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Abstract

Streptococcus mutans is widely recognized as one of the key etiological agents of human dental caries. Despite its role in
this important disease, our present knowledge of gene content variability across the species and its relationship to
adaptation is minimal. Estimates of its demographic history are not available. In this study, we generated genome
sequences of 57 S. mutans isolates, as well as representative strains of the most closely related species to S. mutans
(S. ratti, S. macaccae, and S. criceti), to identify the overall structure and potential adaptive features of the dispensable
and core components of the genome. We also performed population genetic analyses on the core genome of the species
aimed at understanding the demographic history, and impact of selection shaping its genetic variation. The maximum
gene content divergence among strains was approximately 23%, with the majority of strains diverging by 5-15%. The core
genome consisted of 1,490 genes and the pan-genome approximately 3,296. Maximum likelihood analysis of the syn-
onymous site frequency spectrum (SFS) suggested that the S. mutans population started expanding exponentially ap-
proximately 10,000 years ago (95% confidence interval [Cl]: 3,268-14,344 years ago), coincidental with the onset of
human agriculture. Analysis of the replacement SFS indicated that a majority of these substitutions are under strong
negative selection, and the remainder evolved neutrally. A set of 14 genes was identified as being under positive selection,
most of which were involved in either sugar metabolism or acid tolerance. Analysis of the core genome suggested that
among 73 genes present in all isolates of S. mutans but absent in other species of the mutans taxonomic group, the
majority can be associated with metabolic processes that could have contributed to the successful adaptation of S.
mutans to its new niche, the human mouth, and with the dietary changes that accompanied the origin of agriculture.

Key words: Streptococcus mutans, demographic inference, cavities, bacterial evolution, pan and core genome, infectious
disease.

Introduction plaque because it is better able to grow and metabolize carbo-

Streptococcus mutans is known to be one of the most preva-
lent bacteria in human oral flora and is widely recognized as a
key etiological agent of human dental caries (reviewed in
Burne 1998). Evidence in support of this latter issue include
the following key points: S. mutans is frequently isolated from
caries lesions; it induces caries formation in animals fed a
sucrose-rich diet; the species is highly acidogenic and aciduric
(Hamada and Slade 1980; Loesche 1986; van Houte 1994); it
can form an effective biofilm by producing surface antigens
which promote adhesion to the tooth surface and other bac-
teria (Hamada and Slade 1980); and it flourishes in cariogenic

hydrate in a low pH environment (Bender, et al. 1986; Bender
and Marquis 1987; Marquis 1990; Belli and Marquis 19971;
Arthur et al. 2011). Despite its recognized importance in
this important human disease, there are very few publications
using comparative genomics to gain insights on basic biology,
evolutionary history and pathogenesis of this organism (Ajdic
et al. 2002; Maruyama et al. 2009) and there are but three
genome sequences currently on GenBank. A number of
studies have demonstrated substantial genetic heterogeneity
across clinical isolates of S. mutans (Zhang et al. 2009; Arthur
et al. 2011; Cheon et al. 2011; Phattarataratip et al. 2011);

© The Author 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please

e-mail: journals.permissions@oup.com

Mol. Biol. Evol. 30(4):881-893  doi:10.1093/molbev/mss278  Advance Access publication December 10, 2012 881

|w)
Q
2
=3
o
)
a
@
o
=
o
3
=3
=
o
7]
2
0
Q
Q)
o
o)
3
o
o
c
©
Q
o]
3
=
3
o3
@
@
N
=4
Q
)
2
I
<)
L
~
=
®
o)
s

920z Aeniga j



Cornejo et al. - doi:10.1093/molbev/mss278

MBE

however, our present knowledge of gene content variability
across the species and its relationship to adaptation and viru-
lence is minimal.

One of the more significant recent discoveries in bacterial
genomics is that bacteria species appear to be comprised
of both a set of core and dispensable genes, with only the
former present in all isolates of that species and with the sum
of the two components forming the species pan-genome
(or supra-genome). This concept was first introduced for
S. agalactiae in 2005 (Tettelin et al. 2005) and is now generally
regarded as a principle common to most or all bacteria. Much
speculation has centered on the origin, composition, and size
of bacteria pan-genomes and whether they are finite or in-
finite (Tettelin et al. 2008; Lapierre and Gogarten 2009).
Recently, we examined the role of the core and dispensable
genes in defining two sympatric and closely related species of
Campylobacter—C. jejuni and C. coli (Lefebure et al. 2010),
and addressed whether their pan-genomes are finite or infin-
ite. We demonstrated, through the analysis of 96 genome
sequences, that their pan-genome is indeed finite and that
there are unique and cohesive features to each of their gen-
omes defining their genomic identity. The two species have a
similar pan-genome size; however, C. coli has acquired a larger
core genome and each species has evolved a number of
species-specific core genes, possibly reflecting different adap-
tive strategies. Understanding the pan-genome components
of any species of bacteria means that the core genome and
the dispensable genome can be identified for the group in
question. Comparisons made to the genomes of representa-
tive isolates of other closely related species, can then identify
the unique core genome of the group—that is, the genes
common to all isolates of that group, not present in its closest
relatives. This set of unique core genes is of particular interest,
because they are amongst the genes likely to define the
essence of that group’s adaptive specifics.

Demographic models inferred from genetic data have an
important role in modern population genetic analysis.
Because demographic processes affect the accumulation of
variation along the entire genome, the analysis of comparative
population genome sequence data offers the possibility to
address questions about the demographic history of popula-
tions. Of particular interest are genome-wide single nucleo-
tide polymorphisms (SNPs) from multiple individuals of the
same species representing many thousands of quasi-
independent data points. Site frequency spectrum (SFS)
methods for the analysis of such data have proven to be a
powerful means of assessing demographic history and have
recently been applied to questions involving a diversity of
organisms (Caicedo et al. 2007; Gutenkunst et al. 2009).
Demographic analyses of bacterial species based on popula-
tion genetic analysis of whole genomes, using the SFS, have
yet to be published, although such methods should be en-
tirely applicable if the necessary data were available.

Most of the intraspecific evolutionary analyses of bacterial
species have focused on understanding the phylogenetic
relationships among bacterial isolates or have concentrated
on assessments of population diversity based on seven gene
multilocus sequence typing (MLST). Studies based on MLST
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suggest that recombination in S. mutans contributes eight
times more to the maintenance of genetic diversity than
mutation (r/u ~8.3) (Do et al. 2010). Homologous recombin-
ation in S. mutans, as in the rest of naturally transformable
species, occurs by a process analogous to gene conversion in
eukaryotes, by replacement of short fragments of DNA
(Smith et al. 1991). Members of the genus Streptococcus
have recently been the subject of population genomic ana-
lyses (Donati et al. 2010; Croucher et al. 2011; Muzzi and
Donati 2011), highlighting the importance of the dispensable
gene component, which carries a high proportion of loci
associated with different virulence and phenotypic attributes
(Suzuki et al. 2011). These studies have also pointed out the
large impact of homologous recombination in the mainten-
ance of genetic diversity of the core genome (Donati et al.
2010; Croucher et al. 2011). Given the relatively high rates of
homologous recombination in naturally transformable spe-
cies like S. mutans, we propose employing methods based on
the analysis of the SFS to provide insight on the evolutionary
history of the species.

In this study, we generated genome sequences of 57
S. mutans isolates, as well as representative strains of the
most closely related species to S. mutans, to identify the over-
all structure and potential adaptive features of the dispens-
able and core components of the genome, and performed
population genetic analyses on the core genome of the spe-
cies aimed at understanding the demographic history, and
impact of selection shaping its genetic variation.

Results

SNPs and the Core Genome

Next generation technology was used to obtain genome se-
quences of an international collection of 57 clinical isolates of
S. mutans. Comparison of gene content among strains indi-
cated that the maximum gene content divergence was
approximately 23%, with many strains diverging by 5-15%
in number of annotated genes (supplementary fig. S1,
Supplementary Material online). On average, each genome
contained 1,636 genes. To conduct a population genomic
analysis of demographic history in S. mutans, we needed to
identify the core genome components because the necessary
genetic information for reconstructing the demographic his-
tory of S. mutans is contained in those genes that are shared
by all isolates of the species. Our comparisons indicated that
there were 1,490 genes common to all 57 strains (supplemen-
tary fig. S2, Supplementary Material online, for an estimate of
the core genome of S. mutans), out of which 1,430 had suf-
ficient information (more than 90% of the gene length for all
strains), to perform population genetic analyses; the
pan-genome of the species approached 3,296 genes (supple-
mentary fig. S3, Supplementary Material online). From the
1,430 core genes, we identified 29,805 silent and 21,997 re-
placement SNPs, which summarized across genes, resulted in
estimates of sequence polymorphism ranging from 0.5% to
1.9%. We estimated summary statistics and found that the
average GC content in S. mutans is approximately 37%, the
average Watterson's 6 (0.008) is larger than the average
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nucleotide pairwise difference (0.005), and this translates into
a prevalence of negative Tajima’s D across genes, as has been
observed in other species of bacteria (Hughes 2005). A graphic
representation with the estimates of these summary statistics
is included in the Supplementary Material online (supple-
mentary fig. S4, Supplementary Material online). Only 1.16%
of the SNPs found across all 1,430 core genes used in the
analysis were multi-allelic leaving us with 98.84% bi-allelic
SNPs for the demographic and selection analysis. Principal
component analysis (PCA) (Novembre and Stephens 2008),
employing silent sites from the core genome, was used to
inspect the structure of genetic variation. For this, we only
considered synonymous polymorphic sites with minor allele
frequencies above 5% and 1> < 0.4; the correlation between
alleles was used as a measure of linkage disequilibrium. The
rationale behind the elimination of sites is that alleles in low
frequency do not contribute to the clustering of strains and
because the information in linked sites is redundant.
Nevertheless, PCA performed with the complete data set
(all synonymous polymorphic sites from the core genome)
produced similar results. Consistent with the findings of other
studies on S. mutans (Do et al. 2010), our analysis suggested
little genetic differentiation among isolates sampled in differ-
ent geographic locations (supplementary fig. S5,
Supplementary Material online). In addition to the PCA, we
performed pairwise Fst analyses with permutation procedures
to assess their significance. None of the pairwise Fst between
geographic locations was significant. This facilitates the work
of historical demographic reconstruction because single
population models can be explored and fit to the data with
greater power, because there are fewer numbers of param-
eters. Additional analyses on the dispensable part of the
genome suggest that there is no association between the
sharing of genes and the geographic location of the samples
and like the core genome, there is no indication of population
genetic structure evident in the analysis of high frequency
dispensable genes.

Demographic History

To reconstruct the demographic history of S. mutans, we
employed a maximum likelihood inference method based
on the distribution of allele frequencies across silent SNPs,
or SFS, and estimated confidence intervals (Cls) by boot-
strapping. Five different population models were explored
(supplementary fig. S6, Supplementary Material online) in
this framework and the selection of the best-fit model was
performed using the Akaike Information Criteria. The large
number of singleton (unique) substitutions observed in
S. mutans SFS is consistent with a recent expansion (fig. 1a
and b). Recently expanded populations leave a signature of
mutations found in very low frequency, that have not had
chance to disappear, or increase in frequency, by genetic drift
(Slatkin and Hudson 1991; Grifiths and Tavare 1994).
Estimations performed with §adi recover two main param-
eters under the exponential growth model. The first is v, the
ratio of current to ancestral population size; and the second is
7, the time since the change in demographic, representing in

our case the start of the demographic expansion. 7 is equal to
time (T) scaled by 2Na, which is the ancestral effective popu-
lation size. After appropriate rescaling of the inferred param-
eters, the maximum likelihood analysis suggested that the SFS
of S. mutans is consistent with a demographic scenario in
which the population started expanding exponentially
approximately 10,000 years ago (95% Classic_boostrap: 3:268—
14,344 years ago; possible uncertainties in mutation rate
and generation time were taken into consideration in the
computation of this Cl—see Supplementary Material online
for details; fig. 1a and b and table 1) and the absolute fit of the
observed and simulated SFS’s under this demographic model
indicated no significant difference in their distributions (two-
sided Kolmogorov—Smirnov D = 0.2069, P = 0.564). The fit of
the observed data to our simulations suggested that the ef-
fective population size of S. mutans has increased 4.8 to 5.5
times since the origin of human agriculture (fig. 1c), estimates
much larger than those reported for humans (Coventry et al.
2010). The likelihood surface of the parameter search was
evaluated to assure that it did not fall into local maxima.
Models were searched with different initial parameter
values and evaluated if they all converged to the same
maxima. The likelihood surface in figure 1c was obtained by
finding the likelihood value for each combination of param-
eters in a grid. We estimated the Cls for the parameters by
bootstrapping the synonymous data matrix and fitting the
model (supplementary fig. S7, Supplementary Material
online).

The expected SFS of variation is not affected by linkage, but
that is not true of the variance (Bustamante et al. 2001; Zhu
and Bustamante 2005). It is germane therefore to demon-
strate that S. mutans, being a naturally transformable bacterial
species, undergoes significant homologous gene exchange.
We assessed the magnitude of recombination in S. mutans
by identifying the number of significant gene conversion
events among isolates using Sawyer’s algorithm (Sawyer
1989). This algorithm is conservative (Sawyer 1989) and there-
fore we regard it as an estimate of the minimum set of gene
conversion events. Power analyses of the method have con-
cluded that it tends to underestimate the gene conversion
events for scenarios in which the rate of gene conversion is
high (Mansai and Innan 2010). Our analysis indicates that
there has been extensive gene exchange between lineages
represented by the isolates in our sample (fig. 2a), with a
wide distribution of gene conversion tract lengths.
Additionally, our analysis with ClonalFrame suggests that
on average, recombination contributes approximately six
times more than mutation to the genetic variation in
S. mutans (p/0 ~ 6: 95% credibility interval ~3.09-19.6; sup-
plementary fig. S8, Supplementary Material online). We per-
formed simulations in ms (Hudson 2002) assuming gene
conversion rates similar to those estimated for S. mutans
(six times larger than the mutation rate), all under the
same demographic scenario estimated from the original
data. The mean SFS over 600 simulations is similar to the
observed SFS (supplementary fig. S9, Supplementary
Material online). We then used the simulations to investigate
the demographic inferences performed with §adi. For each

883

920z Arenigad z0 uo 1sanb AQ 16890 1/188/7/0/2I01E/GU/WO0"dNO"OIWSpPEoE//:SARY WOJ) POpeojumoq


http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1

Cornejo et al. - doi:10.1093/molbev/mss278 MBE

(a) N,~50 M

N,~10M

Pop size S. mutans

Time since expansion

Briculture onset Human hlstory timeline

| | | |
25,000 20,000 15,000 10,000 5,000 Present
Years before present

—_—
o
—

2000 4000 6000 8000 10000 12000

m Observed
B Expected under exponential growth
O Expected standard neutral model (snm)

Number of segregating sites

mﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂm

o 4
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Minor allele frequency
(c) 2D Likelihood profile for inferred parameters

wn
o
—_—
= o
o2
7]
S g B 200
a o
x
@
8 g 3
el o
c o
= =
0 -250 =
2 2
£ g 5
Lo} o
o
3
o 8 -300
- ©

0.20

1
4.0 45 5.0 5.5
v (N_current/N_ancestral)

Fic. 1. Demographic history of Streptococcus mutans. (a) Schematic representation of S. mutans population history. The timeline (in years before
present) represents the start of the expansion of cariogenic bacteria after the onset of agriculture, calibrated using an experimentally determined
mutation rate for bacteria (Drake 1991), concomitant with an in vivo determined generation time for oral flora bacteria (Gibbons 1964) (see Materials
and Methods and Supplementary Material online, for details). (b) The observed distribution of number of synonymous SNPs at a given frequency in the
sample of 58 isolates (blue) is shown, as well as the expectation under the parameters that generate the best fit demographic model (dark blue). The
difference between the two distributions is not significant. The distribution under a standard neutral model with constant population size is shown in
light blue (significant KS, P < 0.0001). (c) The bi-dimensional likelihood profile for combination of parameters v (ratio of current to ancestral population
size) in the x axis and the time at the beginning of the demographic expansion (scaled in generations/2Na) in the y axis. The maximum likelihood value
is shown as a white dot and the 95% Cl is highlighted as a white dotted line. 95% Cl estimated from bootstrapped data can be found in supplementary
figure S7, Supplementary Material online.
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simulation, we estimated the SFS and inferred maximum like-
lihood parameters (7 and v) for a demographic scenario of
population expansion in §adi. The distribution of maximum
likelihood estimates of T and v present more variability than
that obtained with classical bootstrap (7: 95% Cl =0.2-2.3; v:
95% Cl=2.5-11.3), and our maximum likelihood estimated
parameters (7 =0.355 and v=5.09) fall within the Cls ob-
tained from the parametric bootstrap, suggesting that dadi
is producing results that are consistent with what would be
observed in a 2 Mb chromosome evolving under such a scen-
ario (supplementary fig. S10, Supplementary Material online).
Furthermore, in our simulations, the patterns of decay of

Table 1. Selection of Demographic Models.

Model® Ln L° No. of Free® AIC!
Parameters

Exponential growth —156.67 2 31734

2 Epoch —168.96 2 341.92

Bottleneck + growth —156.67 3 319.34

3 Epoch —168.97 4 345.94

*The logarithm of the maximum likelihood (Ln) for each of the demographic models
fit to the data.

®The models assessed were exponential growth or decay (exponential growth), 2
epoch (constant and instantaneous increase), a bottleneck in the past, combined
with exponential growth (bottleneck + growth), and 3 epoch (bottleneck, followed
by an instantaneous increase).

“The number of parameters for each model.

4Akaike Information criteria [AIC =2 X (no. free parameters) — 2In). The model with
the minimum AIC (exponential growth) was selected as the model that best ex-
plains the data.
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linkage disequilibrium with distance approximately resemble
the decay pattern observed in the data.

Adaptation to the Postagriculture Habitat

To understand the role of natural selection in shaping gen-
omic variation in S. mutans, we explored a variety of selection
models under a similar maximum likelihood framework to
that employed for the demographic fitting, used to explain
the SFS of the replacement SNPs. Our analysis suggests that
the majority of the changes (70%) that cause amino acid
substitutions are under strong negative selection, and the
remainder evolved neutrally (fig. 3). The frequency of rare
variants is much higher, and the frequency of common vari-
ants much lower, than expected under a neutral model, even
after correcting for demographic expansion. This is a pattern
consistent with strong purifying selection acting genome-
wide (Bustamante et al. 2001; Boyko et al. 2008), and is in
agreement with what has been observed in other bacterial
species (Hughes 2005).

We explored the molecular adaptation of individual genes
of S. mutans in two ways: 1) by performing neutrality tests
comparing the odds ratio of replacement to silent divergent
versus polymorphic changes via McDonald-Kreitman (MK)
tests, and a Bayesian generalization of the Log-linear model
that is the basis for the MK test (SNIPER); and 2) by identifying
the protein domains, as well as the putative metabolic path-
ways in which these proteins are involved, of the genes pre-
sent in all isolates of S. mutans, but not present in the
outgroup S. ratti and two other closely related species of
the mutans group (namely S. macacae and S. criceti).

600

o -

I T T T T T 1
5000 10000 15000 20000 25000 30000 35000

Length of recombination tract (bp)

Fic. 2. Recombination in Streptococcus mutans. (a) The inferred distribution of recombination tracts (gene conversion) among isolates of S. mutans.
Gene tracts of the core genome that served as alignment for the estimation of recombination along the genome are represented in blue and red. Tracts
of significant gene conversion events detected along the genome are represented in green. (b) The distribution of gene conversion tract lengths,

characterized by a wide range of values that follow a geometric distribution.
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Fic. 3. Evidence of genome-wide selective constraints in Streptococcus mutans. The observed distribution of number of replacement SNPs at a given
frequency in the sample of 58 isolates is shown in red. The expectation is that replacement changes will have an effect on the fitness of individuals, so it
is unlikely that they behave neutrally. Correcting for population expansion inferred from the silent SNPs (fig. 1), does not account for the excess of
singletons observed in the data (light green). On the other hand, a model that allows for selection affecting changes in allele frequency, after correcting
for demography, yields a superior fit, suggesting that in the S. mutans genome 30% of the replacement changes are neutral and 70% are under strong
selection (y = —17, where y =2N,s, and N, is the current population size and s is the coefficient of selection).

In particular, we were looking for proteins involved in acid-
uricity (resistance to acid), sugar metabolism, resistance to
oxidative stress, antibiotics, and adherence to human tissue.
The annotated genes of S. ratti were compared with the 59 S.
mutans genomes using all versus all BLAST and from the
protein clusters we identified the orthologous genes present
in both species. A total of 2,033 genes were annotated in
S. ratti and of these, 1,282 genes were in a 1:1 relationship
with S. mutans. On average, we estimated the divergence
between S. mutans and S. ratti to be approximately 26%.
We estimated very few of these proteins showing signatures
of positive selection (more fixed replacement changes than
synonymous). The combined estimate of MK and SNIPER
tests identified 14 genes that were under selection (after
Bonferroni correction), the majority of which are involved
in either sugar metabolism or acid tolerance (supplementary
table S1, Supplementary Material online). It is possible that
the relatively high divergence between S. mutans and S. ratti
reduced the power of these tests, as multiple hits could mask
the signature of selection; however, our results are nonethe-
less consistent with the SFS-based analysis.

On the other hand, the analysis of proteins present in all
isolates of S. mutans, but absent in their close relatives
(the S. mutans unique core genome) suggests that most of
these genes are involved in adaptation to the postagriculture
human mouth niche. Of the 1,490 genes that conform to the
core genome of S. mutans, 148 are present in S. mutans and
absent in the putative sister group S. ratti (Tapp et al. 2003;
Hung et al. 2005), whereas 73 loci are unique to S. mutans in
comparisons involving the three species, S. ratti, S. macacae,
and S. criceti (fig. 4a and supplementary table S2,
Supplementary Material online). Within this set of
S. mutans unique core genes, 36 are hypothetical proteins
with no similarity to known domains or protein clusters
(fig. 4a). The remaining proteins show similarity with domains
of proteins involved in processes of carbohydrate metabolism,
resistance to acidic environments, transcriptional regulation,
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oxidative stress, metal and peptide translocation, and adhe-
sion to host tissue (fig. 4a and supplementary tables S2 and
S3, Supplementary Material online). In addition, some of
these unique core genes contain domains potentially involved
in resistance to antimicrobials, suggesting they could be of
more recent acquisition (fig. 4a). Undoubtedly, one of the
major challenges that S. mutans had to overcome as the
carbohydrate content of the human diet increased was sur-
viving at low pH. Although S. mutans does not constitute a
significant proportion of the oral flora colonizing healthy den-
tition, it can become numerically significant when there is
repeated and sustained acidification of the biofilms associated
with excess dietary carbohydrates or impaired salivary func-
tion (Burne 1998). Interestingly, 14% of the gene products
found in the S. mutans unique core genome have been
shown to be upregulated in transcriptomic analyses at low
pH (Gong et al. 2009) (binomial test comparison with core
genome, P=0.01). Among these are cation flux pumps that
contribute to ionic equilibrium. Analysis of the functional
groups (GO terms) of the dispensable genes present in 54,
55, 56, and 57 isolates suggest that there is no enrichment of
any particular functional group (P value > 0.05 for all com-
parisons), when compared with the core genome and none of
the genes presented mean ratio of replacement to synonym-
ous changes (kn/ks) larger than 1.

Discussion

The genomes of different strains of S. mutans, like those of
many other species of Streptococcus, are highly dynamic and
their overall gene composition differs markedly from one iso-
late to another because of lateral gene transfer (LGT).
However, as with other bacteria, this difference in gene con-
tent involves only a portion of the genome, generally
referred to as the dispensable component, in contrast to an
alternative set of genes common to all strains, known as the
core genome. Together these two components comprise
the pan-genome of the species (Tettelin et al. 2005, 2008).
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Fic. 4. Genome map of Streptococcus mutans. (a) Representation of the forward coding (light blue) and reverse coding (light red) genes comprising the
core genome of S. mutans. The third inner circle, displays the unique core genes, present in S. mutans only, colored by the metabolic functions in which
they are involved. The most inner circles present the unique genes shown to be upregulated or downregulated by the impacts coincident with the diet
change of humans after the origin of agriculture: starch and sucrose metabolism and low environmental pH. (b) Putative origin of laterally transferred

unique core genes in S. mutans..

The core genome is a clearly identifiable component of
Streptococcus species, as well as species from other genera,
and indeed may represent that set of genes which can best
define bacterial species (Lan and Reeves 2000, 20071; Tettelin
et al. 2008; Lapierre and Gogarten 2009; Lefebure et al. 2010).
Our analyses suggest that the core genome of the species is
readily identifiable and consists of 1,430 genes. The complete
gene repertoire of the dispensable component of the genome
is much harder to capture. Nevertheless, after examining the
accumulation curve of the pan-genome in S. mutans (supple-
mentary fig. S3, Supplementary Material online), we suggest
that by sampling 58 genomes in the population we are

reaching a point at which there is no appreciable increase
in the number of new genes as more genomes are included in
the analysis.

Demographic History

Our estimates for the timing of the demographic expansion in
S. mutans coincide with the origin of human agriculture. It has
been hypothesized that many infectious diseases could only
originate and be maintained after humankind developed agri-
culture (Fiennes 1978; Dobson and Carper 1996; Diamond
2002). Numerous studies in physical anthropology have

887

920z Areniged z0 uo 1senb A $¥68901/1.88/%/0€/9101E/8G /W00 dNO"dlWspeoe)/:Sdy WO} POPEOJUMOQ


http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mss278/-/DC1

Cornejo et al. - doi:10.1093/molbev/mss278

MBE

shown an increased prevalence of dental caries in human
remains from post-agricultural societies (5-50%) when com-
pared with remains of Mesolithic hunter—gatherers (0-2%)
(Cohen and Armelagos 1984; Formicola 1987; Lukacs 1992).
This pattern has been attributed to changes in diet and the
consequent increase in consumption of carbohydrates in
human populations after the development of starchy crops,
leading to the establishment of infectious agents causing
dental caries (Cohen and Armelagos 1984; Lukacs 1992).
Our timing and expansion estimates are consistent with
S. mutans as a possible etiological agent of human dental
caries; however, it is not possible to rule out other oral bac-
teria species as also contributing to the development of this
disease.

We have attempted to be thorough in our analysis, by
including not only rigorous demonstration that S. mutans
undergoes recombination but also that the methods of ana-
lysis are appropriate for the limited conditions of a small
genome size, and other constraints imposed by the biology
of this organism. Nevertheless, we have not explored all alter-
native possibilities that could give rise to patterns of variation
like those observed in this data set. We have provided a par-
simonious explanation for the pattern of variation found in
the synonymous substitutions along the core genome; how-
ever, the biology of bacterial species is such that there are
potential alternative conditions that could give rise to similar
patterns. For instance, it is widely appreciated that selection
can impact the population dynamics of clonal organisms like
bacteria (Dykhuizen 19903, 1990b, 1993; Guttman and
Dykhuizen 1994; Buckee et al. 2008). Although it is possible
that a scenario of multiple instances of selection and linkage,
because of linkage to replacement sites under selection
(Braverman et al. 1995), could explain the excess of singletons
in the distribution of synonymous changes, it is difficult to
envision a selection scenario, with specific selective pressures,
that would explain our observations. Another potential scen-
ario is the existence of different regimes of mutation in time.
In laboratory experiments, it has been shown how clones with
greater mutation rates (mutators) can facilitate adaptation to
new environmental conditions (Sniegowski, et al. 1997;
Shaver, et al. 2002; Gerrish et al. 2007). These mutators also
have the effect of changing the overall mutation rate in the
population, potentially affecting the pattern of observed vari-
ation, giving rise to an observed excess of singletons, via a
combination of negative selection on replacement changes
and variation of the rates at which new synonymous and
replacement changes are being generated. Unfortunately,
there is no information about the prevalence of mutator
strains in natural populations (carrier or clinical) of
S. mutans, or in experiments performed with laboratory
strains. Our analyses of the population genetic structure of
the data, consistent with results from previous work (Do et al.
2010), suggest that there is no geographic differentiation. We
believe that our simulations under the inferred demographic
scenario, which exclude selection, provide a sufficiently par-
simonious explanation in agreement with the observed data,
to explain the genome wide accumulation of synonymous
variation in S. mutans. It has been suggested that S. mutans
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genotypes are maternally transmitted (Alaluusua et al. 1996;
Emanuelsson et al. 1998; Emanuelsson and Thorngvist 2000),
and this could act to produce a strong pattern of geographic
differentiation of the isolates over time. Our results showing a
lack of geographic structure are not consistent with such a
scenario. Recent work by Klein et al. (2004) suggests a high
turnover rate of lineages in the mouth of children after
colonization from the mother, which would be consistent
with our observations.

Adaptation in the Postagricultural Era

The distribution of replacement variants in the S. mutans
population is consistent with strong purifying selection
acting genome-wide, and it raises the question of what are
the features of molecular adaptation that underlie S. mutans
successful colonization of, and proliferation in, the human
host more than 10,000 years ago. To adapt to the new
niche of the “post-agricultural” human mouth, S. mutans
faced several challenges. Among them, S. mutans needed to
develop, or increase, efficiency in the metabolism of new
sugars, successfully compete with bacterial species already
present in the mouth of humans, develop defenses against
increased oxidative stress, and resist the acidic by-products of
its own new efficient carbohydrate metabolism (Jacobson
et al. 1989). Or results suggest that only a handful of genes
(14 genes) present a pattern that deviates from the neutral
expectation. On the other hand, analysis of the function of
the unique core genes suggests that a large fraction of these
genes are involved in sugar metabolism and pH resistance.
The absence of these putative adaptive genes in other species
of the Mutans taxonomic group (Tapp et al. 2003) suggests
their acquisition via LGT to the S. mutans lineage. Consistent
with this hypothesis, these proteins tend to be similar to those
arising from a wide variety of bacterial species including other
oral flora bacteria, as well as taxa which produce lactic acid
(fig. 4b, supplementary table S2, Supplementary Material
online), and many of them appear to be involved in carbo-
hydrate metabolism. As an example, the gene SMU.438 (sup-
plementary fig. S11, Supplementary Material online) is closely
related to a hypothetical protein present in Lactococcus lactis,
which includes domains corresponding to an activator of
2-hydroxyglutaryl-CoA dehydratase. This protein includes
three domains identified in Lactobacillus: FGGY family of
carbohydrate kinases, N-terminal domain (2), and a
CoA-substrate-specific enzyme activase, suggesting that this
protein could be involved in carbohydrate metabolism (Klees
et al. 1992). The protein SMU.1410 (supplementary fig. S12,
Supplementary Material online) is very similar to a putative
reductase of S. gallolyticus (formerly known as S. bovis).
S. gallolyticus is found in the gastrointestinal tract of rumin-
ants and humans, and has been linked to endocarditis in
humans (Hoen et al. 2005). When ruminants consume a
diet high in sugars, the fermentable carbohydrates allow for
the growth of S. bovis (Asanuma and Hino 2002). This organ-
ism also exhibits lactic acid fermentation, reducing the pH of
the rumen leading to ruminal acidosis (Asanuma and Hino
2002). Reductases are also involved as ion pumps in electron
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transport chains. We suggest that this putative reductase is
involved in resistance to acidic conditions in S. mutans and
was obtained via a LGT event from S. gallolyticus, or some very
closely related taxon. The protein SMU.1561 has been shown
to be up-regulated in S. mutans in acid conditions (Gong et al.
2009). Our phylogenetic analysis indicates that SMU.1561
(supplementary fig. S13, Supplementary Material online) is
closely related to the product of the trkA gene from
Ethanoligenens harbinense, which is another bacteria forming
part of the oral flora of humans (Aas et al. 2005). The trkA
gene encodes a protein involved in the transport of ions
across the membrane (Anion permease ArsB/NhaD), which
is consistent with the fact that it is upregulated in acidic
conditions (Gong et al. 2009). An alternative explanation, to
a history of LGT for these unique core genes, is that they arose
through vertical descent from one of these close relatives of
S. mutans, but the genes are not part of the core genome of
these other taxa and instead are present in their dispensable
genomes, and we simply have not yet sampled them in a
single genome sequence. We have identified elsewhere
(Lefebure et al. 2010) that core genes in one bacterial species
can have their origins in the dispensable genome of closely
related bacteria. Whatever their precise evolutionary history,
these genes may be important loci in defining the caries-
associated phenotype of S. mutans and its adaptation to
the human mouth environment.

Although low pH has been considered a primary ecological
determinant influencing oral biofilm ecology, oxygen is also a
critical factor (Marquis 1995), and it appears to be much
better tolerated by commensal streptococci and other mem-
bers of the normal microbiota than by S. mutans (Marquis
1995). In fact, exposure to oxygen strongly inhibits biofilm
formation by S. mutans and alters the transcriptome and
metabolism in a way that renders it less cariogenic (Ahn
and Burne 2007; Ahn et al. 2009). Thus, S. mutans likely
does not compete well in conditions of high redox or
oxygen tension. Recently, hydrogen peroxide production by
health-associated streptococci, such as S. gordonii, has been
demonstrated to strongly inhibit S. mutans in mixed culture
(Kreth et al. 2008). In addition to genes involved in acid tol-
erance, the unique core genes of S. mutans contain a high
proportion of small peptides and gene products that could
potentially be involved in oxidative stress tolerance (supple-
mentary table S3, Supplementary Material online). For ex-
ample, the secreted peptide encoded by SMU.1131c (ciaX)
has been shown to modulate signal transduction in the CiaRH
two-component system to regulate acid and oxidative stress
tolerance and genetic competence (He et al. 2008). A variety
of other peptides encoded in the unique core genome are in
operons with transporters (e.g, SMU.18, SMU.185, and
SMU.390), with transcriptional regulators that control gene
expression in response to stressors (e.g, the MarR-type regu-
lators associated with SMU.390, SMU.438, SMU.444, and
SMU.631), or with proteins that may influence oxidative
stress tolerance (e.g, SMU.545 is genetically linked to the
dpr gene that encodes a protein necessary for oxidative
stress resistance [supplementary table S3, Supplementary
Material online]). Of note, a distinct MarR transcriptional

regulator of S. mutans (SMU.925) was recently demonstrated
to regulate the expression of two ABC-exporters to link
(p)ppGpp metabolism, genetic competence and oxidative
stress tolerance, possibly through a peptide-based sensing
system (Seaton et al. 2011). SMU.1047c is a small peptide
genetically linked to the relQ operon, which encodes the
RelQ (p)ppGpp synthase and three other gene products con-
tributing to oxidative stress tolerance (Kim et al. 2012).
Smu.185 is part of the slo operon, which regulates manganous
ion internalization, oxidative stress tolerance, and expression
of a variety of genes including superoxide dismutate. Likewise,
SMU.1645 is predicted to mediate tellurite resistance, which is
generally associated with thiol-mediated reduction of tellur-
ite, whereas SMU.642 is cotranscribed in a complex operon
with a predicted oxidoreductase, competence-associated
peptide and peptidase; possibly linking oxidative stress and
competence similar to the SMU.925 operon (Seaton et al.
2011). Thus, while low pH provides strong selective pressure
for aciduric species, during fermentable carbohydrate con-
sumption and caries initiation and progression, oxygen may
be an equally important environmental factor influencing the
composition, biochemistry, and pathogenic potential of oral
biofilms (Abbe et al. 1991); and may be the underlying
explanation for the relative prevalence of proteins with
roles in oxidative stress carried in the unique core genome
of S. mutans (supplementary table S3, Supplementary
Material online).

S. mutans is also capable of mounting a substantial defense
against commensal streptococci. In particular, strains of
S. mutans produce a variety of lantibiotic and nonlantiobiotic
bacteriocins that can kill related organisms (Balakrishnan et al.
2002). Peptide-based quorum-sensing systems, including the
ComC competence cascade, multiple two-component sys-
tems, density-dependent signaling complexes and global
regulatory systems all cooperate to influence the production
of bacteriocin-like molecules (Martin et al. 2006). The hdrR
gene (SMU.1854) of the S. mutans unique core genome
encodes a DNA binding protein that regulates bacteriocin
production in a density-dependent fashion through its inter-
actions with the HdrM membrane protein (SMU.1855) to
control genetic competence and bacteriocin production
(Merritt et al. 2007; Okinaga et al. 2010). Interestingly, expos-
ure to air uniformly activates the bacteriocin pathways and
endogenous bacteriocin immunity systems, probably as a de-
fense mechanism against competing organisms in immature,
comparatively aerobic dental biofilms (Ahn et al. 2009).
Therefore, it is significant that the unique core genes of S.
mutans contain a higher proportion of small peptides and
gene products (smaller than 100 amino acids) than the core
genome as a whole (approximately 6:1 ratio) that could po-
tentially be involved in signaling and/or gene regulation (bi-
nomial test comparison with core genome, P=1.23e—10;
supplementary table S5, Supplementary Material online).

Conclusion

Taken collectively, our findings suggest that the S. mutans
unique core genes may represent  important
pathogen-specific factors that could be targeted with
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species-specific therapeutics that might decrease the com-
petitive fitness of S. mutans without interfering with the
propagation of health-associated commensal organisms.
This study also suggests that one of the innovations that
formed the basis of civilization may have precipitated a
long-term association with an important human pathogen,
highlighting the interconnections that exist between our
sociocultural and biological evolution.

Materials and Methods

DNA Sequencing and Ortholog Recovery

A total of 57 strains of S. mutans were selected representing
different MLST and countries of origin: Brazil (n=16), UK
(n=29), Iceland (n=5), Hong Kong (n=2), South Africa
(n=2), Turkey (n=2), and USA (n=1) (supplementary
table S4, Supplementary Material online). Single end sequen-
cing was performed using the lllumina GA2 sequencer, with
one lane per strain. The sequence read lengths averaged
36-46bp. This ensured high coverage (~70x) of the
~2 MB genome of S. mutans. Sequence reads were aligned
to the S. mutans UA159 and S. mutans NN2025 complete
genomes, respectively, using MAQ (Li, Ruan, et al. 2008), with
appropriate mapping quality and coverage filters applied to
capture the sequence information. Consensus alignments
generated from the MAQ mapping were employed to extract,
realign, and perform SNP calls in core genome genes; that is,
genes for which all strains could be mapped to the reference.
De novo assemblies were performed using Velvet (Zerbino
and Birney 2008). Several hash lengths (from 21 to 31) and
coverage cut-offs (0 to 80) were used, and the best assembly
per strain was selected based on a combination of the N50
(which refers to a weighted median with 50% of the entire
assembly contained in contigs equal to or greater than this
value), the total assembly and the longest contig size. A sche-
matic diagram for the mapping/assembly pipeline is included
in supplementary figure S14, Supplementary Material online.
Assembled genomes were annotated using the NCBI
Prokaryotic Genomes Automatic Annotation Pipeline
(PGAAP). This pipeline combines HMM-based predictions
with sequence similarity approaches to generate comparisons
of the query genes or coding sequences against the gene
products available in nonredundant protein databases:
Entrez Protein Clusters, the Conserved Domain Database
and the COGs (Clusters of Orthologous Groups). The algo-
rithms employed in the pipeline are those implemented in
GeneMark and Glimmer (Borodovsky and Mcininch 1993;
Lukashin and Borodovsky 1998; Delcher et al. 1999).

To identify the orthologous sequences present in S. ratti,
the putative sister group to S. mutans (Tapp et al. 2003), we
sequenced the genome of one isolate of S. ratti using 454
GS-FLX with paired end, followed by partial gap closure
with PCR. The sequence of this isolate was assembled using
Newbler and annotated using PGAAP (supplementary fig.
S15, Supplementary Material online). The rationale for
sequencing S. ratti and identifying S. ratii/S. mutans orthologs
was 2-fold: 1) identify orthologous genes that could be used as
outgroups in a selection analysis that involved comparison of
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polymorphism and divergence data; and 2) identify core
genes present in S. mutans, but not the most closely related
species—that is, the putative unique core genome of
S. mutans. Orthologs were determined by performing an
all-versus-all BLASTP search combined with clustering using
OrthoMCL2 (Li et al. 2003), and included all the S. mutans de
novo assembled genomes and the genome sequence for the
sister group S. ratti. The history of the S. mutans unique genes
could involve losses along the S. ratti lineage or gains via LGT
along the S. mutans lineage. Core genes present in S. mutans
but absent in other closely related mutans group streptococci,
in addition to the sister group S. ratti, represent genes most
likely to have been acquired by LGT. To identify such genes,
we obtained draft genome sequences (454 GS-FLX, paired
end) of two other mutans group streptococci, closely related
to S. mutans: S. macacae, and S. criceti (Tapp et al. 2003). The
sequences of S. criceti and S. macacae were assembled with
Newbler and annotated using PGAAP. Once the protein clus-
ters were identified, we performed an all versus all BLAST
comparison of the putatively unique S. mutans genes with
the annotated genes of these additional two species, using
OrthoMCL2 (Li, Stoeckert, et al. 2003). A conservative simi-
larity threshold of 50% was set as a measure of whether a gene
in S. mutans had an ortholog in either of the other two more
divergent species. The presence or absence of the genes pu-
tatively unique to S. mutans, in these other members of the
mutans group, helped us distinguish which genes were lost in
the S. ratti lineage and which ones were gained by S. mutans.
Finally, additional BLAST searches against existing databases
(NCBI nr), followed by maximum likelihood phylogenetic
analysis of the aligned sequences, were employed to evaluate
the evolutionary history and putative donor species of the
unique genes identified as gained on the S. mutans lineage. A
list of the additional streptococci genomes, included in this
analysis (available at NCBI at the time), is provided in supple-
mentary table S5, Supplementary Material online.

Genome sequence data for 57 strains of S. mutans and
single strains each of S. ratti (FA-1), S. criceti (HS-6), and
S. macacae (NCTC 11558) have been deposited in GenBank
under the following accession numbers: S. ratti:
AJTZ01000000; S. criceti AEUV01000016.1; S. macacae:
AEUWO01000012.1. Accessions for the S. mutans isolates can
be found in supplementary table S4, Supplementary Material
online.

SNP Calling

The 1,430 genes constituting the core genome of S. mutans,
were realigned at the protein level to ensure that the align-
ments were in frame. Synonymous and replacement changes
(and potential sites) were estimated following an “in house”
pipeline coupled to the dNdS routine implemented in the
Libsequence suit (Thornton 2003). Because of the deep cover-
age of our data (>70x ), we were confident in the call of rare
variants (singletons) and no further sophisticated methods
were employed for their identification. Each gene alignment
was analyzed with the Polydnds program of the Libsequence
suite developed by Thornton to estimate the number of
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synonymous and nonsynonymous unambiguous changes in
the alignment. These data were used in three ways: 1)
genome-wide synonymous and nonsynonymous changes
were employed to estimate the SFS for the synonymous
and nonsynonymous changes respectively, as well as for the
PCA to assess structure; 2) the synonymous and nonsyn-
onymous changes per gene, with the inclusion of the out-
group S. ratti were used in selection analyses; 3). the number
of synonymous and replacement positions for each gene
served as denominators in assessing the polymorphism per
site, as well as in estimating the mutation parameter € (2Neu
in haploid organisms) for the demographic and selection
analyses.

Estimation of Recombination

Recombination, or more formally gene conversion, was esti-
mated on the core genome alignment of the full data set
using Sawyer’s algorithm as implemented in GeneConv
(Sawyer 1989), keeping only those tracts that were judged
significant after Bonferroni correction for multiple compari-
sons, in a manner similar to which it was implemented in
Leopold et al. (2009). This algorithm estimates the distribu-
tion of the length of identical sequences between any two
pairs, considering the distribution of variant sites in the mul-
tiple sequence alignment. Using a permutation-based test,
any identical fragment between pairs of sequences that is
unusually long, as expected from the estimated distribution,
is considered to be the result of a gene conversion (recom-
bination) event. In addition to these analyses, we constructed
three sets, each comprised of 600 genomic regions of 500-bp
long. These sets were used to estimate the relative contribu-
tion of recombination to mutation as proposed by Didelot
and Falush (2007), and implemented in the program
ClonalFrame. The conditions of the run included 100,000
generations of burnin, 100,000 generations for each chain to
run, and step sizes for the sampling of 100 generations.

Demographic and Selection Analyses

PCA (Patterson et al. 2006) of synonymous SNPs with fre-
quencies greater than 5%, was performed using the R project
for Statistical Computing (http://www.r-projectorg/, last
accessed December 15, 2012). Rare variants were not
included, as these do not contribute to distinguishing related-
ness among individuals in putative subpopulations. The fre-
quency distribution of variants, or SFS, was calculated for
synonymous and replacement changes independently in R.
Demographic parameters for different competing models
were estimated from the SFS of synonymous changes using
a diffusion-based approximation implemented in the pro-
gram §adi (Gutenkunst et al. 2009) in a maximum likelihood
framework. The selection of the best-fit model was done
using the Akaike Information Criteria. Changes in effective
population size and time since the change in demographics
are estimated in 2Neu and 2Ne scaled parameters, respect-
ively. To convert these values to actual population sizes (ex-
pressed in individuals) and time (in years) we assumed a
mutation rate estimated experimentally for bacteria between

4.08e—10 and 6.93e—10 subs/site/generation (Drake 1997;
Ochman 2003), corresponding to 0.112-0.379 subst/
genome/year (given that there are 374,571 synonymous
sites along the genome), under the conservative assumption
of a generation time of two divisions per day, as estimated for
oral flora in vivo (Gibbons 1964). This mutation rate is con-
sistent with experimentally determined mutation rates, esti-
mated via fluctuation tests, in wild type clones of another
member of the genus, S. pyogenes, at approximately
5.3 X 10e—10 mutations/generation (Scott et al. 2008). Cls
of the parameters were estimated by maximum likelihood
fitting of 500 bootstrapped data sets (details in
Supplementary Material online). We also performed simula-
tions under the estimated demographics and recombination
rates, and performed estimations of the parameters in the
simulated data sets using §adi.

Genome wide selection analyses were performed on the
replacement SFS by a similar diffusion-based approximation
as the one employed for the demographic analysis. The
impact of selection on the distribution of replacement mu-
tations genome-wide was evaluated considering models that
treat selection as a point mass effect or as a distribution of
selective effects. Of these, three main models (one, two, or
three categories of sites under selection with constant selec-
tion coefficients) were evaluated by maximum likelihood and
over bootstrapped data sets, in the program PrFreq (Boyko
et al. 2008). Again, the best model was selected using the
Akaike Information Criteria. We also performed a standard
MK test (McDonald and Kreitman 1991), and an extension of
the MK test approach based on a Bayesian Loglinear model,
implemented in SnIPRE (Eilertson et al. 2012), to compare the
polymorphism and divergent changes in synonymous and
replacement sites in the genes for which an orthologous se-
quence could be identified in S. ratti (82% of the core genes in
S. mutans). The model implemented in SnIPRE is a Bayesian
generalization of the log-linear model underlying the MK test
that makes use of both genome-wide and gene-specific ef-
fects to model the variability among categories of mutations,
resulting in increased power to detect the effects of selection
on a gene-by-gene basis. It is nonparametric in the sense that
it makes no assumptions (and does not require estimation) of
parameters such as mutation rate and species divergence
time to identify genes under selection.

Supplementary Material

Supplementary material, tables S1-S5, and figures S1-S15 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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