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Abstract

Because mating systems affect population genetics and ecology, they are expected to impact the molecular evolution of
species. Self-fertilizing species experience reduced effective population size, recombination rates, and heterozygosity,
which in turn should decrease the efficacy of natural selection, both adaptive and purifying, and the strength of meiotic
drive processes such as GC-biased gene conversion. The empirical evidence is only partly congruent with these predic-
tions, depending on the analyzed species, some, but not all, of the expected effects have been observed. One possible
reason is that self-fertilization is an evolutionary dead-end, so that most current selfers recently evolved self-fertilization,
and their genome has not yet been strongly impacted by selfing. Here, we investigate the molecular evolution of two
groups of freshwater snails in which mating systems have likely been stable for several millions of years. Analyzing coding
sequence polymorphism, divergence, and expression levels, we report a strongly reduced genetic diversity, decreased
efficacy of purifying selection, slower rate of adaptive evolution, and weakened codon usage bias/GC-biased gene con-
version in the selfer Galba compared with the outcrosser Physa, in full agreement with theoretical expectations.
Our results demonstrate that self-fertilization, when effective in the long run, is a major driver of population genomic
and molecular evolutionary processes. Despite the genomic effects of selfing, Galba truncatula seems to escape the
demographic consequences of the genetic load. We suggest that the particular ecology of the species may buffer the
negative consequences of selfing, shedding new light on the dead-end hypothesis.

Key words: mating systems, molecular evolution, freshwater snails, selfing, selection, base composition.

Introduction
Life-history and ecological traits are expected to influence
genome organization and evolution through their effects on
population genetic processes (Lynch 2007). In particular,
mating systems affect fundamental population genetic pa-
rameters, such as effective population size, recombination
rates, and the efficacy of natural selection. Therefore, they
potentially influence patterns of polymorphism, rates of mo-
lecular evolution, and genomic base composition (Jarne 1995;
Charlesworth and Wright 2001; Wright et al. 2008; Gl�emin
and Galtier 2012). Selfing is a widely distributed reproductive
mode, fairly common in various families of plants and animals
(Vogler and Kalisz 2001; Jarne and Auld 2006). Compared
with outcrossing, selfing is expected to reduce the effective
population size, Ne, because of nonindependent gamete sam-
pling and prevalence of genome-wide homozygosity (Pollak
1987; Nordborg 2000). All other things being equal,
Ne = N/(1 + FIS), where FIS is the Wright’s inbreeding coeffi-
cient, and N the effective size under panmixia, so that Ne is
halved in case of complete self-fertilization (when FIS = 1). Ne

is expected to be reduced further 1) by hitchhiking effects,
such as background selection (Charlesworth et al. 1993;
Kamran-Disfani and Agrawal 2014), because selfing also redu-
ces effective recombination rates (Nordborg 2000); and 2) by
bottleneck effects, which are thought to be more frequent in
selfers because a single or a few individuals can create a new
population (Schoen and Brown 1991; Jarne 1995). At the
species levels, stronger population genetic structure (higher
FST) is expected in selfers than in outcrossers, because of both
higher local genetic drift and reduced gene flow through the
male function (for organisms that disperse during the male
haploid phase). High FST can increase global Ne (Whitlock and
Barton 1997); however, when extinction–recolonization dy-
namics occur, selfing also reduces Ne at the species level
(Ingvarsson 2002). This should be reinforced by the local re-
duction of Ne through hitchhiking effects.

As levels of neutral genetic diversity are proportional to
Ne�, where � is the mutation rate, lower polymorphism
levels are expected in selfers, both at the population and
the species level (table 1). Along the same lines, the efficacy
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of selection, which depends on Nes (where s is the selection
coefficient; Kimura 1983), should be lower in selfing species
(table 1). If a large fraction of mutations are weakly deleteri-
ous, as supported empirically (Eyre-Walker and Keightley
2007), we thus expect higher nonsynonymous versus synon-
ymous polymorphism (�N/�S) and divergence (dN/dS) ratios
in selfing than in outcrossing lineages, reflecting the accumu-
lation and fixation of deleterious mutations (Gl�emin 2007).
For moderate to high selfing rates, purifying selection is also
predicted to be reduced in subdivided populations (Roze and
Rousset 2004). However, strongly deleterious and partly re-
cessive mutations should be more easily purged in selfing
species, somewhat leveling the above-mentioned effect
(Gl�emin 2003). On the other hand, fixation of advantageous
alleles should be reduced in selfers (at least when they are not
too recessive), lowering the rate of adaptive substitutions
(Gl�emin 2007). Similarly, bias in codon usage is expected to
be weaker in selfers due to reduced efficacy of selection on
translational speed/accuracy. Finally, mating systems
might also affect the genome base composition through
GC-biased gene conversion (gBGC, hereafter), a recombina-
tion-associated mechanism favoring G and C bases during
mismatch repair occurring at meiosis (Marais 2003). gBGC
is expected to be null or very low in selfers (table 1) as it
occurs only at heterozygous sites (Marais et al. 2004). Beyond
genome-wide effects, specific genes or gene categories should
also exhibit strong contrasting patterns between selfers and
outcrossers (table 1). For instance, direct selection intensity
(s not only Nes) should be relaxed in selfers at some genes
involved in reproduction (especially male expressed genes;
Slotte et al. 2010) or genomic conflicts (Kawabe et al. 2007;
Spillane et al. 2007).

Published empirical studies have addressed almost exclu-
sively plant species (reviewed in Gl�emin and Galtier 2012;
Gl�emin and Muyle 2014). They mainly agree with theoretical
predictions regarding nucleotide diversity, that is, lower �S

and higher �N/�S in selfers (Gl�emin and Muyle 2014).
However, patterns of divergence (dN/dS and adaptive substi-
tution rates) and base composition comparisons are less
clear-cut (e.g., Wright et al. 2002; Cutter et al. 2008; Haudry

et al. 2008; Escobar et al. 2010; but see Qiu et al. 2011). Several
reasons have been proposed to explain this. First, selfing could
be of too recent origin, so that its impact would only be
detectable at a short time scale (i.e., polymorphism; Wright
et al. 2002; Bechsgaard et al. 2006; Cutter et al. 2008; Escobar
et al. 2010): If selfing has evolved recently relative to the spe-
cies divergence time, its effects concern only a small fraction
of the overall divergence, which would therefore not reflect
the effect of extant mating systems. Second, if nonsynony-
mous substitutions were predominantly adaptive, this would
reverse the prediction of an increased dN/dS in selfers (Lanfear
et al. 2014). Finally, it has been shown that gBGC can coun-
teract selection and lead to the fixation of weakly deleterious
GC alleles in highly recombining regions (Galtier et al. 2009;
Gl�emin 2010), which could contribute to increase dN/dS in
outcrossing species (Haudry et al. 2008).

In this article, we assess the main predictions on the effects
of mating system on molecular evolution with empirical data,
trying to control for the main issues mentioned above. To
disentangle the signatures of purifying and positive selection,
we analyzed polymorphism and divergence patterns and ad-
dressed the possible interaction between gBGC and selection
from transcriptomic data in two groups of hermaphroditic
freshwater snails (pulmonate gastropods) with similar biology
and ecology but contrasting mating systems—outcrossing
versus selfing. This group of snails is the best studied animal
group with regards to mating system (Escobar et al. 2011, and
references therein). Estimates of selfing rate, inbreeding de-
pression, and waiting time to selfing are available for many
species, based on genetic and reproductive biology data.
Within the group, predominantly outcrossing species show
high inbreeding depression and long waiting times. Among
them, we choose Physa acuta and Physa gyrina (as outgroup),
with estimated outcrossing rates greater than 90% (Henry
et al. 2005; Escobar et al. 2011) and greater than 70%
(Escobar et al. 2011), respectively. Predominantly selfing spe-
cies, instead, show low inbreeding depression and no waiting
time. Among them, we selected Galba truncatula, with esti-
mated outcrossing rates less than 2% (Trouv�e et al. 2003;
Meunier et al. 2004), and Galba cubensis (outgroup) that
shows extremely low heterozygosity and polymorphism
at 16 microsatellite markers (Lounnas M, Vazquez AA,
Hurtrez-Bouss�es S, unpublished data) and presents morpho-
logic and behavior characteristics typical of selfing species
(Correa et al. 2011).

Our species choice is particularly well suited to our pur-
pose for several reasons. First, the two focal species, P. acuta
and G. truncatula, show similar key life-history traits, ecolog-
ical features, and distribution, so that we would not expect
significant difference in the species-level effective population
sizes between them beyond the effect of mating system.
Actually, they show similar reproductive traits, such as life
span, number of generations per year (Heppleston 1972; Li
et al. 2014), adult and egg size (Tsitrone et al. 2003; Bargues
et al. 2011; Awdziejczyk and Jaeckle 2012). In particular, the
propagule/adult size ratio, which has been shown to be a
major determinant of the genetic diversity at the species
level in animals (Romiguier et al. 2014), is very similar between

Table 1. Effects of Mating System on Genomic Features According
to Predictions and Observed in This Study.

Predicted Observed

Outcrossing Selfing

Polymorphism + � Yes

Populations structure (FIS, FST) � + Yes

Selection efficacy
(purifying selection,
adaptive selection,
selection on codon usage)

+ � Yes

Sexual conflicts
(rapid evolution of
male gametes)

+ � No

gBGC + � Yes

NOTE.—FIS, heterozygote deficiency due to inbreeding; FST, heterozygote deficiency
due to population structure.

2404

Burgarella et al. . doi:10.1093/molbev/msv121 MBE
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/32/9/2403/1030594 by Bibliothèque U

niversitaire de m
édecine - N

îm
es user on 17 June 2021



Physa and Galba. Both species occupy permanent and tem-
poral freshwater environments (Henry et al. 2005; Trouv�e
et al. 2005), have cosmopolitan distribution (Dillon et al.
2002; Correa et al. 2010; Bousset et al. 2014) and demonstrate
high colonizing potential (Trouv�e et al. 2005; Bousset et al.
2014). Outgroups P. gyrina and G. cubensis have a narrower
but comparable distribution, North America and the
Neotropics, respectively (Dillon 2000; Correa et al. 2011).
Second, it is very likely that the studied species pairs have
shared the same mating system since their split, such that in
each pair the whole divergence would have occurred under
the same mating system. Each species pair is included in a
well-supported clade (Wethington and Lydeard 2007; Correa
et al. 2010; Dayrat et al. 2011). In the Galba clade (fig. 1), all the
species studied so far based on breeding experiments and/or
molecular markers are predominantly selfing (see references
on fig. 1). The evolution of selfing therefore likely predated
the common ancestor to extant species in this clade.
Consequently, the divergence and the age of selfing of species
analyzed here are probably far more ancient than those esti-
mated for the plant species studied up to now, enough for
selfing to leave a detectable signature. Based on the phylogeny
of Correa et al. (2010), we estimate that the age of the
divergence of Galba species would be at least 20 My (using
fossil calibration, fig. 1) or approximately 23 My (using the
substitution rate of 0.22� 10�8 per site per year estimated in
bivalve mollusks by Coleman and Vacquier [2014]). The esti-
mated ages of divergence between focal and outgroup
in previously studied plant species are comparatively
much more recent—for instance 200,000 years in Capsella
rubella (Slotte et al. 2013), and less than 1 My in Arabidopis
thaliana (Charlesworth and Vekemans 2005; Bechsgaard et al.
2006).

Results
To compare the effect of mating system on genomic patterns,
we used transcriptomic data in the two pairs of closely related
species: The selfers Galba truncatula (focal species) and
G. cubensis (outgroup), and the outcrossers Physa acuta
(focal) and P. gyrina (outgroup). Table 2 summarizes the
main data characteristics and provides the main population
genomic statistics, from initial raw contigs to final analyzed
genes, for all species and species pairs. As expected, the
number of usable genes was lower for the focal–outgroup
species pairs (1,614 and 1,533 for G. truncatula–G. cubensis
and P. acuta–P. gyrina, respectively) than for single focal spe-
cies (3,976 and 3,015 for G. truncatula and P. acuta, respec-
tively). Polymorphism estimates within focal species varied
slightly depending on whether all genes or only genes
shared with the outgroups were analyzed, reflecting a bias
toward more conserved genes among the second gene set,
consistent with Gayral et al. (2013). Among retained genes,
those with a hit to known proteins (e value< 0.001) were
83% and 88% for G. truncatula and for P. acuta, respectively
(76% and 78% of the first hits were assigned to Mollusca,
respectively).

Mating Systems and Polymorphism Patterns

We estimated F, the deviation from Hardy–Weinberg expec-
tation. This is equivalent to FIT and mainly corresponds to FIS

for selfing species and to FST for outcrossing ones. First, we
assumed panmixia (F = 0) in the genotype calling and paralog
filtering procedure for all species (see Materials and Methods).
We found F = 0.91 for G. truncatula, confirming its highly
inbred status. This value was then used for a second run of
single nucleotide polymorphism (SNP) and genotype calling
in G. truncatula and G. cubensis. After this second run, F was
0.98 for G. truncatula. All the results presented below for
G. truncatula come from this latter analysis. The observed
F = 0.23 for P. acuta likely reflects the geographic structure
of the sample. Because this value is rather low, we kept the
value obtained with F fixed to 0 as done in Romiguier et al.
(2014). However, we verified that using F = 0.23 gave very
similar results (supplementary table S1, Supplementary
Material online).

Physa acuta showed a 5-fold higher diversity than G. trun-
catula (mean �S = 0.030 and 0.006, respectively; table 2), con-
sistent with the expectations of a higher Ne associated with
the outcrossing mating system (table 1). To get an insight into
the recent demographic history of the two species, we used

FIG. 1. Phylogenetic relationships among the outcrossing species Physa
acuta (focal) and P. gyrina (outgroup) and the selfing Galba truncatula
(focal) and G. cubensis (outgroup). Modified from references 2 and 12. In
bold the species analyzed in this study. Out, predominantly outcrossing;
Self, predominantly selfing; NA, no data available. References: 1. Bargues
et al. 2011; 2. Correa et al. 2010; 3. Correa et al. 2011; 4. Escobar et al.
2011; 5. Henry et al. 2005; 6. Louna M, Vazquez AA, Hurtrez-Boussès S,
unpublished data; 7. Meunier et al. 2004; 8. Poitier JP, unpublished data;
9. Taylor 1988; 10. Trouv�e et al. 2003; 11. Wethington and Dillon 1997;
12. Wethington and Lydeard 2007. �Physa hendersoni from 12 is syn-
onymous of P. pomilia; §G. viatrix, G. neotropica, and Fossaria bulimoides
from reference 2 are synonyms of G. cubensis; ysame species as Galba sp.
of reference 2; *F. obrussa from reference 2 is synonym of G. humilis.
Type of evidence regarding the mating system: alaboratory measures of
waiting time before selfing; bmicrosatellite data on progeny arrays; cmi-
crosatellite-based estimate of population inbreeding coefficient; dbreed-
ing experiments; eshell morphology and anatomy of reproductive
organs departing from the rest of the clade; fanatomy of reproductive
organs.
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the synonymous derived allele frequency (DAF) spectra to fit
two simple demographic scenarios. For both species, the
model with a population size change fit much better the
observed DAF spectra than the null model with constant
population size and both species showed signature of demo-
graphic expansion, especially G. truncatula (supplementary
material S2, Supplementary Material online).

Mating Systems and the Intensity of Purifying
Selection

The global strength of purifying selection was evaluated
through the ratio of nonsynonymous to synonymous poly-
morphisms, �N/�S. It was considerably lower in P. acuta
(mean �N/�S = 0.08) than in G. truncatula (mean �N/
�S = 0.24) (table 2). Because expression level is usually
found to affect the intensity of purifying selection
(Drummond et al. 2005; Park et al. 2013; Nabholz et al.
2014), we verified that the difference was not due to a differ-
ence in expression levels between the two species. Though
�N/�S decreases with expression level in both species, the
difference between species is observed for any class of expres-
sion. In the analysis of covariance (ANCOVA), species explains

more than 67% of the variation in �N/�S (P value< 10�15;
fig. 2) whereas expression level only explains 1.3% (P
value< 0.01) and the interaction is not significant. For each
species pair, we used the folded synonymous and nonsynon-
ymous site frequency spectra (SFS) to estimate the genome-
wide distribution of fitness effects (DFE) of nonsynonymous
mutations (Eyre-Walker et al. 2006; Eyre-Walker and Keightley
2009). We also found striking differences between the two
species (fig. 3). Consistent with its lower Ne, we inferred a
higher proportion of nonsynonymous nearly neutral muta-
tions in G. truncatula than in P. acuta (17% vs. 5% for 0� 4Nes
�1) and a lower proportion of highly deleterious mutations
(67% vs. 85% for 4Nes 4 100). Finally, the dN/dS ratio was
only slightly lower in outcrossers than in selfers (0.11 vs. 0.13;
table 2) although the difference was significant (Wilcoxon
signed rank test P = 0.0017), suggesting that either the inten-
sity of selection was more similar between the two species in
the past than recently, or that other processes obscure the
difference between species (see below). The outgroup species
P. gyrina and G. cubensis showed polymorphism patterns very
similar to P. acuta and G. truncatula, respectively, even though
estimates relied on just two individuals in these species
(table 2). This underpins the idea that the observed

Table 2. Characteristics of the Data Sets, Coding Sequence Polymorphism, Divergence Patterns, and Base Composition in the Selfing (Galba
truncatula and G. cubensis) and Outcrossing Species (Physa acuta and P. gyrina).

Species G. truncatula G. cubensis P. acuta P. gyrina
Type of analysis Focal Outgroup Focal and Outgroup Focal Outgroup Focal and

Outgroup

No. of individuals 10 2 9 2

106 reads (total) 24.5 2.2 12.9 2.9

No. of raw contigs 91,835 36,388 127,054 52,583

Filtered contigs 13,231 11,857 12,153 19,093

No. of ORFs 4 200 bp 9,547 6,422 8,009 8,887

ORF length (bp):
median (95% quantiles)

723 (210, 3,028) 417 (204, 1,654.4) 576 (210, 2,297.4) 351 (204, 1,457.6)

No. of retained
coding sequencesa

3,976 1,969 1,614b 3,015 2,340 1,533c

Mean length (bp) of
coding sequences
(95% quantiles)

664.9 (138, 1,925.2) 799.6 (217, 1,981) 585.7 (42, 1,656) 480.9 (69, 1,572) 680 (208, 1,999) 450.9 (36, 1,489.2)

Mean no. of complete,
biallelic sites (95%
quantiles)

103.21 (11, 397) 138.74 (12, 485.8) 142.42b (7, 455.7) 83.34 (11, 344.2) 115.93 (11, 448) 100.14c (6, 376.4)

No. of SNPs 13,002 838 7,316b 34,972 8,167 20,524c

pS% (CI) 0.56 (0.54, 0.58) 0.2 (0.17, 0.24) 0.57b (0.54, 0.60) 3.03 (2.90, 3.17) 1.87 (1.76, 2.00) 2.883 (2.72, 3.04)

pN% (CI) 0.14 (0.13, 0.15) 0.07 (0.06, 0.09) 0.12b (0.11, 0.13) 0.23 (0.21, 0.25) 0.21 (0.19, 0.23) 0.15c (0.14, 0.17)

pN/pS (CI) 0.24 (0.23, 0.26) 0.37 (0.31, 0.43) 0.21b (0.19, 0.23) 0.08 (0.07, 0.08) 0.11 (0.10, 0.12) 0.05c (0.05, 0.06)

dS% (CI) 10.60b (0.10, 0.11) 5.62c (5.38, 5.88)

dN% (CI) 1.33b (1.23, 1.44) 0.59c (0.53, 0.65)

dN/dS (CI) 0.13b (0.12, 0.13) 0.11c (0.09, 0.12)

Mean GC content
(95% quantiles)

0.44 (0.36, 0.54) 0.44 (0.35, 0.56)

Mean GC3 content
(95% quantiles)

0.43 (0.27, 0.66) 0.43 (0.24, 0.74)

aAfter UTR sequence removal and reads2snp aligned site cleaning.
bCalculated on common genes between G. truncatula and G. cubensis.
cCalculated on common genes between P. acuta and P. gyrina.
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differences between selfers and outcrossers are not species-
specific but likely driven by the difference in mating system.

Mating Systems and Adaptive Evolution

We used the “second” method of Eyre-Walker and Keightley
(2009) to estimate the proportion of adaptive nonsynony-
mous substitutions, �, during the divergence between the
focal species and its outgroup. � was 0.54 between P. acuta
and P. gyrina. In contrast, no adaptive substitutions were
found for G. truncatula (�< 0) (table 3). Splitting nonsynon-
ymous substitutions in adaptive (!a) and nonadaptive (!d),
we obtained a higher adaptive rate and a lower nonadaptive
rate in Physa than in Galba (table 3), in agreement with the-
oretical expectations (table 1). Values of !a indicate that the
lower � in G. truncatula is not simply due to a higher pro-
portion of slightly deleterious mutations contributing to the
dN/dS ratio but also to a lower proportion of positively driven
substitutions.

According to these analyses, adaptive substitutions
strongly increase the dN/dS ratio in Physa but not in Galba,
thus providing a plausible explanation for the low difference
in dN/dS between the two groups. However, this rationale
implicitly assumes that Ne has remained constant during spe-
cies divergence. Alternatively, the small difference in dN/dS

between the two species pairs might reflect ancient, contin-
gent fluctuations in Ne. In supplementary material S3,
Supplementary Material online, we showed that the increase
in dN/dS ratio in P. acuta, compared with what is expected
given the estimated DFE, is very unlikely explained solely by
low ancient Ne, in fact a more than 100-fold Ne reduction in
the past would be necessary to explain the observed dN/dS

ratio without adaptation.
We also examined the direction and strength of selection

in individual genes by conducting the McDonald–Kreitman

(MK) test (McDonald and Kreitman 1991) per gene and by
estimating the statistic DoS (Direction of Selection; Stoletzki
and Eyre-Walker 2011). For P. acuta, 68 genes (five after ap-
plying the false discovery rate, FDR) deviated from neutral
expectations in the direction of positive selection at the 5%
significance level. In G. truncatula, only one (zero after FDR
correction) gene was significantly under positive selection.
The statistic DoS gave a similar picture as the MK analysis,
in agreement with a prevalence of positive selection in the
outcrossing species. Over all loci, there was a significant shift
toward positive values for P. acuta (fig. 4, Wilcoxon signed
rank test P value< 10�15) where 44% of genes had a positive
DoS and 27% had a negative DoS (36% and 49%, respectively,
for G. truncatula). We did not find any evidence of relaxed
selection in genes potentially involved in reproduction or re-
sponse to stress with respect to the rest of the genome, as it
could be expected in the selfing species. However, the absence
of differences among gene categories might just reflect the
imprecise GO annotation due to the lack of any available
reference genome close to Galba and Physa species.

Mating Systems and the Evolution of Base
Composition

We observed a similar average GC content (GC = 0.44 and
GC3 = 0.43) in outcrossers and selfers (table 3). Codon pref-
erences, inferred as in Duret and Mouchiroud (1999), are also
quite similar between species. We found 20/24 and 21/27
putative preferred codons with guanine or cytosine in third
position in G. truncatula and in P. acuta, respectively (supple-
mentary table S2, Supplementary Material online). These ob-
servations would point at the absence of difference in base
composition between outcrossing and selfing genomes.
However, current GC patterns are not the best predictor of
forces acting on them, because base composition is seldom at

FIG. 2. Correlation between �N/�S and expression in Galba truncatula
and Physa acuta. X axis: Log transformed coverage used as proxy for
expression. Average coverage per gene was calculated by summing the
length of matching reads and dividing the result by the cDNA length
and the total number of reads sequenced. Y axis: Mean �N/�S for 100
coverage classes built as to minimize the difference in the number of
polymorphisms between classes.

FIG. 3. Distribution of the fitness effect of nonsynonymous mutations
falling in different Nes ranges in the outcrossing species Physa acuta and
the selfing species Galba truncatula.
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equilibrium and it is usually more informative to look at base
composition dynamics (e.g., Duret and Arndt 2008).

To infer base composition dynamics, we thus computed
DAF spectra using outgroups to polarize mutations. They
showed that AT toward GC (W!S) and unpreferred to
preferred (U!P) mutations tend to segregate at higher fre-
quencies than S!W and P!U alleles in both species
(supplementary fig. S1, Supplementary Material online).
However, SNP polarization errors can give spurious signature
of selection or gBGC (Hernandez et al. 2007). Error rate is also
expected to increase with divergence and may affect SFS
more strongly in G. truncatula than in P. acuta, because
divergence is twice as high in the G. truncatula–G. cubensis
pair as in the P. acuta–P. gyrina pair (table 2). To circumvent
this problem and to uncover the potential difference between
the outcrossing and the selfing species, we fitted a population
genetics model to the spectra to quantify the strength of
selection S = 4Nes on codon usage or of gBGC, B = 4Neb,
taking into account the potential polarization errors
(Gl�emin et al. 2014). Results are summarized in table 4. In
all cases, the model including polarization errors showed a
significantly better fit to the data than the model without
error. Results of this model showed a great difference between
the outcrosser and the selfer, in agreement with predictions
(table 1). We found significant selection on codon usage

and/or gBGC in P. acuta (S = 1.42, B = 1.50), whereas no sig-
nificant evidence of any of these processes was found in G.
truncatula (polarization errors explained the excess of high
frequency alleles in spectra and including gBGC or selection
did not significantly improve the model). As previously ob-
served in many species, we also found a mutational bias
toward A/T or unpreferred codons in both species (i.e.,
� 4 1, table 4).

The comparison between observed values of GC content
and frequency of preferred codon (FoP) and predicted values
at equilibrium, GC* and FoP*, confirms that base composition
is not at equilibrium in either of the two species. GC content
is decreasing in G. truncatula (GC = 0.43 vs. GC* = 0.22,
FoP = 0.35 vs. FoP* = 0.21) and increasing in P. acuta
(GC = 0.44 vs. GC* = 0.64, FoP = 0.38 vs. FoP* = 0.60). These
trends in GC evolution are coherent with the expected
effect of mating system on GC content.

gBGC can interfere with selection, leading to spurious sig-
nature of relaxed or positive selection (Galtier et al. 2009;
Ratnakumar et al. 2010). This could increase the dN/dS ratio
in outcrossing lineages, as proposed by Haudry et al. (2008).
To test the hypothesis of an effect of gBGC on selection we
sorted genes by increasing GC3 content, grouped them in five
classes and computed �N/�S, dN/dS and DoS for each class.
We did not find any effect of GC-content on these statistics
(supplementary figs. S2 and S3, Supplementary Material
online).

Confirmation of Results on a Subset of
Orthologous Genes

To verify that the observed differences between species are
not due to functionally different sets of genes, we recalculated
1) all polymorphism statistics for a subset of orthologous
genes between the two focal species and 2) all divergence
statistics for a subset of orthologous genes between all four
species. The magnitude and direction of the difference in
polymorphism and divergence patterns between outcrossers
and selfers also hold when only the subset of genes common
to P. acuta and G. truncatula was analyzed (supplementary
table S3 and fig. S4, Supplementary Material online). DFE
showed the same patterns as for the whole set of genes (sup-
plementary table S4, Supplementary Material online). � was
smaller for Physa (�= 0.174), as expected if there were more
conserved regions among the orthologous genes, but this
value was still much higher than for Galba (�< 0; supple-
mentary table S4, Supplementary Material online). DoS could
be calculated for only 98 orthologous genes for both species.
Distributions were not statistically different, but Physa had
the most positive DoS values and Galba the most negative
(supplementary fig. S5, Supplementary Material online).

Discussion

Lower Ne and Lower Selection Efficacy in Selfers

Selfing is expected to reduce effective population size and
recombination rate, so that self-fertilizing species should be
less polymorphic than outcrossers and less efficient at purg-
ing slightly deleterious alleles or fixing new advantageous
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FIG. 4. Distribution of the DoS statistic across genes in the outcrossing
Physa acuta and the selfing Galba truncatula.

Table 3. Parameters of the Fitness Distribution of Nonsynonymous
Mutations (b, mean S), Rate of Adaptive Evolution (a), and Adaptive
Proportion of dN/dS (xa) for the Selfing (Galba truncatula) and
Outcrossing (Physa acuta) Species Estimated with the Method
DoFE (Eyre-Walker and Keightley 2009).

P. acuta G. truncatula

b (CI) 0.2 (0.181, 0.229) 0.139 (0.128, 0.168)

Mean S (CI) 2.42� 106

(3.47� 105, 6.54� 106)
1.76� 105

(2.24� 104, 3.5� 105)

a (CI) 0.54 (0.51, 0.57) �0.19 (�0.27, �0.10)

xa (CI) 0.05 (0.049, 0.057) �0.019 (�0.028, �0.010)

xd (CI) 0.05 (0.039, 0.058) 0.149 (0.132, 0.165)

NOTE.—�, the shape parameter of the gamma distribution assumed for the estima-
tion of S.
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mutations (Charlesworth and Wright 2001; Gl�emin 2007). We
tested these hypotheses using transcriptomic data of two
pairs of freshwater snail species with contrasting mating sys-
tems. Differently from most previous studies, we chose two
pairs of species that very likely share the same mating systems
since their common ancestor. Moreover, compared with
most plant species studied so far, selfing is likely much
older in these freshwater snail species. By combining polymor-
phism and divergence information we got a comprehensive
insight into the effects of drift and selection on genome evo-
lution of selfers versus outcrossers. Overall, our results
conform well to predictions (table 1).

The two focal species share several ecological and life-
history traits. Both are widespread species and show evi-
dences of population expansion, which is consistent with
the known history of colonization of all continents by both
species and with their invasive character (Meunier et al. 2001;
Dillon et al. 2002; Correa et al. 2010; Bousset et al. 2014).
Recently, Romiguier et al. (2014) have shown that life-history
traits are important determinants of polymorphism levels in
animals. Species with an “r-like” strategy (i.e., little parental
investment as measured by the propagule/adult size ratio),
such as P. acuta, harbor the greatest diversity. As G. truncatula
shares similar life-history traits and demographic history with
P. acuta, we expect comparable levels of polymorphism in the
two species. Contrary to these predictions but in agreement
with the effect of mating system, we found that selfing species
harbor much lower polymorphism (�S) than outcrossers. This
can be explained not only by the genetic effect of selfing on Ne

but also by the particular population dynamics associated
with selfing. Because they are able to find a population
from a single individual, selfing species are more prone to
high rate of population turnover, which is expected to
reduce genetic diversity both at the local and the species
scale (Jarne 1995; Ingvarsson 2002). As G. truncatula occupies
patchy and ephemeral freshwater habitats, its populations
suffer drastic density fluctuations leading to local extinc-
tion–recolonization dynamics (Trouv�e et al. 2005). A further
line of evidence supporting the effect of mating system is that
the outgroup species, which share the same mating system,

show similar polymorphism patterns as their focal species
while they are much less widespread. This supports that
mating system is the main determinant of the patterns we
are reporting, though we cannot exclude that other unknown
factors also contribute to these differences.

Furthermore, we observed in selfers several signatures of
relaxed selection. On one hand, �N/�S and DFE comparisons
indicated more slightly deleterious nonsynonymous muta-
tions segregating in selfers than in outcrossers. Recently,
Arunkumar et al. (2015) showed that, in addition to relaxed
selection, the purging effect of selfing can also be detected by
an excess of strongly selected variants (Nes 4 100) in the
DFE in selfers compared with outcrossers, corresponding to
stronger selection against highly recessive and deleterious al-
leles. This is especially true during the transition from out-
crossing to selfing and when the Ne reduction is not too
severe. Here, we did not detect any purging effect of selfing
in this study, in agreement with either an ancient transition to
selfing, a strong reduction in Ne, and/or moderately recessive
mutations. On the other hand, we detected much lower
genome-wide (�, !a) and single gene (MK test, DoS) signal
of molecular adaptive evolution in selfers than in outcrossers.
Theory also predicts that genome base composition should
be affected by the mating system, because selection on codon
usage and gBGC should be less effective in selfers than in
outcrossers (Marais et al. 2004). Indeed, our estimates point
to an effect of selection and/or gBGC only in the outcrosser
species (table 4). Therefore, all the differences we observed
between G. truncatula and P. acuta fit with the expected
effect of their contrasting mating systems. A reason of con-
cern might be that analyses were performed with different
gene sets between species pairs. If the two sets of genes were
experiencing different levels of selective constraint, distinctive
polymorphism patterns might appear irrespective of mating
systems. Nevertheless, the differences between G. truncatula
and P. acuta are qualitatively the same using exclusively
orthologous loci, for which mutational biases and selection
pressures are likely to be similar, adding further support to our
results (supplementary material S1, Supplementary Material
online).

Table 4. Estimation of gBGC (B), Selection on Codon Usage (S), and Mutation Bias (k) in the Selfing (Galba truncatula) and Outcrossing Species
(Physa acuta).

Sat_M M0 M1 M0_E M1_E M0_E
versus M0 (P value)

M1_E versus
M0_E (P value)

gBGC G. truncatula LogL �61.23 �93.89 �68.78 �65.03 �64.99 <10�11 0.774
� 2.28 3.31 3.54 3.53
B 0 1.07 0 �0.18

P. acuta LogL �112.71 �232.8 �116.24 �140.55 �115.93 <10�39 <10�11

� 1.64 2.5 2.32 2.55
B 0 1.36 0 1.5

Selection on
codon usage

G. truncatula LogL �55.64 �67.48 �58.92 �57.64 �57.64 <10�3 0.978
� 2.59 3.51 3.68 3.68
S 0 0.89 0 �0.02

P. acuta LogL �109.24 �179.16 �112.29 �124.97 �112.34 <10�22 <10�6

� 1.76 2.73 2.53 2.72
S 0 1.4 0 1.42

NOTE.—Sat_M, saturated model; M0, neutral mutation–drift model; M1, gBGC/selection model; M0_E, neutral model with polarization errors; M1_E, gBGC/selection model with
polarization errors. P values from a LRT with 3 df (M0_E vs. M0) and 1 df (M1_E vs. M0_E).
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Divergence versus Polymorphism Pattern

In contrast to polymorphism patterns, the dN/dS ratio is only
slightly higher in the selfing than in the outcrossing species
pair. This is similar to what was found in previous studies that
failed to detect signatures of relaxed selection as inferred by
dN/dS (e.g., Wright et al. 2002; Cutter et al. 2008; Haudry et al.
2008; Escobar et al. 2010; Gl�emin and Muyle 2014; but see
Gioti et al. 2013), whereas studies based on polymorphism
data most often supported the expected effect of selfing (e.g.,
Slotte et al. 2010, 2013; Qiu et al. 2011; Hazzouri et al. 2013).
The tempo of mating system evolution is often invoked to
explain this discrepancy (reviewed in Gl�emin and Galtier
2012). If selfing was of relatively recent origin, divergence pat-
terns would mainly reflect the effects of the ancient outcross-
ing history. Frequent adaptation, increasing the dN/dS ratio in
outcrossers (Haudry et al. 2008; Slotte et al. 2010), and inter-
ference with gBGC (Haudry et al. 2008) have also been pro-
posed to explain the lack of concordance between mating
systems and dN/dS patterns.

Here, we circumvented all these potential drawbacks. First,
we selected two selfing species, G. truncatula and G. cubensis,
that belong to a clade whose extant species are prevalently
selfing, so that the evolution of selfing likely predated diver-
gence. Indeed, as mentioned above, polymorphism patterns
of the outgroup species (table 2) are highly congruent with
those of the focal species, supporting that focal and outgroup
species share similar evolutionary dynamics. Second, by com-
bining polymorphism and divergence data we clearly showed
that the modest difference in dN/dS between the two pairs of
species is mainly explained by a large fraction of adaptive
substitutions in outcrossers. We also found no relationship
between GC-content and dN/dS, suggesting that potential
interference between gBGC and selection did not affect our
results. Overall, our results highlight the importance of com-
bining polymorphism and divergence to disentangle the
effect of positive and purifying selection. They also demon-
strate that selfing impacts many aspects of molecular
evolution when it persists during a sufficiently long period
of time.

Consequences for the Evolution of Selfing

Evolution from outcrossing to selfing is a frequent evolution-
ary transition in hermaphroditic species (Stebbins 1957, 1974;
Jarne and Charlesworth 1993; Jarne and Auld 2006). On the
short term, selfing is thought to be favored because of the
50% advantage of gene transmission (Fisher 1941) and the
reproductive assurance under low pollen/mate availability
(Darwin 1876; Baker 1955, 1967). Here, reproductive assur-
ance is probably the major ecological advantage that drove
the evolution of selfing in G. truncatula (Trouv�e et al. 2005).
By ensuring reproduction when mate density is low (e.g., fol-
lowing bottlenecks and founder events), selfing likely favors
the persistence of G. truncatula in temporary habitats and
contributes to its colonizing ability. However, on the long
term, because of the potential accumulation of deleterious
mutations (Charlesworth et al. 1993) and the reduction of
adaptive potential (erosion of standing variation and reduced

fixation of beneficial mutations), the selfing strategy has long
been considered as an evolutionary dead-end (Stebbins 1957).
The most recent literature has confirmed this predic-
tion, even though the brief duration of selfing lineages
often prevent proper testing of the causes of this in-
creased extinction risk (reviewed in Gl�emin and Galtier
2012; Gl�emin and Ronfort 2013; Igic and Busch 2013;
Wright et al. 2013).

By analyzing the consequences of selfing on a longer time-
scale, we found evidence of higher accumulation of deleteri-
ous mutations in selfing than in outcrossing species, both at
the divergence and polymorphism scale. We also found evi-
dence of lack of adaptive response (null or even negative �)
and adaptive potential (low polymorphism) in selfing species.
Galba truncatula and G. cubensis thus seem to suffer from the
deleterious consequences of selfing, and exhibit all predicted
features that should drive them to extinction. Paradoxically,
as selfing is likely not of recent origin in the Galba clade (see
above), this raises the question of the persistence of these
species, in apparent contradiction with the prediction of the
dead-end hypothesis.

The role of genetic factors, especially the genetic load, in
population extinction has been much debated. Under hard-
selection, the reduction in fitness due to the accumulation of
deleterious alleles can lead populations to extinction when
population size decreases below a critical threshold (muta-
tional meltdown; Lynch et al. 1993; Awad et al. 2014).
However, under soft-selection, populations could cope with
high genetic loads (e.g., Lesecque et al. 2012; Charlesworth
2013, for formal analyses), and put into an ecological context,
the load may have no direct consequences on population
abundance or persistence (Agrawal and Whitlock 2012). If
competition for resources is mainly intraspecific, species
could cope with a deteriorated genome: More loaded indi-
viduals would be eliminated but resources would be still avail-
able for less loaded individuals of the same species. However,
under interspecific competition, the least loaded species
could exclude the most loaded one (Agrawal and Whitlock
2012). It is possible that G. truncatula has been escaping the
consequences of the genetic load so far by avoiding interspe-
cific competition. In fact, it is often found in unstable and
fluctuating water environments (Trouv�e et al. 2005), where
interspecific competition is likely to be low. The peculiar ecol-
ogy of this species can thus explain both the initial evolution
of selfing through reproductive assurance and its mainte-
nance because of low competitive pressure. This suggests
that ecological context should be taken into account to mod-
ulate the dead-end hypothesis. More generally, our results
highlight the difficulty of inferring the possible causes of ex-
tinction through the analyses of extant species. When selfing
species are of recent origin and doomed to rapid extinction,
too weak genomic signatures are typically left, while if suffi-
cient time has elapsed to leave detectable genomic signatures,
this means that the considered species have escaped extinc-
tion until now, and might be exceptions to the dead-end
paradox. New framework still needs to be developed to
tackle this conundrum.
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Materials and Methods

Studied Species and Sample Collection

We focus here on hermaphroditic freshwater snails
(Gastropoda: Pulmonata: Hygrophila), an extensively studied
animal group because some species are vectors for human
and livestock parasites (Brown 1994; Correa et al. 2010). In this
group the mating system is well documented, with predom-
inant selfing having independently evolved several times
(Escobar et al. 2011). Estimates of selfing rate, inbreeding de-
pression, and waiting time to selfing are available for many
species, based on genetic and reproductive biology data.
Among the predominantly outcrossing species, we choose
Physa acuta and Physa gyrina (as outgroup), with estimated
outcrossing rates greater than 90% (Henry et al. 2005; Escobar
et al. 2011) and greater than 70% (Escobar et al. 2011), re-
spectively. Among predominantly selfing species we selected
Galba truncatula, with estimated outcrossing rates less than
2% (Trouv�e et al. 2003; Meunier et al. 2004), and Galba
cubensis (outgroup) that shows extremely low heterozygosity
and polymorphism at 16 microsatellite markers (Lounnas M,
Vazquez AA, Hurtrez-Boussès S, unpublished data) and
presents morphologic and behavior characteristics of selfing
species (Correa et al. 2011). Each species pair is included in a
well-supported clade (Wethington and Lydeard 2007; Correa
et al. 2010; Dayrat et al. 2011), whose species share similar
mating systems according to current knowledge (fig. 1, and
references therein). The focal species P. acuta and G. trunca-
tula share several life-history traits (e.g., adult and egg size), the
cosmopolitan distribution (both have presumably spread
over all continents from a North American source; Dillon
et al. 2002; Correa et al. 2010; Bousset et al. 2014), and the
habitat (permanent and ephemeral freshwater environ-
ments). Outgroups P. gyrina and G. cubensis have a narrower
distribution, spanning North America and the Neotropics,
respectively (Dillon 2000; Correa et al. 2011). Ten individuals
of G. truncatula, two of G. cubensis, nine of P. acuta, and two
of P. gyrina were collected in 2010 and 2011. One individual
was sampled per population. The geographical distribution of
populations was chosen in order to sample the whole natural
distribution range of each species (supplementary table S5,
Supplementary Material online). The two Physa species were
included in a recent analysis of polymorphism levels across
outcrossing animals (Romiguier et al. 2014). The Galba sam-
ples are newly analyzed here.

RNA Extraction and Sequencing

For each individual, total RNA was extracted after removing
the shell and digestive tracts to avoid environmental contam-
inations using standard protocols as described in Gayral et al.
(2011), and a nonnormalized cDNA library was prepared from
5mg RNA. The libraries were sequenced on a Genome
Analyzer II or Hiseq 2000 (Illumina, Inc.) to produce 100-bp
single-end fragments (Illumina reads). In addition, for one
individual of G. truncatula, also a normalized random-
primed cDNA library was prepared and sequenced for half
a run using a 454 Genome Sequencer FLX Titanium

Instrument (Roche Diagnostics). Reads were trimmed of
low-quality terminal portions using the SeqClean program
(http://compbio.dfci.harvard.edu/tgi/, last accessed May 26,
2015).

Transcriptome Assembly, Read Mapping, and Coding
Sequence Prediction

De novo transcriptome assembly based on the 454 (one in-
dividual in G.truncatula) and Illumina reads was performed
following strategies B and D in Cahais et al. (2012), using a
combination of the programs Abyss and Cap3. Reads were
mapped to predicted cDNAs (contigs) using the BWA pro-
gram, setting the mismatch penalty to 10. Contigs covered at
2.5X (X = diploid sample size) or less across all individuals
were discarded. Open-reading frames (ORFs) were predicted
using the program transcripts_to_best_scoring_ORFs.pl,
which is part of the Trinity package. Contigs carrying no
ORF longer than 200 bp were discarded.

Genotype and SNP Calling

At each position of each ORF and each individual, diploid
genotypes were called according to the method described by
Tsagkogeorga et al. (2012, model M1) and improved by Gayral
et al. (2013), implemented in the “reads2snps” program. This
method first estimates the sequencing error rate in the max-
imum-likelihood framework, calculates the posterior proba-
bility of each possible genotype, and retains genotypes
supported with probability higher than a given threshold
(0.95 here)—otherwise missing data are called. We required
a minimum coverage of 10X per position and per individual
to call a genotype. Then, SNPs were filtered for possible
hidden paralogs (duplicated genes) using a likelihood ratio
test based on explicit modeling of paralogy (“paraclean”
option of the reads2snps software; Gayral et al. 2013). For
both the genotype calling and the paralogy filtering proce-
dure, the departure from Hardy–Weinberg expectation was
taken into account setting a value of expected heterozygosity,
F (extension of reads2snps in Nabholz et al. 2014). First, ge-
notype and SNPs were called assuming panmixia (F = 0), and F
was estimated on the retained SNPs to confirm selfing and
outcrossing status of focal species. As we have species-wide
samples, F is equivalent to a FIT and mainly corresponds to FIS

for selfing species and to FST for outcrossing ones. As the
assumed expected heterozygosity can affect genotype calling
and paralog filtering, reads2snps was run a second time for
G. truncatula and G. cubensis using the F estimated after the
first step. Because F was much lower for P. acuta we kept the
initial genotype calling and filtering procedure in this species.

To verify that ORFs corresponded to known proteins, each
retained ORF of each focal species was translated to protein
and compared with the nonredundant NR-database using
BLASTP, following Romiguier et al. (2014). The first significant
hit was recorded (e value< 0.001).

Orthologous Genes Identification and Annotation

Orthologous pairs of ORFs, hereafter called genes, from the
focal and the outgroup species were identified using

2411

Molecular Evolution of Freshwater Snails . doi:10.1093/molbev/msv121 MBE
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/32/9/2403/1030594 by Bibliothèque U

niversitaire de m
édecine - N

îm
es user on 17 June 2021

http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv121/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv121/-/DC1


reciprocal best hits on BLASTn results, a hit being considered
as valid when alignment length was above 130 bp, sequence
similarity above 80%, and e value below e�50 (Gayral et al.
2013). Outgroup sequences were added to within-focal spe-
cies alignments using a profile-alignment version of MACSE
(Ranwez et al. 2011), a program dedicated to the alignment of
coding sequences and the detection of frameshifts. Genes
were only retained if no frameshift was identified by
MACSE, and if the predicted ORF in the focal species was
longer than 100 codons. To retrieve orthologous genes be-
tween the two focal species P. acuta and G. truncatula, recip-
rocal best BLAST hit procedure was repeated on the final set
of retained genes for each species. Gene annotation was ob-
tained with BLAST2Go version 2.7.1 (Conesa et al. 2005) using
default parameters.

Polymorphism and Divergence Statistics

For population genomic statistics, we further filtered the data
sets. Positions at which a genotype could be called in less than
five individuals for focal species and in less than two individ-
uals for outgroups were discarded. Population statistics were
calculated using custom programs that rely on the Bio++
libraries (Gu�eguen et al. 2013). For each gene, the following
statistics were calculated: Per-site synonymous (�S) and
nonsynonymous (�N) diversity in focal species, heterozygote
deficiency (F), number of synonymous (pS) and nonsynony-
mous (pN) segregating sites, number of synonymous (dS) and
nonsynonymous (dN) fixed differences between focal and
outgroup species. These statistics were computed from com-
plete, biallelic sites only—that is, sites showing no missing
data after alignment cleaning, and no more than two distinct
states. For each species, statistics were averaged across genes
weighting by the number of complete sites per gene, thus
giving equal weight to every SNP. For pN/pS and dN/dS, we first
computed the averages of pN, pS, dN, and dS and subsequently
the ratios of averages. Confidence intervals were obtained by
10,000 bootstraps over genes. For the selfing species, all sta-
tistics were calculated on n/2 alleles, by randomly drawing
one haploid sequence per gene and individual. Furthermore,
to verify that the observed differences between species are
not due to functionally different sets of genes, we recalculated
all polymorphism statistics for a subset of orthologous genes
between the two focal species and all divergence statistics for
a subset of orthologous genes between all four species.

Inference of Demographic History

To test whether recent demographic history could explain
the differences in polymorphism patterns between the two
species and to help the interpretation of molecular patterns,
we inferred the demographic parameters of two simple
nested demographic scenarios: 1) A null model with constant
population size, and 2) a change from population size N0 to
N1, T1 generations in the past. Using outgroups to polarize
SNPs, we built the unfolded synonymous SFS, (i.e., the distri-
bution of derived allele counts across SNPs) using custom
C++ programs kindly provided by Benoı̂t Nabholz. To cope
with variable sample sizes across SNPs, a hypergeometric

projection of the observed SFS into a subsample of 12 (for
the outcrossing P. acuta) and 8 (for the selfing G. truncatula)
sequences was applied (Hernandez et al. 2007). SNPs sampled
in less than 12 (six diploid individuals) or 8 (eight haploid
individuals) sequences in P. acuta and G. truncatula, respec-
tively, were disregarded as far as SFS was concerned. We used
the unfolded spectra to fit the models with the diffusion
approximation method implemented in the dadi software
(Gutenkunst et al. 2009). To take possible polarization
errors into account, we added an error rate as an extra pa-
rameter that was jointly fitted in the model (see dadi’s code in
supplementary material S2, Supplementary Material online).

Inference of Selection

The global strength of purifying selection was evaluated
through the �N/�S ratio. Because expression level is usually
found to affect the intensity of purifying selection
(Drummond et al. 2005; Park et al. 2013; Nabholz et al.
2014), we first controlled for the effect of expression level
on �N/�S. To avoid the loss of information due to ORFs
with null polymorphism, we grouped genes into 100 classes
of expression containing a similar number of SNPs and we
computed the mean �N/�S for each class. We used the av-
erage coverage per gene as a proxy for the expression level.
Average coverage per gene was calculated by summing the
length of matching reads and dividing the result by the cDNA
length and the total number of reads sequenced. To test for a
species difference in �N/�S controlling for expression level, we
then performed an ANCOVA including species, expression
level, and their interaction. �N/�S and expression level were
log transformed. For comparative purposes, analyses were
repeated for orthologous genes only (not grouped in classes
of expression, so only those with �N and �S 4 0 were
included).

Using all SNPs, even those that could not be polarized, we
computed the folded spectra (i.e., the distribution of minor
allele count across SNPs) for a sample of 12 (P. acuta) and 8
(G. truncatula) sequences as explained above (supplementary
fig. S6, Supplementary Material online). For each species pair,
the synonymous and nonsynonymous folded spectra were
used with the “second” Eyre-Walker and Keightley (2009)
method to estimate the genome-wide DFE of nonsynony-
mous mutations, the proportion of adaptive substitution
(�), and the rate of adaptive (!a) and nonadaptive (!d)
nonsynonymous substitutions—with !a =� dN/dS and
!d = (1��)dN/dS. The method accounts for the effect of
demography, or other sources of biases in allele frequencies,
by comparing the observed synonymous site-frequency spec-
trum with the expected one under neutrality (Eyre-Walker
et al. 2006). Selection on deleterious mutations was described
by a gamma distribution with mean S = 4Nes and shape pa-
rameter �.

Tests of selection were also performed for each gene using
two approaches, the MK test (McDonald and Kreitman 1991)
and the statistic DoS (Stoletzki and Eyre-Walker 2011). As the
MK test quantifies the degree of departure from neutrality
with the odds ratio (pN/pS)/(dN/dS), it cannot be performed
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when pS or dN are 0. Additionally, the odds ratio tends to be
biased and to have a large variance, especially when the
number of observations is low (Stoletzki and Eyre-Walker
2011). The statistic DoS = dN/(dN + dS)� pN/(pN + pS) over-
comes these limitations (Stoletzki and Eyre-Walker 2011). A
positive DoS indicates evidence of adaptive evolution, DoS = 0
indicates neutral evolution, and negative values indicate evi-
dence of purifying selection. An FDR (Storey and Tibshirani
2003) was applied to correct for multiple tests in both anal-
yses (“qvalue” package under R environment).

Given that selective pressures are expected to be relaxed
on certain traits in selfing species, some specific genes should
show stronger evidence of relaxed selection, particularly genes
involved in reproduction (e.g., mating, resource allocation or
sexual conflicts; Gl�emin and Galtier 2012, and references
therein). Moreover, genes involved in stress response are
more susceptible to be under positive selection (Clark et al.
2007; Kosiol et al. 2008) and are thus a good target to test for
the effect of relaxed positive selection in selfers. To investigate
if selective pressures differ among genes with different func-
tions, we estimated the average rate of adaptive substitutions
separately in three classes of genes: “Reproduction,” “re-
sponse,” and “other/unknown.” First, we selected genes that
were annotated with at least one term of level 2 or that had at
least a parent term of level 2 within the domain “Biological
process” of the Gene Ontology (GO) term classification. All
genes not responding to those criteria were discarded for this
analysis. Second, we assigned genes associated with the “re-
production” term (GO:0000003) to the “reproduction” class.
Among the remaining genes, we assigned genes associated
with any “response” term (GO:0006950, GO:0009605,
GO:0009607, GO:0009628, GO:0009719) to the “response”
class. Genes not assigned to either the “reproduction or the
“response” classes were assigned to the “other/unknown”
class. We used a multilocus extension of the MK test imple-
mented in the software MKtest v2.0 (Welch 2006; Obbard
et al. 2009). We allowed � (the proportion of adaptive sub-
stitutions) and f (the proportion of nonsynonymous muta-
tions that are neutral) to vary among classes, assuming the
other parameters of the model to be the same for all classes.

Inference of Selection on Codon Usage and gBGC

We also estimated the intensity of selection on codon usage
and gBGC. We first determined codon preferences following
Duret and Mouchiroud (1999). The relative synonymous
codon usage (RSCU) was calculated for each codon in each
gene. The �RSCU difference between the most expressed
(top 12.5th percentile) and the less expressed (bottom
12.5th percentile) genes was tested for significance with a
Mann–Whitney test (P< 0.05). Significantly positive
�RSCU determined preferred codons, significantly negative
�RSCU determined unpreferred codons. The observed FoP
and GC content across all genes were calculated as the pro-
portion of preferred codons over the total number of codons
and the proportion of G/C bases over the total number of
bases, respectively.

Then, we used unfolded SFS to quantify the strength of
selection on codon usage or of gBGC, by estimating the pop-
ulation scaled coefficients S = 4Nes (where s is the intensity of
selection; Kimura 1983) and B = 4Neb (where b is the intensity
of the conversion bias; Nagylaki 1983). Selection on codon
usage is expected to increase (respectively decrease) the fre-
quency of unpreferred (U) to preferred (P) mutations (respec-
tively, P to U). Similarly, gBGC is expected to increase
(respectively, decrease) the frequency of AT (W for weak)
to GC (S for strong) mutations (respectively, S to W). We
used the framework of Muyle et al. (2011) to fit a population
genetics model on three kinds of spectra: U!P, P!U and
neutral for selection on codon usage (U!U and P!P), or
W!S, S!W and neutral for gBGC (W!W and S!S). This
method takes demographic effects into account as in Eyre-
Walker et al. (2006). Because misinference of the ancestral
state in the unfolded spectra can give spurious signature of
selection or gBGC (Hernandez et al. 2007), we used an exten-
sion of this method that takes polarization error into account
(Gl�emin et al. 2014). The method also allows estimating the
mutation bias toward AT or unpreferred codons, noted �
here. As for the synonymous and nonsynonymous SFS, we
resampled polymorphic sites according to a hypergeometric
distribution to obtain a sample of 12 (P. acuta) and 8
(G. truncatula) sequences. �RSCU and frequency spectra
were computed using custom PERL scripts kindly provided
by Yves Clement. Selection on codon usage and gBGC can be
confounded if preferred codons are most often GC-ending.
However, selfing has the same consequences on the two pro-
cesses and we predict the same pattern whatever the under-
lying process is. We thus did not seek to distinguish the two
potential forces.

The obtained estimates of �, B, and S allowed us to calcu-
late the equilibrium GC content as GC* = 1/(1 +�e�B) and
equilibrium FoPs as FOP* = 1/(1 +�e�S) (Bulmer 1991).

Data Accessibility
Data sets are freely available from the Sequence Read Archive
(SRA) database (http://http://www.ncbi.nlm.nih.gov/sra)
under Study accession SRP056415 and from the Data sets
section of the PopPhyl website (http://kimura.univ-montp2.
fr/PopPhyl), in which alignment of coding sequences is pro-
vided as fasta files.

Supplementary Material
Supplementary materials S1–S3, tables S1–S5, and figures
S1–S6 are available at Molecular Biology and Evolution
online (http://www.mbe.oxfordjournals.org/).
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