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Abstract

Estimates of the proportion of amino acid substitutions that have been fixed by selection (a) vary widely among taxa,
ranging from zero in humans to over 50% in Drosophila. This wide range may reflect differences in the efficacy of selection
due to differences in the effective population size (Ne). However, most comparisons have been made among distantly
related organisms that differ not only in Ne but also in many other aspects of their biology. Here, we estimate a in three
closely related lineages of house mice that have a similar ecology but differ widely in Ne: Mus musculus musculus (Ne ;

25,000–120,000), M. m. domesticus (Ne ; 58,000–200,000), and M. m. castaneus (Ne ; 200,000–733,000). Mice were
genotyped using a high-density single nucleotide polymorphism array, and the proportions of replacement and silent
mutations within subspecies were compared with those fixed between each subspecies and an outgroup, Mus spretus.
There was significant evidence of positive selection in M. m. castaneus, the lineage with the largest Ne, with a estimated to
be approximately 40%. In contrast, estimates of a for M. m. domesticus (a5 13%) and for M. m. musculus (a5 12 %) were
much smaller. Interestingly, the higher estimate of a for M. m. castaneus appears to reflect not only more adaptive
fixations but also more effective purifying selection. These results support the hypothesis that differences in Ne contribute
to differences among species in the efficacy of selection.
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Introduction
Resolving the relative contributions of stochastic and adap-
tive processes to amino acid substitutions remains a funda-
mental goal of evolutionary biology. Several methods have
been developed to empirically estimate the proportion of
amino acid substitutions fixed by positive selection termed
a (e.g., Bustamante et al. 2001; Smith and Eyre-Walker 2002;
Eyre-Walker and Keightley 2009). These methods follow
from the neutral expectation that the ratio of synonymous
to nonsynonymous mutations should be the same within
and between species (McDonald and Kreitman 1991). As-
suming that synonymous variation is not under selection,
deviations from this expectation may be used to estimate a
(e.g., Smith and Eyre-Walker 2002; Fay et al. 2002).

The fraction of substitutions fixed by selection is a func-
tion of Nes, where Ne is the effective population size and s is
the selection coefficient (Kimura 1983). Therefore, differen-
ces in estimates of a among taxa may reflect differences in s,
differences in Ne, or both. Ne is expected to influence the
contribution of positive selection to amino acid substitution
in two ways. First, given an equal rate of mutation, larger
populations will have a greater input of new mutations simply
due to the greater number of individuals contributing

mutations. Second, drift can overwhelm selection in small
populations such that mutations with s on the order of
1/Ne or smaller will behave as if effectively neutral (e.g.,
Ohta 1973; Kimura 1983). Consequently, a is predicted
to be larger in larger populations. Indeed, empirical studies
provide support for a correlation between Ne and rates
of adaptive substitution. Taxa with the highest estimates
of a tend to have high Ne. In Drosophila, estimates of
a are consistently above 50% (Smith and Eyre-Walker
2002; Andolfatto 2007; Begun et al. 2007; Maside and
Charlesworth 2007; Shapiro et al. 2007; Bachtrog 2008;
Eyre-Walker and Keightley 2009; for review, see Sella et al.
2009). Estimates of a in the European Aspen, Populus trem-
ula (Ne ; 105), and the outcrossing crucifer, Capsella gran-
diflora (Ne ; 5 � 105), are also large and in the range of
30–40% (Ingvarsson 2010; Slotte et al. 2010). Among mam-
mals, there is evidence that a is large (up to 57%; Halligan
et al. 2010) in the house mouse, Mus musculus castaneus for
which Ne estimates range from 200,000 to over 700,000
(Geraldes et al. 2008, 2011; Halligan et al. 2010). On the other
hand, in Arabidopsis (Foxe et al. 2008), yeast (Doniger et al.
2008), and humans (Mikkelsen et al. 2005; Zhang and Li
2005; Boyko et al. 2008), taxa with low Ne, adaptive
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substitutions appear to represent only a small fraction of
amino acid divergence. However, these comparisons are
between taxa that differ not only in Ne but also in many
aspects of their biology. To separate the effects of s and Ne,
one would ideally like to compare closely related taxa that
differ in Ne but are otherwise similar. Two recent studies
have taken this approach, one comparing two fruit fly spe-
cies separated by ;2 my (Jensen and Bachtrog 2011) and
the other comparing multiple species of sunflowers diverg-
ing roughly 8 Ma (Strasburg et al. 2011). Although the taxa
compared are still separated by millions of years, they are
more closely related than any previous comparisons and, in
both studies, the species with larger Ne showed more evi-
dence of adaptive fixations.

Here, we build on these results by comparing ratios of
synonymous to nonsynonymous mutations within and
between subspecies of house mice. These three subspecies
are estimated to have diverged ;500,000 years ago
(Geraldes et al. 2008, 2011; Duvaux et al. 2011) and show
some evidence of reproductive isolation (e.g., Britton-
Davidian et al. 2005; Good et al. 2008). All three subspecies
are commensal with humans and thus occupy similar eco-
logical niches. Although estimates of Ne are large for M. m.
castaneus (see above), they are much smaller for M. m. do-
mesticus (;58,000–200,000) and M. m. musculus (;25,000–
120,000) (Salcedo et al. 2007; Geraldes et al. 2008, 2011;
Halligan et al. 2010; see supplementary table 1, Supple-
mentary Material online). We find significant evidence
of positive selection only in the subspecies with the high-
est Ne, M. m. castaneus. However, higher estimates of a for
M. m. castaneus appear to result not only from more adap-
tive fixations but also from more effective purifying selection.

Materials and Methods

Samples
All mice were wild-caught or from wild-derived inbred
strains (supplementary table 2, Supplementary Material
online). We first conducted analyses using only wild-caught
individuals, including 10 M. m. castaneus from India,
8 M.m. domesticus from Western Europe, and 14 M.m. mus-
culus from Eastern Europe. To provide a more evenly distrib-
uted geographical sample, we then expanded our analysis
to include several wild-derived inbred lines from each of
the three subspecies. Results from these two different sam-
pling strategies were broadly concordant. A wild-derived
laboratory strain of Mus spretus was included as an out-
group in all analyses (supplementary fig. 1, Supplementary
Material online; Tucker et al. 2005). Mus spretus diverged
from M. musculus approximately 1 Ma (She et al. 1990;
Suzuki et al. 2004).

Genotyping
The McDonald–Kreitman (MK) framework is based on a
comparison of synonymous and nonsynonymous mutations
(McDonald and Kreitman 1991). Data for this comparison
typically come from DNA sequences of individual genes
or sets of genes (e.g., Halligan et al. 2010). Here, we take

advantage of a newly developed Affymetrix genotyping
array that interrogates over 600,000 single nucleotide
polymorphisms (SNPs) across the genome to assess pat-
terns of nonsynonymous and synonymous variation (Yang
et al. 2009, 2011). In this study, we focus only on those SNPs
found in autosomal coding regions, a set of over 6,200 SNPs
from more than 4,100 genes. The SNPs cover all of the
autosomes at an average density of 2.5 SNPs/Mb (stan-
dard deviation 5 0.75). DNA samples were prepared at
the University of Arizona or at the University of North
Carolina, and genotyping was performed at the Jackson
Laboratory. Details on base calling can be found in Yang
et al. (2011).

The use of a genotyping array rather than DNA
sequences of individual genes has both advantages and
disadvantages. SNP genotyping has the principal advan-
tage of being a relatively low cost, high throughput
method, enabling a survey of coding regions throughout
the genome. Therefore, SNP genotyping reduces the biases
that might be introduced by sampling a limited set of genes,
biases that may be significant for traditional sequencing
studies. The chief disadvantage of this approach lies in
the potential ascertainment bias of SNPs interrogated by
the array. First, although SNPs included are likely to repre-
sent variation segregating at higher frequencies, this bias, in
and of itself, does not preclude the use of the MK framework.
In addition, low-frequency variants are often removed from
MK analyses (Fay et al. 2001, 2002) because they contain dis-
proportionately more weakly deleterious mutations. Second,
bias can result if a chip developed solely from data from one
taxon is applied to others. SNPs on the Affymetrix chip were
ascertained in a sample of house mice that included all three
subspecies, but there is some evidence of ascertainment bias
in SNPs used in this study (Yang et al. 2011). The average
minor allele frequency (MAF) was slightly higher for M.
m. domesticus, the subspecies in which the majority of SNPs
on the Affymetrix chip were ascertained, than for M. m.
castaneus or M. m. musculus (MAF (standard error): M.
m. domesticus, synonymous5 0.242 (0.003), nonsynonymous
5 0.234 (0.007); M. m. castaneus, synonymous 5 0.229
(0.004), nonsynonymous 5 0.214 (0.008); M. m. musculus,
synonymous 5 0.203 (0.005), nonsynonymous 5 0.203
(0.008)). However, the average MAF for the other two sub-
species was also high, and all three subspecies have apprecia-
ble numbers of sites segregating at intermediate frequencies
(supplementary fig. 2, Supplementary Material online).
Finally, because the MK framework compares ratios of
synonymous and nonsynonymous mutations, bias in
the results due to the manner in which SNPs were chosen
would require not only that nonsynonymous or synony-
mous SNPs were preferentially included on the array but
also that this was done differently for the three subspecies,
which seems unlikely. Empirical evidence that the conclu-
sions are not strongly biased comes from the comparison
of our results for one subspecies (M. m. castaneus) to
those of Halligan et al. (2010) who conducted analyses
based on DNA sequences sampled from the same popula-
tions and obtained similar values of a (see Discussion).
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One limitation of the use of ascertained SNPs is that es-
timates of polymorphism are not comparable to tradi-
tional estimates of diversity from sequence studies and
do not reflect the true site frequency spectra (SFSs). As
a result, we cannot use our data to estimate Ne nor
can we use methods based on the SFS to estimate a. In-
stead, we refer to previously published estimates of Ne

(supplementary table 1, Supplementary Material online).

Estimates of a
We compared polymorphism within each of the three
subspecies of M. musculus to fixed differences between
M. musculus and M. spretus. Sites with missing data for
a given pairwise comparison were excluded. We also
excluded sites at which any of the sampled alleles were
designated as VINOs (variable intensity oligonucleotides;
for details, see Yang et al. 2011; Didion et al. 2012). Variation
at each coding site was classified as either synonymous or
nonsynonymous based on Ensembl notation (Build 63) of
base position in the Mus musculus reference sequence
(Build 37). If a site had conflicting overlapping designations,
fell within noncoding regions in any transcript or fell within
a coding region with no stop or start codon, it was excluded
from the analysis. To mitigate the effects of nearly neutral
mutations that may contribute proportionally more to
polymorphism than to divergence, MK tests are often
repeated, excluding polymorphisms that fall below a given
threshold (Fay et al. 2001, 2002). Although such an ap-
proach is arbitrary, it does address the potential underes-
timation of a and can be applied to SNP data. We repeated
all analyses, counting polymorphic sites only when the MAF
exceeded 10% or 20%, levels chosen to represent meaningful
differences given the number of alleles sampled. Significance
levels were calculated using v2 tests. We then calculated the
neutrality index (NI; Rand and Kann 1996),

NI5

�
Pns

Fns

�
=

�
Ps

Fs

�
;

where Pns is the number of polymorphic nonsynonymous sites,
Fns is the number of fixed nonsynonymous sites, Ps is the
number of polymorphic synonymous sites, and Fs is the
number of fixed synonymous sites. Neutrality indices less than
one are consistent with positive selection, whereas values
greater than one are consistent with weak purifying selection.
From NI, we estimated a (Smith and Eyre-Walker 2002):

â5 1 � NI:

Confidence intervals (CI) were determined using 1,000
bootstrap replicates of sites. These calculations were com-
pleted using a combination of custom PERL and R scripts.

The Impact of Population Structure and Changes in
Ne

Hidden population structure and admixture can result in
biased estimates of a. In addition, changes in Ne may bias
estimates of a. For example, consider a population that has

contracted at some time in the past and then expanded to
its current size. Weakly deleterious amino acid mutations
may have fixed when the population was smaller, inflating
estimates of a (McDonald and Kreitman 1991). Reductions
in Ne may produce the opposite result, underestimating a
(Eyre-Walker and Keightley 2009). However, the effects of
changes in Ne on estimates of a are complex, dependent on
the number of mutations that are nearly neutral, and thus
difficult to predict (Charlesworth and Eyre-Walker 2006;
Eyre-Walker and Keightley 2009). In this study, all subspe-
cies are believed to have expanded in the recent past as
human commensals (Rajabi-Maham et al. 2008) and in
M. m. domesticus and M. m. musculus, there is evidence
that those expansions were preceded by major contrac-
tions (Rajabi-Maham et al. 2008; Duvaux et al. 2011).
The ancestral Ne of these subspecies has been estimated
at ;400,000–500,000 (Geraldes et al. 2011) and is closest
to the estimated current Ne of M. m. castaneus. Therefore,
changes in Ne may lead to overestimates of a in M. m.
domesticus and M. m. musculus and underestimates of a
in M. m. castaneus (see Discussion). Finally, we note that
the wild-caught M. m. castaneus were sampled from the
presumed ancestral range of house mice, whereas wild-
caught M. m. musculus and M. m. domesticus were sampled
from derived populations.

We addressed the potential effects of these demographic
phenomena in three ways. First, as stated above, we
repeated our analyses with different thresholds for polymor-
phism. Second, we used STRUCTURE to test for evidence
of admixture between subspecies and for evidence of
further subdivision within each subspecies (Pritchard et al.
2000; see supplementary analyses, Supplementary Material
online). Using these results, we repeated our analyses with
subsamples from each subspecies that showed little evi-
dence of subdivision. Third, to make sampling more con-
sistent between subspecies, we expanded our study to
include wild-derived inbred lines (6 in M. m. castaneus,
20 in M. m. domesticus, and 8 in M. m. musculus; supple-
mentary table 2, Supplementary Material online). By doing
so, we increased both the number of alleles sampled and
the geographic range of the samples, including alleles from
the ancestral and derived ranges of each subspecies. Using
this expanded sample, we again repeated the estimation
of a (see supplementary analyses, Supplementary Material
online). As seen below, results were similar for all analyses.

Results

Estimates of a
Estimates of the NI and of a for each of the three subspecies
of M. musculus are given in table 1. Whether low-frequency
polymorphisms were excluded or not, M. m. castaneus had
the largest values of a (0.37–0.43), whereas estimates for
M. m. domesticus and M. m. musculus were much smaller
(0.10–0.16 and 0.10–0.13, respectively). Notably, it is only in
M. m. castaneus that CIs for a did not include zero. Esti-
mates of Ne were taken from the literature and are based
on data from resequencing studies (supplementary table 1,
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Supplementary Material online). The wide range of values
for Ne for each subspecies reflects uncertainty in the gen-
eration time and associated estimates of mutation rate as
well as differences in the methods employed. Nonetheless,
there is broad agreement between estimates of Ne and a;
estimates of a and Ne are largest in M. m. castaneus,
whereas estimates of both Ne and a for M. m. musculus
and M. m. domesticus are smaller. To account for the var-
iation in Ne introduced by differences in assumptions
regarding generation time and mutation rate, we plotted
estimates of a against published estimates of nucleotide
diversity (supplementary table 1, Supplementary Material
online) as a proxy for Ne (fig. 1).

It is important to note that although a is defined as the
contribution of positive selection to amino acid substitu-
tion, estimates of a are influenced not only by the ratio of
replacement to silent fixed differences but also by the ratio
of replacement to silent polymorphism. Therefore, more
effective positive selection can be confounded with more
effective purifying selection. A simple comparison of the
ratios of replacement to silent polymorphisms and ratios
of replacement to silent fixations among subspecies in
our study suggests that both purifying selection and positive
selection are more effective in M. m. castaneus, contributing
to higher overall estimates of a (table 1). The ratio of re-
placement to silent polymorphism, which reflects purify-
ing selection, is lower in M. m. castaneus than in either
M. m. musculus or M. m. domesticus, whereas the ratio
of replacement to silent fixed differences, which reflects
adaptive fixation, is higher in M. m. castaneus than in ei-
ther M. m. musculus or M. m. domesticus.

The use of a closely related outgroup can result in biased
estimates of a when diversity is high relative to divergence
(Keightley and Eyre-Walker 2012). One potential source of
bias is the misattribution of polymorphism to divergence,
particularly when a single allele is sampled from either the
focal taxon or the outgroup. Neutral polymorphisms mis-
attributed to divergence tend to dilute estimates of a,T
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FIG. 1. Average estimate of a for each subspecies of Mus musculus
versus average estimate of nucleotide diversity, hp. Vertical error
bars reflect the range of CIs for a estimates derived using different
polymorphism cutoffs. Horizontal error bars reflect the range of
reported estimates of hp.
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whereas slightly deleterious mutations tend to inflate es-
timates of a. Bias may also result from the contribution of
ancestral polymorphism to divergence and from the differ-
ences in rates of fixation of neutral and advantageous al-
leles (Keightley and Eyre-Walker 2012). In this study, we
sampled multiple individuals of the focal taxon and a single
allele from the outgroup because it allowed us to survey
more sites. However, we addressed the potential misattri-
bution of polymorphism to divergence by repeating the
analysis using genotype data for five additional inbred
lines of M. spretus only counting fixed differences when
there was no variation segregating in M. spretus. Results
were similar (supplementary table 3, Supplementary
Material online).

The Impact of Population Structure and
Demography
Population structure and changes in population size can re-
sult in biased estimates of a. We found no evidence for sig-
nificant admixture among subspecies in our wild-caught
samples, a result that is in agreement with previous analysis
(Yang et al. 2011). We also found no evidence for hidden
structure within M. m. domesticus (see supplementary
analyses, Supplementary Material online). There was evi-
dence for subdivision within our samples of M. m. casta-
neus and M. m. musculus (see supplementary analyses,
Supplementary Material online). However, we estimated
a again for both subspecies using the largest sample for
which there was no evidence of subdivision (eight individ-
uals for M. m. castaneus and six for M. m. musculus) and
found very similar results (supplementary table 4, Supple-
mentary Material online). Estimates of a for M. m. casta-
neus ranged from 0.39 to 0.43 and for M. m. musculus
from 0.07 to 0.09. Changes in Ne could also affect the in-
terpretation of our results. However, the fact that similar
patterns were obtained using all the data and when
low-frequency polymorphisms were excluded (table 1)
suggests that the bias introduced by changes in Ne may
not be great. In addition, we expanded our sample to in-
clude wild-derived inbred lines from a larger geographic
range for each subspecies (see supplementary analyses,
Supplementary Material online). Although this analysis
does not address the impact of changes in Ne directly, it
does mitigate the potential impact of our sampling on
the effects of such changes. Estimates of a for the expanded
sample were lower in M. m. castaneus (0.26–0.36) and
for M. m. domesticus (�0.09 to 0.04) and slightly higher
for M. m. musculus (0.09–0.14, supplementary table 5,
Supplementary Material online). Nonetheless, consistent
with the wild-caught samples, there was significant evi-
dence for positive selection only in M. m. castaneus.

Discussion

Ne and the Contribution of Positive Selection to
Amino Acid Divergence
Empirical estimates of a have varied widely among taxa
(e.g., Smith and Eyre-Walker 2002; Mikkelsen et al. 2005;

Andolfatto 2007; Boyko et al. 2008; Doniger et al. 2008; Foxe
et al. 2008; Halligan et al. 2010; Ingvarsson 2010; Slotte et al.
2010). The contribution of positive selection to amino acid
divergence is expected to depend on both selective and
demographic processes. However, previous comparisons
of a among taxa have largely been restricted to groups that
are relatively distantly related, varying in aspects of ecology
and life history and in Ne (but see Jensen and Bachtrog
2011; Strasburg et al. 2011). In this study, we demonstrate
that three closely related taxa with similar ecology and life
history show marked variation in a. Furthermore, as re-
ported for fruit flies and sunflowers (Jensen and Bachtrog
2011; Strasburg et al. 2011), observed variation in estimates
of a among house mouse subspecies is consistent with dif-
ferences in estimates of Ne.

Our analyses were based on polymorphism and diver-
gence in ascertained SNPs rather than in DNA sequence
data, allowing us to survey the genome broadly. Ascertain-
ment bias in a form that could affect our results seems
unlikely (see Materials and Methods), and comparison
of levels of variation among polymorphic sites in the three
subspecies provides evidence that ascertainment was not
dramatically different among subspecies. In addition, our
results for M. m. castaneus are consistent with previously
published estimates of a based on DNA sequence analysis.
Halligan et al. (2010) used resequencing data from 77 au-
tosomal loci to estimate a for M. m. castaneus collected
from the same geographic region surveyed in our study.
Using a variety of different methods, their estimates of a
based on comparisons among 0-fold and 4-fold degenerate
sites ranged from 0.22 to 0.57. Despite using different out-
groups, their estimates are in good agreement with ours
(0.37–0.43). However, it is worth considering how ascer-
tainment bias could affect our results. If the SNPs were pri-
marily discovered in M. m. domesticus, then they may be
expected to be at higher frequencies in M. m. domesticus
than in M. m. castaneus. Since deleterious replacement mu-
tations will mostly be in excess on the low-frequency end,
ascertainment bias could result in a higher ratio of replace-
ment to silent polymorphism in the subspecies in which
the SNPs were not ascertained. In this case, we observed
the opposite pattern: M. m. castaneus has the lowest rates
of replacement to silent polymorphism.

Population Structure, Changes in Ne, and Estimates
of a
Population structure and changes in Ne are predicted to
affect estimates of a. In this study, the potential impact
of demography is particularly relevant because of the close
relationship between the subspecies. Exploring the relation-
ship between Ne and the contribution of positive selection
to amino acid substitution using recently diverged taxa has
the advantage of minimizing the effects of differing biology.
However, recently diverged taxa necessarily share evolu-
tionary history, having evolved together away from the
outgroup until the time of their divergence. In this case,
the three subspecies of M. musculus diverged from each
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other ;500,000 years ago, whereas they diverged from
M. spretus ; 1 Ma. Therefore, the time during which they
experienced differences in Ne is relatively short. As
a result, estimates of a may be particularly influenced
by the effects of changes in Ne reflected in patterns of
polymorphism rather than differences in positive selec-
tion reflected in patterns of divergence (Keightley and
Eyre-Walker 2012).

Ideally, a could be estimated using a lineage specific ap-
proach. Because there is limited power for such an approach
with this data set, it is important to consider the potential
impact of shared evolutionary history and changes in Ne on
the interpretation of results. Estimates of the ancestral Ne

range from ;400,000 to ;500,000 (Geraldes et al. 2011),
slightly smaller than estimates of Ne for M. m. castaneus
and substantially larger than estimates of Ne for M. m. mus-
culus or M. m. domesticus. Although increases in Ne in M.m.
castaneus are predicted to lead to underestimates of a,
population contractions in M. m. domesticus and M. m.
musculus may have resulted in overestimates of a due
to the fixation or near fixation of slightly deleterious mu-
tations segregating prior to the bottlenecks. Both of these
potential biases suggest that the inference of more positive
selection in M. m. castaneus relative to the other two sub-
species is conservative. Nevertheless, specific biases are dif-
ficult to predict without more detailed information on the
demographic history of the subspecies. The nature of ascer-
tained SNPs prevents the application of methods based on
the SFS that have been developed to better account for com-
plex demographic scenarios (Keightley and Eyre-Walker
2007; Eyre-Walker and Keightley 2009). However, we have
attempted to test the robustness of our result repeating
our analysis with different thresholds for polymorphism,
with subsamples to reduce population subdivision within
subspecies, and with additional sampling of wild-derived
inbred lines to cover a broader geographic range across
the subspecies. We consistently found evidence of a sig-
nificant contribution of positive selection to amino
acid substitution for the subspecies with the largest
Ne, M. m. castaneus, whereas finding little evidence of
positive selection in the other two subspecies.

Importantly, we also found evidence that purifying se-
lection is more effective in the species with the largest
Ne, M. m. castaneus. Estimates of a depend on both the
ratio of replacement to silent fixed differences, which re-
flects positive selection, and the ratio of replacement to
silent polymorphisms, which reflects purifying selection.
Our results underscore that dependence and caution
against the strict interpretation of differences in a among
taxa as evidence for differences in adaptive substitution.

This study is among the first genome-wide attempts
to compare estimates of a among close relatives that
occupy similar niches but differ in Ne. The marked and
consistent differences in estimates of a among the subspe-
cies observed in this study suggest that this system is
well suited for further investigation of the impact of Ne

on the efficacy of selection. The likely complex demo-
graphic histories of the subspecies add to that potential,

providing an opportunity to test theoretical predictions
in wild populations.

Supplementary Material
Supplementary analyses, tables 1–9, figures 1 and 2, and
data table 1 are available at Molecular Biology and Evolution
online (http://www.mbe.oxfordjournals.org/).
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