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Abstract

Recent studies comparing genome-wide polymorphism and divergence in Drosophila have found evidence for a surprisingly
high proportion of adaptive amino acid fixations, but results for other taxa are mixed. In particular, few studies have found
convincing evidence for adaptive amino acid substitution in plants. To assess the generality of this finding, we have sequenced
257 loci in the outcrossing crucifer Capsella grandifiora, which has a large effective population size and low population
structure. Using a new method that jointly infers selective and demographic effects, we estimate that 40% of amino acid
substitutions were fixed by positive selection in this species, and we also infer a low proportion of slightly deleterious amino
acid mutations. We contrast these estimates with those for a similar data set from the closely related Arabidopsis thaliana and
find significantly higher rates of adaptive evolution and fewer nearly neutral mutations in C. grandiflora. In agreement with
results for other taxa, genes involved in reproduction show the strongest evidence for positive selection in C. grandiflora. Taken
together, these results imply that both positive and purifying selection are more effective in C. grandiflora than in A. thaliana,
consistent with the contrasting demographic history and effective population sizes of these species.
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Introduction

Clarifying the contribution of neutral, beneficial, and del-
eterious changes to DNA diversity and evolution is of cen-
tral interest in evolutionary genetics. Over the last several
decades, the predominant model has been the neutral the-
ory, first proposed by Kimura (1968), which assumes that
the majority of changes that we observe as polymorphism
or divergence in DNA sequences are selectively neutral.
Although alternative models that allocate a greater role
to positive selection have been proposed (Gillespie 2000,
2001), the neutral theory has dominated research in
molecular evolution and population genetics, and it has
contributed useful null models for testing selection.
Recently, results on the prevalence of adaptive evolution
in Drosophila have begun to call the general validity of the
neutral theory into question (reviewed in Hahn 2008; Sella
et al. 2009). Indeed, several studies have found evidence for
a surprisingly high proportion of adaptive amino acid sub-
stitutions of about 40-50% in Drosophila (Smith and Eyre-
Walker 2002; Bierne and Eyre-Walker 2004; Andolfatto 2005;
Welch 2006; Begun et al. 2007; Eyre-Walker and Keightley
2009; but see Sawyer et al. 2003). These estimates were ob-
tained using extensions of the classic McDonald-Kreitman
(MK) test (McDonald and Kreitman 1991) that use data on
polymorphism and divergence in order to estimate the pro-

portion of adaptive substitutions between lineages, o
(Charlesworth 1994; Fay et al. 2001; Smith and Eyre-Walker
2002; Bierne and Eyre-Walker 2004; Eyre-Walker and Keight-
ley 2009). Based on these results and evidence for a genome-
wide effect of positive selection on neutral diversity, it has
been proposed that population geneticists should abandon
the neutral theory in favor of models that incorporate recur-
rent positive selection (Hahn 2008).

Whereas data for Drosophila show consistently high
proportions of adaptive fixations, results for other taxa
are mixed. In humans, there is evidence for a general excess
of nonsynonymous polymorphism indicative of the prev-
alence of slightly deleterious mutations, and estimates of o
are low, ranging from zero (Chimpanzee Sequencing and
Analysis Consortium 2005; Zhang and Li 2005) up to
10-20% (Boyko et al. 2008). An excess of low-frequency
nonsynonymous polymorphism is also seen in Saccharo-
myces (Doniger et al. 2008; Liti et al. 2009), whereas
the fraction of adaptive nonsynonymous substitutions in
Escherichia coli appears to be extremely high (>50%;
Charlesworth and Eyre-Walker 2006). A recent study on
the house mouse subspecies Mus musculus castaneus also
found evidence for a high proportion of adaptive substitu-
tions (57%; Halligan et al. 2010), whereas intermediate val-
ues of o have been estimated for chicken (~20%; Axelsson
and Ellegren 2009) and in the long-lived outcrossing forest
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tree Populus tremula (~30%; Ingvarsson 2010). Apart from
the recent results for Populus, widespread adaptive amino
acid substitution seems to be rare in plant taxa (Gossmann
T, Song B-H, Windsor AJ, Mitchell-Olds T, Eyre-Walker A,
unpublished data). For instance, the selfing plant Arabidop-
sis thaliana exhibits an excess of nonsynonymous polymor-
phism and shows little evidence for adaptive substitutions
(Bustamante et al. 2002; Nordborg et al. 2005; Kim et al.
2007), and similar results were found for its close outcross-
ing relative A. lyrata (Foxe et al. 2008).

It is of considerable interest to understand why the pro-
portion of adaptive substitutions and slightly deleterious
polymorphism differs so much between taxa (Sella et al.
2009). One general possibility is that differences in effective
population size are influencing the substitution rate of ben-
eficial mutations and the efficacy of both positive and neg-
ative selection (Ohta 1973). In small populations, the rate
of adaptive substitution is reduced, slightly deleterious mu-
tations can fix by random genetic drift, and the level of
deleterious polymorphism can be increased; differences
in effective population size may thus drive substantial dif-
ferences in patterns of selected polymorphism and diver-
gence across species (Ohta 1973, 1992; Kimura 1983). The
relationship between the rate of adaptive substitutions and
effective population size may not be linear, however, and
more complicated models including multiple loci, linkage,
and/or environmental fluctuations often predict a nonlin-
ear relationship where the rate of adaptive substitution lev-
els off with increasing population size (Gillespie 2000, 2004;
for an overview, see Lynch 2007).

A number of studies have found a correlation between
population size and levels of constraint on protein sequen-
ces, consistent with the idea that the efficacy of purifying
selection varies with the effective population size (Akashi
1996; Eyre-Walker 2002; Lindblad-Toh et al. 2005; Woolfit
and Bromham 2005; Popadin et al. 2007; Wright and
Andolfatto 2008; Ellegren 2009). It is also conceivable that
the efficacy of positive selection and thereby the proportion
of adaptive substitutions vary with the effective population
size (Eyre-Walker 2006; Betancourt et al. 2009; Sella et al.
2009; but see Bachtrog 2008). In agreement with this, several
large-scale genomic studies have found evidence for differ-
ences in the efficacy of selection across genomic regions that
differ in their recombination rates and are expected to ex-
perience different effective population sizes (Kliman and
Hey 1993; Presgraves 2005; Haddrill et al. 2007; Betancourt
et al. 2009; but see Bullaughey et al. 2009). The contrast be-
tween estimates of « for humans with those for Drosophila
and M. musculus castaneus is consistent with a population
size effect as both Drosophila and M. musculus castaneus
have considerably larger effective population size than hu-
mans and also show higher o (Eyre-Walker and Keightley
2009; Halligan et al. 2010). Likewise, a high estimate of o
is obtained for E. coli, which has an extremely large effective
population size (Charlesworth and Eyre-Walker 2006).

Another possible factor influencing adaptive substitu-
tion is population structure. Analytical work suggests that
population structure affects the rate of adaptation mainly
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through its effects on the effective population size, but
population subdivision can also hinder the fixation of ben-
eficial mutations under models where offspring production
is constant for all demes (Whitlock 2003). Indeed, there is
strong population differentiation in several species that ap-
pear to have a low proportion of adaptive substitutions (A.
thaliana, Nordborg et al. 2005; Bakker et al. 2006; Ostrowski
et al. 2006; Schmid et al. 2006; Frangois et al. 2008; A. lyrata,
Muller et al. 2008; Ross-lbarra et al. 2008; Saccharomyces
cerevisiae and S. paradoxus, Liti et al. 2009). So far, however,
there are not enough data points to draw any firm conclu-
sions about the factors that govern the proportion of adap-
tive substitutions, and the compared organisms differ in
numerous other biological aspects than their effective pop-
ulation size and population structure. Furthermore, because
the effect of population size on substitution rates depends on
the distribution of fitness effects (DFE) of new mutations, it
would be preferable to assess this distribution as well as the
proportion of adaptive fixations (Woolfit 2009).

Here, we sequenced 257 loci across the genome of
Capsella grandiflora, an annual crucifer that is closely re-
lated to A. thaliana (divergence time ~10 Ma; Koch et al.
2000). Capsella grandiflora is an obligate outcrosser with
evidence for a long-term stable and large effective pop-
ulation size (N, ~500,000) and little population struc-
ture (Foxe et al. 2009). We therefore expect natural
selection to be highly efficient in this species. Here, we
estimate the proportion of nonsynonymous substitu-
tions fixed by positive selection, as well as the distribu-
tion of deleterious fitness effects of new nonsynonymous
mutations, using a new method that jointly estimates
and corrects for demographic changes (Eyre-Walker
and Keightley 2009).

We contrast our estimates for C. grandiflora with those for
asimilar data set from A. thaliana and find evidence for both
a significantly higher rate of adaptive nonsynonymous fixa-
tions in C. grandiflora and a significantly lower proportion of
nearly neutral nonsynonymous mutations in C. grandiflora.
Altogether, these results imply that both positive and puri-
fying selection are more efficient in C. grandiflora than in A.
thaliana, in line with expectations given the demographic
history and effective population sizes of these species.

Materials and Methods

Data

We designed primers in exonic regions conserved between
A. thaliana and Brassica rapa using Primer3 (Rozen and
Skaletsky 2000), without regard to gene function. As targets
for primer design, we extracted exons that were at least 800
bp long and had a Blast hit to a B. rapa GSS sequence from
A. thaliana Col pseudochromosomes (GenBank accession
numbers: NC_003070.6, NC_003071.4, NC_003074.5,
NC_003075.4, and NC_003076.5). A total of 527 primer
pairs were designed using this strategy. In addition, we de-
signed 65 primer pairs to amplify exonic regions in candi-
date genes for flower development, based on Gene
Ontology  annotation  (GO:0048444,  GO:0048451,
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GO:0048446, GO:0048498, GO:00110093, GO:0048441,
GO:0048433, and GO:0048497).

We extracted genomic DNA from six C. grandiflora in-
dividuals (12 haploid genomes) from five populations
(supplementary text and supplementary table S1, Supple-
mentary Material online), one C. rubella individual, and
one individual of the outgroup species Neslia paniculata,
using a DNeasy kit (Qiagen, Hilden, Germany). Polymerase
chain reaction (PCR) amplifications were performed in
25-ul volumes, and PCR products were sequenced on
an ABI 3730 sequencer at the Genome Quebec Innovation
Centre (McGill University, Canada). Sequences were base-
called using phred v. 0.020425.c (Ewing and Green 1998;
Ewing et al. 1998) and trimmed to yield an error rate of
<0.05 for each strand and full overlap of sequences on
both strands. Heterozygous single nucleotide polymor-
phisms were scored using the “call secondary peaks” op-
tion in Sequencher v. 4.6 (Gene Codes Corporation, Ann
Arbor, MI) or using PolyPhred (Nickerson et al. 1997;
Rieder et al. 1998) as implemented in CodonCode Aligner
v. 2.0.6 (CodonCode Corporation, Dedham, MA). We in-
spected chromatograms manually to verify basecalls at all
heterozygous positions and discarded loci exhibiting dou-
ble peaks in the selfing C. rubella to avoid inclusion of
highly similar duplicate loci. In total, we obtained reliable
C. grandiflora sequences for 347 loci. For each locus, we
used BlastN to check that we had amplified the intended
gene and extracted the homologous A. thaliana region for
annotation. We aligned nucleotide sequences based on
their translated amino acid sequences using T-COFFEE
(Notredame et al. 2000). Codons that had positions with
alignment gaps or missing data were removed prior to
analyses. Here, we present analyses of 257 loci for which
we obtained a minimum of eight haploid C. grandiflora
sequences as well as a sequence for the outgroup species
N. paniculata. Primer sequences are given in supplemen-
tary table S3, Supplementary Material online. A total of 29
of these loci are candidate loci for flower development,
but all analyses presented are based on the full data
set as estimates of o for candidate and background
loci were not significantly different (supplementary text,
Supplementary Material online). Sequences have been
submitted to GenBank under accession numbers
GU947896-GU949534.

For analyses of A. thaliana polymorphism and diver-
gence to A. lyrata, we used data from Nordborg et al.
(2005) with alignments to A. lyrata from Foxe et al.
(2008). We filtered this data set to obtain a scattered sam-
ple representing worldwide diversity in A. thaliana by
selecting 20 individuals from different populations (supple-
mentary text, Supplementary Material online) and exclud-
ing loci of <60-bp aligned length after removing codons
with missing data. The analyzed A. thaliana data set con-
tained a total of 483 loci.

Sequence Analysis
We obtained estimates of the distribution of deleterious
fitness effects of new nonsynonymous mutations and

the proportion of nonsynonymous divergence driven by
positive selection (o) using the method of Eyre-Walker
and Keightley (2009) (http://homepages.ed.ac.uk/eang33/)
with confidence intervals (Cls) and standard errors de-
rived from 200 bootstrap replicates with resampling over
loci. For these analyses, synonymous sites were assumed
to evolve neutrally, and we obtained estimates of the
DFE and o for nonsynonymous sites. Estimates of the num-
ber of nonsynonymous and synonymous sites and diver-
gence differences were obtained by the method of
Goldman and Yang (1994) using the Codeml program in
PAML (version 4.2b; Yang 2007). We assumed a transi-
tion/transversion bias and estimated codon frequencies
from average nucleotide frequencies at the three-codon
positions (F3 X 4). Synonymous and nonsynonymous site
frequency spectra and summary statistics were obtained
using Polymorphorama, a perl script written by D. Bachtrog
and P. Andolfatto (Bachtrog and Andolfatto 2006). Sum-
mary statistics of polymorphism and divergence at each
locus are found in supplementary tables S3 and S4 (Sup-
plementary Material online), respectively.

We tested whether o and properties of the DFE differed
between C. grandiflora and A. thaliana by comparing esti-
mates from 200 bootstrap replicates for each species, as in
Keightley and Eyre-Walker (2007). Additional estimates of
o were obtained using the maximum likelihood method of
Bierne and Eyre-Walker (2004), allowing constraint, neutral
diversity, and neutral divergence to vary across loci. For
these analyses, we excluded polymorphisms segregating
at <15% and used fixed Jukes—Cantor-corrected diver-
gence differences obtained from Polymorphorama. We
controlled for differences between data sets in the level
of constraint by repeating all analyses of the DFE and
on a subset of 362 A. thaliana loci, which did not differ from
those sequenced in C. grandiflora in terms of dy/ds be-
tween A. thaliana and A. lyrata (supplementary text and
supplementary tables S5, Supplementary Materia online).
As all results remained qualitatively unaltered, we report
analyses based on the full data set in the main text.

To test for selection on individual loci, we conducted
single-locus likelihood ratio tests in MK test 2.0 (Welch
2006; Obbard et al. 2009). For these tests, we compared
the fit of a three-parameter model with o set to zero with
a four-parameter model where o was estimated using a like-
lihood ratio test. We applied false discovery rate (FDR) cor-
rection (Benjamini and Hochberg 1995) to correct for
multiple tests and summarized the MK tables using the
neutrality index (NI), defined as (Pn/Dy)/(Ps/Ds) (Rand and
Kann 1996). Following Li et al. (2008), we plot —log10(NI) after
adding pseudocounts of 1 to each cell of the MK table to
assure the NI was defined. We inspected the A. thaliana an-
notations for all genes that were significant at <5% nominal
significance level. Although the details of gene function and
regulation may differ between Capsella and A. thaliana, the
high coding sequence similarity and large-scale similarity in
gene content between these species (Boivin et al. 2004)
suggest that the A. thaliana gene annotation can be infor-
mative about gene function in Capsella.
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Table 1. Summary Statistics for the Two Analyzed Data Sets. The Total Number of Synonymous and Nonsynonymous Sites Nges,

Polymorphisms (S), and Divergence (K) to the Outgroup Are Given.

Species Site Class Ngites S K? (% T Drajima

Capsella grandifiora Synonymous 32,169 1,686 5,353 0.0228 (0.0179) 0.0230 (0.0185) 0.009 (0.7623)
Nonsynonymous 94,122 491 1,715 0.0019 (0.0025) 0.0018 (0.0024) —0.3449 (0.8701)

Arabidopsis thaliana Synonymous 36,716 943 5,853 0.0077 (0.0103) 0.0072 (0.0117) —0.2504 (1.1043)
Nonsynonymous 109,207 804 3,172 0.0020 (0.0032) 0.0017 (0.0032) —0.4922 (0.9822)

Note—Means of Oy, 7, and Tajima’s D (Drajima) for each site class are listed followed by standard deviations in parentheses.

? Total divergence estimated using PAML.

Results

Polymorphism and Divergence

For this study, we sequenced 257 exonic regions in C.
grandiflora and the outgroup species N. paniculata. Neslia
was chosen as an outgroup because of its appropriate
phylogenetic distance and large-scale chromosomal col-
linearity with Capsella (Lysak et al. 2006). In addition,
we analyzed data for 483 exonic regions sequenced in
A. thaliana as part of a large-scale assessment of polymor-
phism (Nordborg et al. 2005) and aligned to A. lyrata in
Foxe et al. (2008).

The C. grandiflora data set contained a total of 126,291
sites, of which 2,177 were polymorphic in C. grandiflora
and 7,068 exhibited divergence differences to N. paniculata
(table 1). Capsella grandifiora harbored substantial synon-
ymous diversity (mean 6y, and mean 7 = ~2.3%; table 1)
and the mean Tajima’s D at synonymous sites was close to
zero (table 1). At nonsynonymous sites, polymorphism
levels were reduced by about an order of magnitude (mean
0y = 0.19% and mean ©m = 0.18%; table 1) and mean
Tajima’s D was slightly negative for these sites, indicating
a shift in the site frequency spectrum toward low-frequency
polymorphisms (fig. 1).

The A. thaliana data set analyzed here contained a total
of 145,923 sites, with 1,747 intraspecific polymorphisms
and 8,998 divergence differences to A. lyrata. Synonymous
diversity was considerably lower than in C. grandiflora
(mean 6,, = 0.8% and mean © = 0.7%; table 1), although
levels of nonsynonymous polymorphism were similar to

those in C. grandiflora (mean 0, = 0.2% and mean 1 =
0.18%; table 1). Tajima’s D was negative for both synonymous
and nonsynonymous polymorphisms, but the shift toward
low-frequency polymorphisms was more pronounced for
nonsynonymous sites (table 1).

Overall, the average ratio of nonsynonymous to synon-
ymous substitution dy/ds was higher between A. thaliana
and A. lyrata than between C. grandiflora and N. paniculata
(0.22 vs. 0.13), although ds was similar for both comparisons
(C. grandiflora — N. paniculata ds = 0.18 and A. thaliana —
A. lyrata ds = 0.16). However, the difference between
C. grandiflora and A. thaliana in the ratio of nonsynonymous
to synonymous polymorphism was much more pronounced
than the difference in dy/ds (A. thaliana Py/Ps = 0.85 and C.
grandiflora Py/Ps = 0.29; Fisher's exact test P < 2.2 x 10~ '%,
table 1 and fig. 1).

Distribution of Deleterious Fitness Effects and
Proportion of Adaptive Substitutions

We estimated properties of the DFE and o using a new
method that jointly infers and corrects for demographic
changes (Keightley and Eyre-Walker 2007; Eyre-Walker
and Keightley 2009). This method models the deleterious
fitness effects of new mutations in the selected class (here
nonsynonymous mutations) by a gamma distribution with
shape parameter f. Following Eyre-Walker and Keightley
(2009), we compare estimates of the DFE of nonsynony-
mous mutations for C. grandiflora and A. thaliana by as-
sessing the percentage of mutations falling into different
ranges in terms of N.s.

A B
0.5 [ syonyines 1L [ c. grandifiora
A. thaliana
§ [ | Nonsynonymous u
2 Expected 0.020 -
8 04
£
8
= 0.015 1
g 03 2
5 B
g g 0.010
202 _ &
Q
'S
s i 0.005 ~
£ o1 {
o
Q.
8 |
& ’_HT‘ 0.000 - rl .
o U ! L L |
1 2 3 4 Synonymous  Replacement

Derived allele frequency

Fic. 1. (A) Expected and observed synonymous and nonsynonymous site frequency spectra for Capsella grandiflora. (B) Polymorphism levels
(£standard error across loci) at synonymous and nonsynonymous sites in C. grandiflora and Arabidopsis thaliana.
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Table 2. Estimates of the Proportion of Adaptive Nonsynonymous
Substitutions (x) and the Percentage of New Deleterious
Nonsynonymous Mutations Falling Within Different N.s Ranges in
Capsella grandiflora and Arabidopsis thaliana.

Percentage of Mutations
in Nes Range
Species 0-1 1-10 >10 «

C. grandiflora 7 (1-9) 7 (4-21) 86 (77-89) 0.40 (0.21 to 0.89)
A. thaliana 20 (16-25) 14 (7-21) 66 (59-71) —0.08 (—0.46 to 0.15)

NoTe—Point estimates are given, followed by 95% Cls in parentheses.

Based on this method, we find that C. grandiflora and A.
thaliana differ markedly in terms of the proportion of non-
synonymous mutations that are nearly neutral. In C. gran-
diflora, our estimates suggest that there are relatively few
effectively neutral nonsynonymous mutations; only ~7%
fall into this category (N.s = 0-1; table 2). In contrast,
in A. thaliana, ~20% of new nonsynonymous mutations
appear effectively neutral, and the difference between these
proportions is significant (tables 2 and 3). Furthermore, in
C. grandiflora, 86% of new nonsynonymous mutations are
so strongly selected against that they very rarely fix (N.s >
10, following Eyre-Walker and Keightley (2009); table 2),
whereas this proportion is significantly lower, 66% in A.
thaliana (95% Cl: 59-71%; tables 2 and 3).

Our estimates of the proportion of adaptive substitu-
tions also differ significantly between C. grandiflora and
A. thaliana (tables 2 and 3). The point estimate of the frac-
tion of nonsynonymous substitutions fixed by positive se-
lection between C. grandiflora and N. paniculata is 40%, and
although the Cl is wide (95% Cl: 21-89%), it does not en-
compass zero. In contrast, o is not significantly different
from zero for A. thaliana (table 2).

If the set of loci that we analyzed in A. thaliana were less
functionally constrained than those in the C. grandiflora
data set, then this could result in underestimates of
o and an enrichment of nearly neutral mutations in A.
thaliana. To assess this possibility, we examined dy/ds be-
tween A. thaliana and A. lyrata for a subset of the loci
analyzed in C. grandiflora (supplementary text, Supplemen-
tary Material online). There was a weak but significant dif-
ference in dy/ds between A. thaliana and A. lyrata between
the 483 loci analyzed in A. thaliana and loci we sequenced
in C. grandiflora, which may indicate a difference in con-
straint across sets of loci. However, controlling for the dif-
ference in dy/ds, we obtain an even lower estimate of o for
A. thaliana, suggesting that the above comparison is con-
servative (supplementary text and supplementary table S5,
Supplementary Material online). Furthermore, we still infer
a lower proportion of nearly neutral mutations and a higher
proportion of strongly selected mutations in C. grandiflora,
suggesting that differences in gene sets are not driving the
result (supplementary text and supplementary table S5,
Supplementary Material online).

Methods to estimate o that rely on summing counts of
polymorphisms and divergence differences across loci can
be biased if the effective population size varies across the

Table 3. P Values for One-Sided Tests of Significance of
Differences in the DFE and o between Capsella grandiflora and
Arabidopsis thaliana, Based on 200 Pairs of Bootstrap Replicates.

Estimate Null Hypothesis P Value

Effectively neutral

mutations (N.s 0-1) Cg = At <0.005

Strongly deleterious

mutations (N.s >10) Cg < At <0.005
Cg < At <0.005

B Cg < At 0.200

Note—We tested the null hypothesis that the proportion of effectively neutral
mutations for C. grandiflora was greater than or equal to that of A. thaliana. For
strongly deleterious mutations, adaptive substitutions, and the shape parameter
f, the null hypothesis was that values for C. grandiflora were smaller than or
equal to those for A. thaliana. Values reported in the text are two times these
P values.

genome and is correlated with the degree of constraint, and
modified estimators that are insensitive to this effect have
therefore been devised (Smith and Eyre-Walker 2002;
Bierne and Eyre-Walker 2004; Welch 2006). For compari-
son, we therefore estimated o using the maximum likeli-
hood method of Bierne and Eyre-Walker (2004), which
is insensitive to biases resulting from pooling counts across
loci. After excluding low-frequency (<15%) polymor-
phisms, this method gives a slightly lower point estimate
of a for C. grandiflora, about 32% (95% Cl: 19-43%), and
the estimate for A. thaliana is still negative and nonsignif-
icant (95% Cl: —37% to 10%, point estimate —9%). Thus,
these estimates are in good agreement with those obtained
using the method of Eyre-Walker and Keightley (2009).

Tests for Selection on Individual Loci

We conducted MK tests on each individual locus in C.
grandiflora and A. thaliana. We summarized the MK ta-
bles using the NI, defined as (Pn/Dyn)/(Ps/Ds) (Rand and
Kann 1996). Over all tested loci, there was a shift toward
higher values of the negative log of the NI (—log10(NI);
following Li et al. 2008), suggesting a greater prevalence
of positive selection in C. grandiflora (fig. 2). At a nominal
5% significance level, there was an excess of loci exhibiting
a significant deviation from neutrality for C. grandiflora (20
significant tests vs. 13 expected). A total of 17 of these were
in the direction of positive selection (fig.2; supplementary
table S6, Supplementary Material online). In contrast, for
A. thaliana, there were fewer significant genes than expected
(20 significant tests vs. 24 expected; fig. 2; supplementary
table S5, Supplementary Material online), and 15 of these
showed evidence of purifying selection.

Eight loci in the C. grandiflora data set were significant at
an FDR of <10%, whereas no A. thaliana loci were signif-
icant after multiple test correction. The A. thaliana homo-
logs of four of these C. grandiflora loci, including the only
two loci significant at <5% FDR, are associated with plant
reproduction. Three of these loci encode proteins that are
likely involved in pollen development (AT3G52080/CHX28,
AT4G20050/QRT3 and AT4G14080/MEE4S; fig. 2), whereas
the fourth, AT3G46510, encodes a protein that interacts
with a class of receptor kinases similar to the S-locus
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) | AT1G24490
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AT1G12570 +

0.02573 | AT5G 13250 -
AT5G23450 + 0.02678 | AT4G23040 -
AT2G23450 + 0.02776 | AT2G17060 +

AT3G23410 + 0.04830 | AT5G45280 -

AT3G24180 + 0.04887 | ATAG26200 -

A. thaliana

Type of
selection

Reproduction
P-value Biotic/abiotic stress
0.00255 Other/unknown
0.00564
0.00628
0.01495
0.201
3 0154
=4
0.02371 g
2 0.10
0.02402 I
0.02538 0.05+
0.02612 ]
0 r T T T T T 1
0.03002 -15-1.0-05 00 05 1.0 15
0.03130 o
0.03266 C
0.20 7
0.03910
z 0.157
0.04149 &
= 0.10
0.04376 o
w
0.04603 0.05:1
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Fic. 2. (A) P values of single-locus likelihood ratio tests for selection and the direction of deviation (loci with deviations in direction of positive
vs. purifying selection are marked with a + or — sign, respectively) for Capsella grandiflora (left) and Arabidopsis thaliana (right). Values for loci
with significant deviations from neutrality at <5% nominal significance level (significance at <10% FDR is indicated by an asterisk) are shown,
and loci involved in reproduction or biotic/abiotic stress are highlighted in dark or light gray, respectively. (B) Histogram of —log10(NI) for

C. grandiflora and (C) A. thaliana.

receptor kinase that is involved in the self-incompatibility
response (SD1 receptor kinases; Samuel et al. 2008).

Discussion

Our analyses indicate that a substantial proportion, about
40%, of amino acid substitutions in C. grandiflora has been
fixed by positive selection. This contrasts markedly with
a lack of evidence for adaptive fixations in A. thaliana. Fur-
thermore, a significantly lower proportion of new nonsy-
nonymous mutations appear to be nearly neutral in
C. grandiflora than in A. thaliana, and conversely, a higher
proportion of new nonsynonymous mutations are very
strongly selected against in C. grandiflora. Thus, both pos-
itive and purifying selection seem to be more efficient in
C. grandiflora than in A. thaliana.

A difference in the efficacy of selection between C. gran-
diflora and A. thaliana is consistent with contrasts in his-
torical demographics and effective population sizes
between these species. In particular, C. grandiflora is mainly
distributed in a former glacial refugial area and appears to
have had a stable and large effective population size with
little geographical structure (Foxe et al. 2009), whereas A.
thaliana exhibits lower levels of genetic variation and stron-
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ger population differentiation and has undergone a rela-
tively recent and possibly human-mediated spread
(Nordborg et al. 2005; Frangois et al. 2008; Platt et al.
2010). The effective population size affects the rate of fix-
ation of adaptive mutations under models where the rate
of adaptation is limited by the appearance of new positively
selected alleles (Gillespie 1994), and strong population
structure can hinder the fixation of such alleles (Whitlock
2003). A higher proportion of slightly deleterious nonsy-
nonymous mutations in A. thaliana than in C. grandiflora
is consistent with theoretical predictions from the nearly
neutral theory, according to which species with a smaller
effective population size should harbor a greater propor-
tion of sites that are effectively neutral if a substantial pro-
portion of mutations have small selection coefficients
(Ohta 1992). Given our estimates, the number of slightly
deleterious nonsynonymous substitutions may be three
times higher in A. thaliana than in C. grandiflora.

One possible limitation of our approach is that it does
not account for local adaptation; inferences based on the
MK test in global samples can only detect positive selec-
tion causing species-wide fixation. Although our results
clearly suggest a higher global rate of adaptive evolution
in C. grandiflora, we cannot rule out the possibility of
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extensive local adaptation in A. thaliana. If local adapta-
tion were more frequent in A. thaliana than in C. grandi-
flora, we may be underestimating rates of adaptive
substitution and overestimating the slightly deleterious
fraction in A. thaliana. However, recent analysis of within-
and between-population samples in A. lyrata implies
that weak purifying selection on amino acids predomi-
nates in both local and global samples, suggesting that
high rates of local positive selection on amino acids
may be unlikely (Foxe et al. 2008). Furthermore, rampant
genome-wide positive selection on amino acids within
populations may be unlikely in A. thaliana, given its recent
expansion and low average within-population diversity
(Bakker et al. 2006; Francois et al. 2008), although more
investigation of the extent of local adaptation is clearly
needed.

Several methodological factors can also lead to biased
estimates of o. First, the presence of slightly deleterious
nonsynonymous mutations can lead to underestimation
of o because these mutations contribute to polymorphism
but not substantially to divergence. Second, the assumed
neutrality of synonymous sites could be violated in the
presence of strong and extensive codon bias. Third, pop-
ulation size expansions can result in overestimates of o be-
cause slightly deleterious mutations can fix by drift when
the effective population size is small (Eyre-Walker 2002).
Segregating slightly deleterious mutations are not a major
concern in our case because the method we used to esti-
mate « explicitly accounts and corrects for this effect (Eyre-
Walker and Keightley 2009). With respect to codon bias,
little is known in Capsella, but in Arabidopsis, codon bias
is generally weak and primarily restricted to a small subset
of very highly expressed genes (Wright et al. 2004), and it is
therefore unlikely to have a major effect on our results. Fi-
nally, our comparison is likely to be conservative in the
presence of population size changes because A. thaliana
appears to have undergone a recent population expansion
(Francois et al. 2008), and our o estimate for A. thaliana
(which was negative and nonsignificant) could actually
be an overestimate. The DFE-alpha method accounts for
a recent population size change when estimating the dis-
tribution of deleterious fitness effects; however, as with
other current MK-based methods, its o estimates are still
sensitive to long-term population size changes. For C. gran-
diflora, the method of Eyre-Walker and Keightley (2009)
does not infer a recent change in population size, in agree-
ment with divergence population genetic analyses that
suggest a stable and large effective population size in C.
grandiflora (Foxe et al. 2009). Thus, we do not expect
our estimate of the proportion of adaptive nonsynony-
mous substitutions in C. grandiflora to be strongly affected
by this source of bias.

When contrasting estimates of « and the DFE between
C. grandiflora and A. thaliana, we have implicitly assumed
that the sets of loci sequenced in the two species are equiv-
alent. If the two data sets differ in their levels of constraint,
this may affect our estimates and confound conclusions
about between-species differences. It has also been shown

that if the effective population size varies across the genome
and is negatively correlated with the degree of constraint,
MK-based methods that sum counts of polymorphism
and divergence changes across loci can be biased (Smith
and Eyre-Walker 2002). However, after controlling for con-
straint, our results are qualitatively unchanged, and it
therefore seems unlikely that a difference in constraint con-
stitutes a major source of bias. Furthermore, we obtain very
similar estimates of « using the maximum likelihood
method of Bierne and Eyre-Walker (2004), which is insen-
sitive to biases due to summing counts across loci (Bierne
and Eyre-Walker 2004). It therefore seems unlikely that the
difference between C. grandiflora and A. thaliana in the
proportion of adaptive fixations is a methodological
artifact.

Based on annotation data, three of the four genes show-
ing strong signs of positive selection in C. grandiflora are
likely to function in plant reproduction. Due to power lim-
itations, we did not conduct a formal test of overrepresen-
tation of specific Gene Ontology categories. Nevertheless,
the fact that several of the individual genes that show the
strongest evidence for positive selection seem to be in-
volved in reproduction is consistent with findings from
other taxa. Indeed, rampant positive selection and rapid
divergence have often been found in proteins involved
in reproduction and defense, most likely as a result of sex-
ual conflict and sperm/pollen competition in the case of
reproductive proteins and coevolutionary arms races in
the case of immunity genes (e.g.,, Fiebig et al. 2004; Schein
et al. 2004; Drosophila 12 Genomes Consortium 2007;
Kosiol et al. 2008; Clark et al. 2009; Obbard et al. 2009). This
result highlights the possibility of variation in selection
across the genome and emphasizes the importance of
exploring the likelihood of models with different selection
parameters (e.g., Obbard et al. 2009).

Here, we have shown that the efficacy of both purifying
and positive selection differs between two closely related
annual plant species that differ in terms of population size
and structure. Our results are parallel to those seen in a re-
cent contrast between the house mouse subspecies
M. musculus castaneus and humans, which also differ mark-
edly in their effective population size (Halligan et al. 2010).
The proportion of adaptive fixations in C. grandiflora seems
to be of a similar magnitude as that in P. tremula, a tree
species with a large effective population size and low levels
of population structure (Ingvarsson 2010), whereas our re-
sults for A. thaliana agree with the previous findings of an
excess of onsynonymous polymorphism in this species (e.g,
Nordborg et al. 2005; Kim et al. 2007) as well as with patterns
seen in the close outcrossing relative A. lyrata which is also
strongly structured (Foxe et al. 2008). Our results are con-
sistent with theoretical predictions on the efficacy of both
positive and purifying selection, and this study constitutes
one of the first to find convincing evidence for a high pro-
portion of adaptive fixations in an annual plant. Future stud-
ies should aim to explore the effects of population structure
and local adaptation on adaptive evolution and our ability to
detect it.
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Supplementary text and tables S1-S6 are available at Mo-
lecular Biology and Evolution online (http://www.mbe
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