution of D for the 7,475 windows that contained
SNPs among the S. aureus genomes. Line graph shows the averages
from 1,000 simulations of the PCM using the parameter estimates
obtained from the ABC analyses. (B) Distribution of p/K labeled as
in panel A. (C) Relationship between D and p/K. Shaded bars in
panels A and B and shaded diamonds in panel C represent the 195
windows from the top 5% of the empirical distributions of both
measures of balancing selection.
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(Vilella et al. 2005) to calculate summary statistics from the
sequences. Recombination was modeled as a gene conver-
sion process by ms, which resulted in multiple trees that
were passed to Seq-Gen as multiple partitions. Sequences
were simulated, and interspecific divergence (K) was sum-
marized, under a Jukes-Cantor model of nucleotide substi-
tution.Wewrote several C programs to tiems, Seq-Gen, and
VariScan into a loop and to evaluate output. Although pre-
liminary investigations and various checks were done in an
embarrassingly parallel fashion on Macintosh computers,
the simulations involving 500,000 and 100,000 runs were
done using resources at the Mississippi Center for Super-
computing Research.

For all three models, we simulated 500,000 data sets con-
ditioned on the number of sequences, sequence length,
S. aureusmutation and recombination parameters, and de-
mographic parameters sampled from their priors. The sim-
ulated data sets were then summarized with five statistics
that were informative for specific parameters: interspecific
divergence (K), Watterson’s h, Fu and Li’s D*, haplotype di-
versity, and number of haplotypes (Hudson et al. 1987; Fu
and Li 1993; Pritchard et al. 1999). In theory, sufficient sum-
mary statistics are required for ABC analyses but, in prac-
tice, summary statistics are chosen to be strongly
correlated with the parameters and weakly correlated with
each other (Lopes and Beaumont 2010). Across simula-
tions, K was strongly correlated with Td (Spearman’s
r . 0.99) regardless of whether it was calculated from
full-length genomes or averaged across windows of the ge-
nomes. However, haplotype diversity and number of hap-
lotypes, respectively, were uninformative for full-length
genomes but provided important information for Nb

(r 5 0.57 and 0.46) and Tr (r 5 0.49 and 0.62) when av-
eraged across windows of the genomes. Preliminary inves-
tigations showed that these correlations were similar across
a variety of window sizes (500 bp, 1 kb, 2 kb, 4 kb), so 1 kb
window averages were used to summarize the data.

A standardized Euclidean distance, d, was used to mea-
sure the resemblance between the summaries of simulated
and observed data. For each simulation, d was calculated as

d5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX�
Si � S*i
SDðS*i Þ

�2
s

;

where, for the ith summary statistic, S is the statistic for the
observed data, S* is the statistic for the simulated data, and
SD(S*) is the standard deviation over all simulations. The
500,000 simulations were ranked by their d’s, and the param-
eter values from the top 500 simulations (0.001 acceptance
rate) were selected as the approximate posterior distributions.
The posteriors were smoothed with an Epanechnikov kernel
and the mode and the 95% highest posterior density intervals
were calculated, using the Locfit v1.5-6 module (Loader 1996)
of the R v2.13.1 software package. The ratios of the acceptance
rates of different equally weighted models over a range of
d’s represent approximate Bayes factors (Leuenberger and
Wegmann 2010), which were interpreted here according to
Jeffreys (1998) to select a null model.

To construct null distributions of D and p/K at 200 bp
and 100 bp window sizes, we simulated 100,000 data sets
under the null model using the posterior modes as point
estimates for the model parameters. Separate simulations
were done to produce the results based on 200 bp and 100
bp windows. The ‘‘unusualness’’ of each observed window
was measured as the proportion of simulated data sets that
produced a window with both a D and a p/K as great or
greater than the observed window.

Gene Assignment, Alignment, and Analyses of
Putative Gene Functions
Windows showing evidence of balancing selection based
on the above analyses were assigned to genes by BLASTN
of the windows against the genome sequence of S. aureus
strain N315. Gene sequences were then aligned using the
ClustalW algorithm, implemented in MegAlign v7.1
(Lasergene). Gene sequences of unequal length were aligned
based on amino acid sequences and back translated to
nucleotide sequences. All alignments were manually in-
spected. Putative gene functions were examined through
use of the Clusters of Orthologous Genes (COGs) database
(Tatusov et al. 1997). Odds ratios were used to compare the
proportions of COG functional categories among the list of
candidate genes with the proportions in the remainder of
the examined genome, using InStat v3.1 (GraphPad
Software).

Results

Loci with Extreme Values of D and p/K
A progressiveMauve alignment of the genome sequences of
16 S. aureus strains and a single S. epidermidis outgroup
strain produced 58 LCBs with sequence from all strains. Af-
ter excluding gapped positions, the total alignment length
was 1,601,384 bp, which represented an average of 57% cov-
erage of these S. aureus genomes. The alignment revealed
42,673 SNPs among the S. aureus genomes and 408,076
SNPs that distinguished S. aureus from S. epidermidis.
The alignment was scanned with 200 bp consecutive non-
overlapping windows. SNPs among the S. aureus genomes
were present in 7,475 of the 8,007 windows. Tajima’s D cal-
culated from these windows ranged from �2.21 to 3.05,
and the distribution was shifted in the positive direction,
whereas p/K ranged from 0.001 to 0.49 (fig. 2A and B).
Across these windows, a significant positive correlation
was observed between D and p/K (Spearman’s r 5

0.492, P, 0.0001) (fig. 2C). This correlation reflected agree-
ment between the two measures of balancing selection,
even though it was much weaker than that found previ-
ously for P. falciparum genes (Ochola et al. 2010). A total
of 195 windows were in the top 5% of the empirical dis-
tributions of both D and p/K. All of these 195 windows
had D . 2.03 and p/K . 0.12.

Selection of a Null Model
The SNM and two potentially conservative alternatives,
a recent PCM and a recent BNM, were examined using
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an ABC framework. The resemblance between the summa-
ries of simulated and observed data, d, provides an objec-
tive measure to compare models. Better models produce
more simulations with lower d’s. The lowest d’s were
0.084 for the PCM, 0.094 for the BNM, and 0.327 for the
SNM. The 500th d’s, which corresponded to the commonly
used acceptance rate of 0.001 (Bertorelle et al. 2010), were
0.398 for the PCM, 0.437 for the BNM, and 1.288 for the
SNM. Approximate Bayes factors were calculated as the ra-
tios of the number of simulations produced by different
models over a range of d’s (Leuenberger and Wegmann
2010). We examined d’s between 0.4 and 1.0, which corre-
sponded to acceptance rates under the PCM of ;0.001 to
0.023 and demonstrated the stability of the Bayes factors
over these values (fig. 3). The Bayes factors comparing the
PCM with the BNM were ,2 over these d’s, which indi-
cated that the evidence was slightly in favor of the PCM
but barely worth mentioning (Jeffreys 1998). In contrast,
the Bayes factors comparing the PCM and the BNM with
the SNM were .100 over these d’s, which indicated that
the evidence was decisive (Jeffreys 1998) in favor of the
PCM and the BNM over the SNM.

The PCM was selected as the null model because it was
slightly favored over the BNM, it was simpler than the BNM
(i.e., one less parameter), and it had well-estimated param-
eters. Moreover, the Tr parameter of the BNM was poorly
estimated (data not shown). The Td and Nb values associ-
ated with the top 500 simulations of the PCM provided the
approximate posterior distributions of these parameters
(fig. 4). Both of these parameters were sampled from un-
informative flat priors, but their posteriors clearly showed
the signal that was captured by the ABC analyses. The point
estimates and 95% credibility intervals were 18.0 (15.5, 20.8)
for Td and 0.073 (0.029, 0.321) for Nb.

Simulations done with the parameter estimates can in-
dicate various strengths and weaknesses of the selected null
model (Thornton and Andolfatto 2006). Results for Taji-
ma’s D and p/K averaged over 1,000 simulations of the
PCM are shown in figure 2A and B, respectively. Similar
to the observed data, Tajima’s D from simulated genomes
was positive when calculated from full-length sequences
(D 5 0.51) and when averaged across 200 bp windows
(D5 0.35), and the distribution was shifted in the positive

direction (fig. 2A). However, the PCM produced an appar-
ent excess of windows with negative D compared with the
observed data. The distribution of p/K was also similar to
the observed data, but the PCM produced an apparent ex-
cess of windows with low p/K (fig. 2B). The PCM appeared
to provide a better fit to the observed data at the right tails
of the distributions of D and p/K, where loci under balanc-
ing selection should occur.

Candidate Loci under Balancing Selection
The unusualness of the 195 observed windows with ex-
treme values of D and p/K was tested under the PCM. Nine
of these windows were discarded as false positives because
D and p/K values at least as high as theirs occurred in 5% or
more of the simulated data sets. The remaining 186 win-
dows were considered to be unusual under the PCM and
formed our list of candidate windows under balancing se-
lection (supplementary table 1, Supplementary Material
online). Most of the candidate windows were very unusual
under the null model. For example, the 186 windows were
unusual at P, 0.05, but 156 windows remained unusual at
P, 0.025, and 110 windows remained unusual at P, 0.01.
We note that the power of this test comes from consider-
ing D and p/K jointly. If we had relied on separate tests of
D and p/K, only four windows would have been unusual for
both measures of balancing selection at P, 0.05. The sep-
arate tests are less powerful because of the high values of
D that are produced under the PCM; for example, 85% of
the simulations produced windows with D . 2.0 and 49%
of the simulations produced windows with D . 2.5.

The sequence alignment was reexamined to determine
whether artifacts could have contributed to the signatures
in the candidate windows. No significant difference in the

FIG. 3. Approximate Bayes factors to compare different models over
a range of d’s. Diamonds indicate PCM versus SNM. Triangles
indicate BNM versus SNM. Squares indicate PCM versus BNM.

FIG. 4. Approximate posterior distributions for the Td and Nb

parameters under the PCM. Posteriors were smoothed with an
Epanechnikov kernel as described in the text.
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mean or median number of gaps was observed for the 186
candidate windows in comparison to all other windows, in-
dicating no specific problems with the quality of the candi-
date windows’ sequence. Two candidate windows brought
together genes that flanked large gaps of 3.9 and 12.1 kb;
however, in both cases, two and three other candidate win-
dows, respectively, were found in one of the flanking genes,
indicating genuine signatures. All windows included only
one sequence from each of the 17 strains, and synteny in
S. aureus was confirmed for the regions that flanked each
of the candidate windows, indicating no problems with
the inclusion of paralogs or with wrongly assigned orthologs.

The 186 candidate windows were located within 99 can-
didate genes. This list of candidate genes was somewhat
robust to the window size used to do the genome scan.
When the scan was repeated using 100 bp windows, 23
candidate genes were found to be unique to the 200 bp
analysis and 12 other genes were found to be unique to
the 100 bp analysis (supplementary table 2, Supplementary
Material online), whereas the remaining 76 candidate genes
were present in both lists. The number of candidate win-
dows located within candidate genes ranged from 1 to 9. A
total of 97.2% of the candidate windows’ sequence was lo-
cated within coding DNA. In total, the candidate windows
covered 2.3% of the examined sequence and 5.7% of the
examined genes. These results were consistent with other
results from simulations and from human studies that in-
dicate that balancing selection is a rarely detected form of
positive selection (Nordborg and Innan 2003; Bubb et al.
2006; Andrés et al. 2009).

Evidence for Clustering of Candidate Loci
Nonsynonymous mutations were lacking in 36 of the 186
candidate windows (supplementary table 1, Supplemen-
tary Material online). Although these windows could be
false positives or they could be the result of unexpectedly
strong selection on codon preference or mRNA structure/
stability, they could also be the result of physical linkage
(i.e., hitchhikers) to the actual targets of balancing selec-
tion. Indeed, both the mean and the median distance be-
tween these 36 candidate windows and the remaining 150
candidate windows were significantly different (closer)
than the distance between 1,000 random windows and
the 150 candidate windows (P , 0.0001). Furthermore,
47 of the 99 candidate genes occurred in 18 clusters with
two or more adjacent genes under balancing selection. If
candidate genes separated by single noncandidate genes
were counted in the clusters, then 59 of the 99 candidate
genes occurred in 22 clusters (supplementary table 3, Sup-
plementary Material online). This evidence for physical
linkage and clustering of the targets of balancing selection
in S. aureus contrasts with the narrow targets found in hu-
mans (Andrés et al. 2009).

Putative Functions of Candidate Loci
The functions of the 99 candidate genes were diverse. How-
ever, three COG functional categories, which included
amino acid transport and metabolism, inorganic ion trans-

port and metabolism, and defense mechanisms, were signif-
icantly enriched (i.e., overrepresented) among the candidate
genes in comparison to the remainder of the examined ge-
nome (table 1). When the COG functional categories were
reexamined using the gene list based on 100 bp windows,
only the defense category was significantly enriched among
the genes under balancing selection. Further investigation
revealed that some candidate genes not assigned defense
functions based on their COG categories have experimental
evidence supporting a defense function (discussed below).
Thus, S. aureus genes involved in defense against innate im-
munity and antimicrobials have been especially important
to the fitness of the species.

A Locus with Classical Characteristics of Balancing
Selection
The accessory gene regulator (agr) locus encodes a two-
component signal transduction system that is involved
in quorum sensing and in regulating the expression of
many genes, including most known virulence genes of
S. aureus (for a review, see Novick and Geisinger 2008). Four
distinct agr allelic groups, and one hybrid group, have been
identified within this species (Ji et al. 1997; Jarraud et al.
2000; Robinson et al. 2005). Some of these groups have
been shown to inhibit the regulatory activities of each
other (Ji et al. 1997) and some of these groups appear
to be associated with characteristics such as glycopeptide
resistance and production of certain toxins (Jarraud et al.
2000; Sakoulas et al. 2002; Verdier et al. 2004).

Windows from the agr locus ranked among the top can-
didates under balancing selection, indicating strong signa-
tures at this locus. For example, three of the top ten most
extreme Tajima’s D and five of the top ten most extreme
p/K were from windows that belonged to the agr locus.
One window from the agr locus was also among the four
windows, mentioned above, that were unusual when D and
p/Kwere considered separately. The strongest signatures of
balancing selection at the agr locus were located within the
known hypervariable region that spans the 3# end of agrB,
all of agrD, and the 5# end of agrC (fig. 5). Based on these
results, we propose that the agr locus may serve as a pos-
itive control for future studies of balancing selection in
S. aureus.

Discussion
Balancing selection is expected to leave signatures in the
allele frequency spectrum and in the ratio of intraspecific
polymorphism to interspecific divergence, which is ampli-
fied and made more specific when considered together
(Innan 2006; Andrés et al. 2009; Ochola et al. 2010). Demog-
raphy can influence genetic variation in ways similar to
that of natural selection, but demography’s influence is
genome wide, whereas selection’s influence is localized.
A conservative approach to identify the targets of balanc-
ing selection is to locate extreme genetic signatures and
then test their unusualness under a demographic model
that attempts to account for confounders. ABC provides
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a flexible framework for selecting a null model (Bertorelle
et al. 2010), even when nothing is known about the demo-
graphic history of the species of interest. Using these pro-
cedures, we localized the peak signatures of balancing
selection in the S. aureus genome to 186 candidate win-
dows within 99 candidate genes that were spread across
62 different loci.

When performing a genome-wide scan for balancing se-
lection, it is helpful to have a locus known to be under bal-
ancing selection to serve as a positive control. In human
studies, the HLA locus serves as a positive control for bal-

ancing selection (Garrigan and Hedrick 2003), whereas in
P. falciparum studies, the ama1 gene has served as a positive
control (Tetteh et al. 2009). In this study, the agr locus had
some of the strongest signatures of balancing selection and
was proposed to be a positive control for future studies.
Besides the potential functional differences of agr allelic
groups within S. aureus, noted above, other staphylococcal
species are known to have an agr locus with different allelic
groups than those of S. aureus (Dufour et al. 2002), suggest-
ing that agr polymorphism is an ancient characteristic
(Wright et al. 2005). It is tempting to speculate that agr

Table 1. Analyses of COG Functional Categories for Enrichment and Depletion among the 99 Candidate Genes under Balancing Selection.

COG Category Functions Odds Ratioa

C Energy production and conversion 1.00 (0.40, 2.53)
D Cell cycle control 0.48 (0.03, 8.12)
E Amino acid transport and metabolism 1.95 (1.11, 3.42)
F Nucleotide transport and metabolism 0.92 (0.28, 3.01)
G Carbohydrate transport and metabolism 1.34 (0.60, 2.98)
H Coenzyme transport and metabolism 0.64 (0.20, 2.06)
I Lipid transport and metabolism 1.20 (0.36, 3.92)
J Translation, ribosomal structure, and biogenesis 0.37 (0.11, 1.18)
K Transcription 0.43 (0.13, 1.38)
L Replication, recombination, and repair 0.36 (0.09, 1.49)
M Cell wall/membrane/envelope biogenesis 0.24 (0.03, 1.78)
N Cell motility 1.64 (0.09, 29.98)
O Posttranslational modification, protein turnover, and chaperones 0.59 (0.14, 2.45)
P Inorganic ion transport and metabolism 2.81 (1.53, 5.14)
Q Secondary metabolism biosynthesis, transport, and catabolism 0.87 (0.12, 6.52)
R General function prediction only 1.00 (0.54, 1.88)
S Function unknown 0.54 (0.22, 1.36)
T Signal transduction mechanisms 2.00 (0.77, 5.15)
U Intracellular trafficking, secretion, and vesicular transport 0.38 (0.02, 6.32)
V Defense mechanisms 6.84 (2.41, 19.43)

a 95% confidence intervals in parentheses. Underlined indicates significant enrichment.

FIG. 5. Sliding window analysis of Tajima’s D and p/K at the agr locus. Windows are 200 bp, x axis indicates the midpoints of the windows. Black
lines show D, gray lines show p/K. Solid lines show nonoverlapping windows, dashed lines show windows with 25 bp steps. Arrows represent
the positions of open reading frames, boxes represent the seven candidate windows under balancing selection at this locus.
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may be under balancing selection in other staphylococcal
species. Polymorphisms that traverse species boundaries
can provide evidence for long-term balancing selection,
though this can be difficult to detect (Wiuf et al. 2004).

Balancing selection in S. aureus affects substantially
more coding sequence than noncoding sequence. Rather
than targeting multiple noncoding regulatory sequences,
balancing selection apparently impacts gene regulation
through the targeting of global regulators such as the
agr and glycopeptide resistance–associated/AMP-sensing
(gra/aps) (Cui et al. 2005; Li et al. 2007) loci. A number
of candidate genes have links to virulence, either directly
through damaging host products (aur) or indirectly
through metabolism (aroA, oppF) or resistance to innate
immunity and antimicrobials (aur, fmtC/mprF, norA,
snoABCDE, vraG) or they would be suspected of a link
to virulence through their iron-scavenging function (sstAC)
or cell wall attachment (sasC). (Prokesova et al. 1991; Mei
et al. 1997; Morrissey et al. 2000; Kristian et al. 2003;
Sieprawska-Lupa et al. 2004; Bayer et al. 2006; Buzzola
et al. 2006; Mwangi et al. 2007; Howden et al. 2008; Sass
and Bierbaum 2009; Schroeder et al. 2009). Thus, balancing
selection may have played some role in the development
and/or maintenance of virulence in this species. Of interest,
genes involved in amino acid and inorganic ion transport
and metabolism, and defense mechanisms, were enriched
among the list of candidate genes under balancing selec-
tion. The enrichment of the defense category was robust
to the window size used to detect the signatures of balanc-
ing selection. We therefore focus further discussion on this
category of candidate genes.

Two candidate genes that belonged to the defense cat-
egory were vraF and vraG. These genes encode a putative
ATP-binding cassette transporter and are regulated by the
adjacent upstream global regulatory system, graRS/apsRS
(Meehl et al. 2007), which were also among our list of can-
didate genes. vraG contained nine separate candidate win-
dows, the most of any candidate gene (supplementary
table 3, Supplementary Material online). Thus, this locus
has particularly strong signatures of balancing selection.
Mutations in vraG and graS/apsS have been implicated
in the evolution of vancomycin resistance within patients
infected by S. aureus (Mwangi et al. 2007; Howden et al.
2008). Mutations in graS/apsS can also confer resistance
to cationic AMPs (Sass and Bierbaum 2009), which are
products of the innate immune system of humans and
other organisms.

Interestingly, several other candidate genes have been
shown to be involved in defense against innate immunity
even though their COG categories do not indicate that
function. For example, the aur metalloprotease is able to
degrade the cationic AMP, LL-37 (Sieprawska-Lupa et al.
2004). The fmtC/mprF gene product transfers L-lysine res-
idues to phosphatidylglycerol located on the outer leaflet
of the cell membrane, which helps to repulse cationic
AMPs (Kristian et al. 2003). Another candidate gene, lysP,
which encodes a putative lysine permease, might impact
the available pool of lysine, though its role in cationic

AMP resistance has not been examined. The sno locus,
which included five separate candidate genes, is involved
in resistance to the cationic AMP, thrombin-induced plate-
let microbicidal protein 1 (Bayer et al. 2006). Thus, genes
involved in glycopeptide and cationic AMP resistance are
well represented among our list of candidate genes under
balancing selection. Further study of the candidate genes
and residues may offer new insights into resistance mech-
anisms and may guide the development of therapeutics
based on these types of molecules.

Both aur and norA have been noted in previous studies
to be subdivided into twomain allelic groups within S. aureus
(Sabat et al. 2000; Noguchi et al. 2004). No distinct biolog-
ical functions or fitness advantages have been attributed to
these allelic groups in either gene that might explain their
maintenance. Sabat et al. (2008) concluded that the aur
gene was influenced strongly by purifying selection due
to the sparse number of nonsynonymous mutations and
that the gene had undergone recombination. The possibil-
ity of negative purifying selection at some sites of this gene
and positive balancing selection at other sites is not incom-
patible. For example, purifying selection could eliminate
polymorphisms that cause a deviation from the predicted
fitness optima represented by the two allelic groups.

This study had limitations. First, the sample consisted of
a relatively small number of genomes that do not represent
a random sample of known S. aureus diversity. Tajima’s D is
a frequency-based statistic, so values calculated from smaller
sample sizes will be less accurate than those from larger sam-
ple sizes. We also did not consider polymorphisms within
S. epidermidis, which would be expected to have some im-
pact on K. However, multiple strains from five of the major
S. aureus CCs and both subspecies groups were included in
this sample, and 186 candidate windows were sufficiently
unusual under a conservative null model to suggest that pro-
cesses other than demography or sampling bias had pro-
duced their signatures. Since 30% or less of the human
population carries S. aureus in their anterior nares (van
Belkum et al. 2009), whereas skin colonization by the closely
related species, S. epidermidis, is ubiquitous (Otto 2009),
a population contraction demographic model for S. aureus
is biologically plausible. Even so, this null model may not be
adequate for subsequent studies that assemble a random
sample of S. aureus genomes. The ‘‘contraction’’ detected
here may simply reflect the diversity missed through non-
random sampling. Further study of the demographic history
of S. aureus using a random sample of genomes could pro-
vide a valuable null model for identifying unusual loci. Sec-
ond, we expect to have missed some targets of balancing
selection. We have focused this study on the core genome
and have ignored the accessory genome (e.g., plasmids,
phage, mobile genetic elements). The presence or absence
of accessory genes has been suggested to represent a bal-
anced polymorphism in a pathogenic bacteria of plants
(Araki et al. 2006). The use of outgroups that are more
closely related to S. aureus, such as the divergent CC75 strain
of S. aureus that was recently sequenced (Holt et al. 2011),
might allow more of the S. aureus genome to be probed.
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Finally, although this study performed a scan for balancing
selection due to sampling and modeling limitations related
to population subdivision, we cannot discount the possibil-
ity that some of the signatures identified here might have
alternative selective causes such as positive diversifying se-
lection acting differently in the well-defined CCs. Further
study is needed to address these limitations.

Balancing selection affects genetic variation in both the
S. aureus genome and the immune system of its human
host. Multiple genes that provide defense against innate
immunity and antimicrobials show robust evidence of bal-
ancing selection in this pathogen. Other candidate genes
under balancing selection may reflect the need of S. aureus
to adapt to different environments. Further study can re-
veal the precise mechanisms that maintain these balanced
polymorphisms and the extent to which they reflect long-
term host–pathogen interactions.

Supplementary Material
Supplementary tables 1–3 are available atMolecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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