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Abstract

Fertilization in angiosperms involves the germination of pollen on the stigma, followed by the extrusion of a pollen tube
that elongates through the style and delivers two sperm cells to the embryo sac. Sexual selection could occur throughout
this process when male gametophytes compete for fertilization. The strength of sexual selection during pollen compe-
tition should be affected by the number of genotypes deposited on the stigma. As increased self-fertilization reduces the
number of mating partners, and the genetic diversity and heterozygosity of populations, it should thereby reduce the
intensity of sexual selection during pollen competition. Despite the prevalence of mating system shifts, few studies have
directly compared the molecular signatures of sexual selection during pollen competition in populations with different
mating systems. Here we analyzed whole-genome sequences from natural populations of Arabis alpina, a species showing
mating system variation across its distribution, to test whether shifts from cross- to self-fertilization result in molecular
signatures consistent with sexual selection on genes involved in pollen competition. We found evidence for efficient
purifying selection on genes expressed in vegetative pollen, and overall weaker selection on sperm-expressed genes. This
pattern was robust when controlling for gene expression level and specificity. In agreement with the expectation that
sexual selection intensifies under cross-fertilization, we found that the efficacy of purifying selection on male
gametophyte-expressed genes was significantly stronger in genetically more diverse and outbred populations. Our results
show that intra-sexual competition shapes the evolution of pollen-expressed genes, and that its strength fades with
increasing self-fertilization rates.

Key words: pollen competition, sexual selection, mating system, gametophyte, ploidy.

Introduction
Sexual selection is a prevalent evolutionary force that impacts
biological diversity in eukaryotes at all levels. This process
favors the persistence of traits that increase an individual’s
capacity to compete for fertilization opportunities, and man-
ifests as two main mechanisms termed intrasexual competi-
tion (e.g., male–male contest) and intersexual selection (e.g.,
female choice) (Darwin 1871). Sexual selection is assumed to
be significantly weaker in inbred lineages, such as those that
have shifted from outcrossing to predominant self-
fertilization (reviewed by Cutter 2019). This expectation is
supported by the evolution of “selfing-syndromes” in plants,
in which lineages that descend from outcrossing ancestors
typically evolve a reduction or loss of traits otherwise involved
in pollen transfer between individuals (Darwin 1876; Barrett
2002; Sicard and Lenhard 2011; Cutter 2019).

Sexual selection in flowering plants does not only affect the
evolution of traits involved in pollen export. Stigmas normally
receive pollen from different mating partners, and studies on
seed paternity reflect the common occurrence of polyandry
(Pannell and Labouche 2013). Such observations suggest that
sexual selection might be an important evolutionary force shap-
ing traits that mediate pollen–pistil interactions after pollina-
tion, including those affecting the performance of male
gametophytes competing for fertilization (reviewed by Pannell
and Labouche 2013; Tonnabel et al. 2021). Selfing could weaken
the intensity of pollen competition through a reduction in the
number of distinct mating partners (e.g., as under monogamy)
(Lankinen et al. 2017), and by reducing the genetic diversity of
the individuals in competition, which can affect overall repro-
ductive success (Rowe and Houle 1996). However, our under-
standing of the consequences of the evolutionary transition to
self-fertilization on pollen performance traits is still relatively
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limited (but see Hove and Mazer 2013; Lankinen et al. 2017;
Mazer et al. 2018; Peters and Weis 2018; Harrison et al. 2019).

After pollen grains adhere to the stigma, they hydrate and
germinate to grow a tubular extension that transports two
genetically identical sperm cells through the style. Once this
pollen tube reaches the female gametophyte, it bursts to
deliver the sperm cells aided by the synergid cells. One of
the sperm cells fuses with the egg giving rise to a diploid
zygote, while simultaneously, the other sperm cell fertilizes
the two nuclei of the central cell to form a triploid endosperm
(Palanivelu and Tsukamoto 2012; Dresselhaus et al. 2016;
Zheng et al. 2018). The sequence of events preceding fertili-
zation creates the arena for pollen grains to compete based
on their differential capacity to germinate (Austerlitz et al.
2012), grow their pollen tubes (Pasonen et al. 1999; Lankinen
and Skogsmyr 2002), interfere with pollen from other donor
plants (Varis et al. 2010), and navigate the transmitting tissue
of the pistil in response to chemical cues (reviewed by
Johnson et al. 2019). Experimental studies suggest that sexual
selection is an important force driving the evolution of pollen
traits (e.g., Skogsmyr and Lankinen 2002; Clark et al. 2006;
Mazer et al. 2010; Lankinen et al. 2017). However, evolutionary
genetic analyses suggest a minor role for sexual selection on
genes expressed in sperm cells (e.g., Arunkumar et al. 2013).
Interestingly, experiments show that sperm cells are dispos-
able during the phase of pollen competition, as they are pas-
sively transported by pollen tubes and do not drive their own
delivery (Zhang et al. 2017). Additionally, polyspermy avoid-
ance mechanisms that ensure that only a single pair of sperm
cells is delivered for double fertilization (reviewed by
Dresselhaus and Franklin-Tong 2013) could result in reduced
room for competition between sperm cells. Together, these
findings reinforce the idea that sexual selection differentially
impacts the individual components of male gametophytes.

What genetic signatures would intrasexual competition
produce on loci affecting pollen performance? If the fitness
effects on pollen and the sporophyte are positively correlated,
sexual selection would reduce the amount of genetic varia-
tion at such loci, as a result of both positive and purifying
selection (Walsh and Charlesworth 1992). Theoretical work
shows that standing genetic variation can persist if there is
opposing selection pressures acting on the same allele in the
haploid and diploid phase (Walsh and Charlesworth 1992;
Immler et al. 2012), but such antagonistic pleiotropy should
be more important if mutations that improve pollen perfor-
mance are recessive and thus more frequently masked in the
sporophyte (Peters and Weis 2018). On the other hand, sex-
ually selected traits can remain polymorphic despite direc-
tional selection if they are condition dependent and if
condition itself is highly genetically variable (Rowe and
Houle 1996). Empirical results show that reproductive genes
(e.g., those involved in gamete recognition, signaling, and fer-
tilization) evolve faster than genes expressed in nonreproduc-
tive tissues (as reviewed by Swanson and Vacquier 2002; Clark
et al. 2006). Although this pattern has been interpreted as a
signal of adaptive evolution promoted by sexual selection,
recent work has advocated for considering the contribution
of relaxed purifying selection to elevated evolutionary rates

(Dapper and Wade 2016, 2020). Indeed, recent genomic stud-
ies relying on polymorphism and divergence data have under-
scored the importance of quantifying both purifying and
positive selection when studying evolutionary patterns and
testing hypotheses on sexual selection at reproductive genes
(e.g., Arunkumar et al. 2013; Gossmann et al. 2014; Harrison
et al. 2019).

Factors other than sexual selection have also been pro-
posed as important drivers of the evolution of reproductive
genes in plants. First, in angiosperms, as many as 60% of genes
are expressed in the haploid gametophytic phase, and about
7–11% of genes are exclusively expressed at that stage (Honys
and Twell 2004; Pina et al. 2005; Borges et al. 2008). In contrast
to diploid tissues, recessive and partially recessive new muta-
tions arising in genes expressed in haploid stages are directly
exposed to the action of selection, which should aid the re-
moval of deleterious mutations and fixation of advantageous
ones (Haldane 1932, 1933; Kondrashov and Crow 1991;
Charlesworth and Charlesworth 1992; Gerstein and Otto
2009). Second, expression-related variables are known to im-
pact rates of protein evolution. In general, broadly and highly
expressed genes show slower amino acid substitution rates
compared with tissue-specific or lowly expressed genes
(Wright et al. 2004; Drummond et al. 2005; Slotte et al.
2011; Yang and Gaut 2011; Zhang and Yang 2015). The tran-
scriptomes of haploid cells tend to be enriched in specifically
expressed genes, which is thought to reduce the evolutionary
constraints acting on such genes (Szöv�enyi et al. 2013). For
instance, low expression levels in sperm cells might explain
the accumulation of slightly deleterious mutations in sperm-
expressed genes (Arunkumar et al. 2013). Hence, it is neces-
sary to investigate the potential contribution of transcript
specificity and abundance to molecular evolution when
studying signatures of selection on gametophyte-expressed
genes.

To more directly understand the contribution of sexual
selection to the evolution of male gametophyte-expressed
genes, it is necessary to investigate if variation in the strength
of sexual selection alters the fate of new mutations in these
genes. If sexual selection is important to the evolution of
pollen expressed genes, alleles promoting faster germination
and tube growth rates should be selected for, and alleles
negatively affecting these traits should be removed (Mazer
et al. 2010). Elevated selfing rates are expected to lead to
reduced intensity of sexual selection at the pollen stage
(Mazer et al. 2010). This outcome could be further magnified
in selfing populations that experience a reduced efficacy of
selection genome-wide due to reductions in the effective
population size and the increased impact of linked selection
(Wright et al. 2013; Slotte 2014; Hartfield et al. 2017).

Experimental studies have found conflicting results regard-
ing the impact of mating system shifts on the rates at which
pollen grains germinate and grow their pollen tubes (e.g.,
Smith-Huerta 1996; Taylor and Williams 2012; Hove and
Mazer 2013; Lankinen et al. 2017), and the impact it might
have on the offspring (Willi 2013). These inconsistencies could
in part be explained by methodological differences between
experiments (as discussed by Mazer et al. 2018). Recently,
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population genomic studies have started to bring further in-
sight into the effects of mating system variation by charac-
terizing the signatures of selection on genes involved in pollen
competition. For instance, using divergence and
polymorphism-based analyses, Harrison et al. (2019) found
that pollen-expressed genes in Arabidopsis thaliana experi-
enced a relaxation in selection in association with the transi-
tion to predominantly self-fertilization. However, it remains
unknown how general these findings are and how rapidly
such effects may occur. Direct within-species studies compar-
ing genomic signatures of selection between outcrossing and
selfing populations could bring further light on this matter,
and could be more robust to confounding effects present in
between-species comparisons.

In this study, we aimed to compare signatures of selection
on genes expressed in male and female gametophytes, across
populations with different levels of genetic diversity and in-
breeding rates. Specifically, we wanted to test if differences in
selection can be attributed to the intensity of sexual selection
that populations with different mating systems experience.
For this purpose, we analyzed whole-genome sequences from
natural populations of Arabis alpina with different mating
systems. This arctic-alpine perennial herb is ideally suited
for this purpose, because different populations show con-
trasting inbreeding levels across the species’ distribution, as
a joint consequence of demographic history and mating sys-
tem changes (Ansell et al. 2008; Tedder et al. 2011; Laenen
et al. 2018). Previous experimental studies have shown that
populations of A. alpina have evolved a wide spectrum of
mating system strategies ranging from self-incompatibility
and obligate outcrossing, to self-compatibility dominating
most or the entire population (Tedder et al. 2011; Tor€ang
et al. 2017; Petr�en et al. 2021). It currently remains unknown
whether loss of self-incompatibility has occurred several times
independently in this species, but all self-compatible popula-
tions studied in detail exhibit a selfing syndrome both in
terms of a reduced floral size (Tedder et al. 2011; Petr�en
et al. 2021) and a reduced floral scent signal (Petr�en et al.
2021).

Here, we first contrast the prevalence of purifying and
positive selection in an outcrossing A. alpina population, fo-
cusing on genes expressed in male and female gametophytes
and sporophytes. Then, we investigate the impact of potential
confounding variables such as cell/tissue ploidy and expres-
sion specificity and abundance on signatures of selection.
Finally, we test if purifying selection on genes expressed in
gametophyte components varies with inbreeding and poly-
morphism levels across A. alpina populations with different
mating systems. We rely primarily on the uniquely detailed
and replicated expression data from A. thaliana for identifi-
cation of genes expressed in male and female gametophytic
components and we show that our main results are robust to
this choice. Taken together, our results show that selection
differentially impacts vegetative pollen cell and sperm-
expressed genes, an observation that is robust to controlling
for differences in gene expression breadth and abundance.
We further found that purifying selection on genes expressed
in vegetative pollen, pollen tubes, and sperm was specifically

more efficient in more polymorphic, outbred, and likely out-
crossing populations, as expected under efficient sexual
selection.

Results

Efficient Purifying Selection on Gametophyte-
Expressed Genes
To test for a molecular signature of sexual selection on genes
expressed in gametophytes, we generated whole-genome
sequences of 20 individuals from an outcrossing (mean in-
breeding coefficient FIS ¼ 1.8 � 10�2) and genetically poly-
morphic (pS ¼ 0.006) population of A. alpina from Greece
(population Gre2) where sexual selection would be expected
to be efficient (supplementary figs. 1–3 and supplementary
table 1, Supplementary Material online). Using polymorphism
data from this population and divergence from two closely
related outgroup species at nonsynonymous (only 0-fold de-
generate sites considered) and synonymous sites (only 4-fold
degenerate sites considered), we estimated the impact of se-
lection on sets of all genes identified as expressed in the male
gametophyte (12,398 genes). For comparison, we conducted
the same analyses with all genes expressed in the female ga-
metophyte (10,893 genes) and in the sporophyte (10,000 ran-
domly selected genes identified as expressed in the vegetative
shoot apex, leaf, petiole, and/or root). These gene sets were
identified using expression data from A. thaliana, followed by
the determination of the corresponding A. alpina orthologs
(see Materials and Methods for details).

Analyses of the distribution of negative fitness effects (DFE)
of new nonsynonymous mutations showed that genes
expressed in gametophytes had a lower fraction of nearly neu-
tral new nonsynonymous mutations (0<Nes< 1) and are thus
under stronger purifying selection than sporophyte-expressed
genes in our outcrossing A. alpina population (Kruskal–Wallis
test followed by Dunn’s test with Bonferroni corrected P values,
P< 0.001, based on contrasts of 200 bootstrap replicates; see
Materials and Methods for details) (fig. 1). Genes expressed in
female gametophytes were under stronger purifying selection
than those expressed in male gametophytes (P< 0.001,
Kruskal–Wallis test followed by Dunn’s test with Bonferroni
correction, based on contrasts of 200 bootstrap replicates),
with 13.17 6 0.14% and 14.91 6 0.09% of nearly neutrally evolv-
ing mutations (0<Nes< 1), respectively. Estimates of the pro-
portion of adaptive nonsynonymous substitutions (a) suggest
more frequent adaptation in male and female gametophyte-
expressed genes compared with sporophyte-expressed genes
(male¼ 0.074 6 0.012, female¼ 0.082 6 0.012, sporophyte¼
0.064 6 0.007, P< 0.001, Kruskal–Wallis test followed by
Dunn’s test with Bonferroni correction, based on contrasts of
200 bootstrap replicates). However, there were no significant
differences between gene sets in the proportion of adaptive
nonsynonymous substitutions relative to synonymous substitu-
tions (xa) (male¼ 0.011 6 0.006, female¼ 0.011 6 0.010,
sporophyte¼ 0.010 6 0.001, P> 0.05, Kruskal–Wallis test fol-
lowed by Dunn’s test with Bonferroni correction, based on
contrasts of 200 bootstrap replicates) (supplementary fig. 4,
Supplementary Material online). In agreement with the DFE
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results, gametophyte-expressed genes showed a lower ratio of
nonsynonymous to synonymous polymorphism (pN/pS) than
sporophyte-expressed genes (pN/pS male gametophyte¼ 0.17,
female gametophyte¼ 0.16, and sporophyte¼ 0.18), and we
estimated a higher ratio of nonsynonymous to synonymous
substitutions in sporophyte-expressed than in gametophyte-
expressed genes (dN/dS male gametophyte¼ 0.15, female game-
tophyte¼ 0.13, and sporophyte¼ 0.16) (supplementary table
2, Supplementary Material online).

Haploid Selection Cannot Explain the Impact of
Purifying Selection on Gametophytic Genes
Stronger purifying selection on gametophyte-expressed genes
could either be a result of stronger functional constraints on
genes involved in reproductive functions, or a result of hap-
loid selection. To assess whether differences in ploidy level
shape selection on genes expressed in gametophytes, we es-
timated DFE, a, and xa for all genes expressed in each of the
components of the male gametophyte (vegetative pollen cell,
pollen tube, and sperm cells) (fig. 2) and the female gameto-
phyte (synergids, egg, and nucellus), and compared them
with the diploid nucellar tissue and unpollinated pistils. By
analyzing the components of the female gametophyte indi-
vidually, we aimed not only to distinguish the patterns of
selection affecting cell types with different ploidy, but also
to include a broader representation of structures involved in
reproduction as a control. If genes expressed in haploid cell
types/tissues are consistently more impacted by purifying and
positive selection than genes expressed in the two diploid
tissues that would suggest that higher efficiency of selection

in gametophytes is primarily explained by haploid selection.
We considered genes expressed in the vegetative cell of pollen
and pollen tubes as different categories because they repre-
sent different stages of pollen competition (Lankinen and
Karlsson Green 2015), although the pollen tube is derived
from the vegetative cell of pollen. The gene sets expressed
in the vegetative pollen cell that we analyze here are involved
in functions such as signaling, vesicle trafficking, cell wall me-
tabolism, transport across membranes, and the cytoskeleton
modification, all of which are associated with the process of
pollen germination on the surface of the stigma (Pina et al.
2005, Borges et al. 2008). In contrast, the gene set expressed in
semi-in vivo grown pollen tubes has been linked to the func-
tions of protein recognition, signaling, transmembrane recep-
tor activity, and defense response (Qin et al. 2009), likely
involved in the perception and response to pistil guidance
and recognition between mating partners, as well as male–
male competition.

We found that purifying selection was not systematically
stronger for genes expressed in haploid components com-
pared with those expressed in the diploid nucellus and unpol-
linated pistils. Interestingly, the DFE differed significantly
between the different haploid gene sets (fig. 3A). In agree-
ment with the first analysis, we found that genes expressed in
components of the male gametophyte are less constrained
than those expressed in female components. There were sig-
nificant differences in the proportion of nearly neutral new
nonsynonymous mutations (0<Nes <1) between different
haploid components of the male gametophyte (figs. 2A and
3A), with genes expressed in pollen tubes being under weaker
purifying selection than those expressed in vegetative pollen
cells (0<Nes < 1: 14.97 6 0.14% vs. 13.67 6 0.14%, respec-
tively, P< 0.001, Kruskal–Wallis test followed by Dunn’s test
with Bonferroni correction, based on contrasts of 200 boot-
strap replicates). Genes expressed in sperm cells showed the
greatest proportion of new nearly neutral nonsynonymous
mutations (16.33 6 0.19%, P< 0.001 for all pairwise tests,
Kruskal–Wallis test followed by Dunn’s test with Bonferroni
correction, based on contrasts of 200 bootstrap replicates),
and pN/pS and dN/dS estimates were also highest for sperm-
expressed genes (pN/pS vegetative pollen¼ 0.16, pollen
tubes¼ 0.18, and sperm¼ 0.19; dN/dS vegetative pollen-
¼ 0.14, pollen tube¼ 0.15, and sperm¼ 0.16) (supplemen-
tary table 2, Supplementary Material online).

We did not find evidence for consistently higher rates of
adaptation in genes expressed in haploid cells compared with
genes expressed in diploid tissues (fig. 3B and supplementary
table 2 and fig. 5A, Supplementary Material online). Among
male gametophyte components, genes expressed in vegetative
pollen cells were more impacted by positive selection than
those expressed in sperm cells (a¼ 0.082 6 0.011 and
0.061 6 0.011 respectively, P< 0.001; xa¼0.011 6 0.001 and
0.009 6 0.002 respectively, P< 0.001, Kruskal–Wallis test fol-
lowed by Dunn’s test with Bonferroni correction, based on
contrasts of 200 bootstrap replicates). Positive selection on
genes expressed in pollen tubes did not differ significantly
from those two gene sets (a¼ 0.077 6 0.010 and
xa¼0.011 6 0.001, NS, Dunn’s test based on contrasts of
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200 bootstrap replicates, Bonferroni corrected P-values). Genes
expressed in haploid synergids were the most affected by pos-
itive selection (a¼ 0.150 6 0.028 and xa¼0.017 6 0.003,
P< 0.001, Kruskal–Wallis test followed by Dunn’s test with
Bonferroni correction, based on contrasts of 200 bootstrap
replicates), followed by the diploid nucellus tissue
(a¼ 0.088 6 0.008 and xa¼0.013 6 0.001), and finally diploid

pistils and haploid egg cells (a¼ 0.048 6 0.010 and
xa¼0.007 6 0.001, and a¼ 0.045 6 0.020 and xa¼0.006 6

0.003, respectively). Our results suggest that signatures of selec-
tion observed in genes expressed in gametophytes cannot be
attributed completely to their haploid condition. Moreover,
selection differentially affects genes expressed in haploid con-
dition in vegetative pollen, pollen tubes, and sperm.
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Gene Expression Variables Do Not Drive Contrasting
Patterns of Selection on Genes Expressed in Vegetative
Pollen and Sperm Cells
If differences in selection on genes expressed in vegetative
pollen, pollen tubes, and sperm are caused by intrinsic ex-
pression disparities between sets of genes, these differences
should not persist after controlling for these variables. To
control for expression specificity, we reduced our gene sets
to only include those genes that were exclusively expressed in
each component of the male gametophyte. We intersected
the original sets of genes expressed in vegetative pollen, pollen
tubes, and sperm with a set of genes expressed in the sporo-
phyte (10,000 randomly selected genes expressed in the shoot
apex, leaf, petiole, and/or root) (fig. 2B), and then repeated
our analyses of purifying and positive selection on reduced
gene sets. We identified 144 genes putatively exclusive to
vegetative pollen cells (3.47% of the initial set), 309 in pollen
tubes (6.14%), 260 in sperm (8.08%), and 5,721 in sporophyte
tissues (57.21%) (fig. 2B). In agreement with estimates based
on the full gene sets, genes expressed exclusively in vegetative
pollen cells experienced stronger purifying selection than
those exclusively expressed in pollen tubes, whereas sperm
cells were under significantly weaker selection (fig. 4A). Based
on exclusively expressed gene sets, we again found no evi-
dence for consistently stronger purifying selection on genes
expressed in haploid components (supplementary fig. 7A,
Supplementary Material online). To make our results more
comparable with a previous study conducted on Capsella
grandiflora (Arunkumar et al. 2013), we repeated this analysis
with exclusively expressed genes in the components of male
gametophytes identified after intersecting the initial sets with
data on seedling-expressed genes. As before, we inferred that
vegetative pollen-expressed genes (2.24% of the initial set)
experienced the strongest intensity of purifying selection,
and sperm-expressed genes (6.80% of the initial set) experi-
enced significantly weaker purifying selection (supplementary
fig. 7B, Supplementary Material online).

We controlled for expression level using a matched com-
parison group approach. Briefly, we reduced each original data
set to a subset of genes matching the distribution of transcript
abundances for the component of male gametophytes with
the fewest expressed genes, that is, sperm cells (n¼ 3,218
genes, median¼ 834) (see Materials and Methods for details).
This resulted in a total of 1,552 genes expressed in vegetative
pollen (37% of the initial set of genes, median before
correction¼ 1,092, median after correction¼ 837) and 2,387
expressed in pollen tubes (47% of the initial set of genes, me-
dian before correction¼ 862, median after correction¼ 844)
(supplementary fig. 8, Supplementary material online). Again,
we found that vegetative pollen cell-expressed genes experi-
enced the strongest levels of purifying selection, followed by
genes expressed in pollen tubes and sperm cells (fig. 4B). Thus,
differences in the DFE between genes expressed in vegetative
pollen, pollen tubes, and sperm cells were robust to controls
for expression level and specificity.

Positive selection was significantly more prevalent in genes
expressed in vegetative pollen compared with other

components of the male gametophyte after controlling for
expression abundance, but not after accounting for gene ex-
pression breadth. When controlling for differences in tran-
script abundance, vegetative pollen-expressed genes still
showed the highest rates of adaptive evolution
(a¼ 0.14 6 0.02), followed by genes expressed in sperm
(a¼ 0.06 6 0.02) and pollen tubes (a ¼ �0.01 6 0.02)
(fig. 4D). These results held for xa estimates as well (supple-
mentary fig. 5C, Supplementary Material online). However,
when restricting our analyses to sets of exclusively expressed
genes, we estimated the proportion of adaptive substitutions
to be significantly higher in sperm cells (a¼ 0.18 6 0.03)
compared with vegetative pollen cells (a¼ 0.15 6 0.06) and
pollen tubes (a¼ 0.10 6 0.03) and (fig. 4C). The same pattern
was observed for estimates of xa (supplementary fig. 5B,
Supplementary Material online).

We further tested how sensitive our results were to our
reliance on expression data from A. thaliana to identify
pollen-expressed genes. As no similarly detailed or replicated
expression resource was available for A. alpina or other
Brassicaceae species, we identified pollen- and unpollinated
pistil-expressed genes based on publicly available data from
Brassica napus (Lohani et al. 2020) and A. thaliana (see
Materials and Methods and supplementary note 1,
Supplementary Material online for details). We inferred the
DFE of the A. alpina orthologs of these gene sets and inferred
stronger purifying selection on pollen than on pistil-expressed
genes in the Gre2 population, both based on B. napus and
A. thaliana data (0<Nes < 1 estimates based on A. thaliana
expression data¼ pollen: 13.67 6 0.14%, pistil: 15.56 6 0.10%;
B. napus ¼ pollen: 12.03 6 0.17%, pistil: 13.97 6 0.09%). We
also found no significant differences in adaptive evolution of
pollen-expressed genes, but for pistil-expressed genes
A. thaliana-based estimates were lower (supplementary fig.
6A, Supplementary Material online). Estimates of purifying
but not necessarily positive selection thus appear to be robust
to our strategy to identify pollen and pistil-expressed genes
(supplementary fig. 6A and note 1, Supplementary Material
online).

Our results suggest that despite differences in the ubiquity
and abundance of genes expressed, vegetative pollen cell and
sperm-expressed genes show contrasting patterns of purify-
ing selection, with vegetative pollen-expressed genes consis-
tently showing a lower proportion of effectively neutral sites.
In contrast, gene expression breadth seems to affect the dif-
ferences in adaptive evolution between vegetative pollen and
sperm. These results show that in a polymorphic and outbred
population, contrasting signatures of purifying selection in
vegetative pollen- and sperm-expressed genes are not caused
by the higher tissue specificity and lower expression levels of
genes expressed in sperm, allowing us to further investigate
how these sets of genes are impacted by different intensities
of intrasexual competition.

Weaker Purifying Selection on Pollen-Expressed Genes
in More Inbred and Less Polymorphic Populations
We hypothesized that in populations with low levels of poly-
morphism and high inbreeding rates, pollen-expressed genes
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would accumulate a higher proportion of slightly deleterious
mutations due to relaxed sexual selection. To test this hy-
pothesis, we generated and analyzed whole-genome sequen-
ces from 228 individuals from 13 populations of A. alpina,
with different mating systems and demographic histories
(Laenen et al. 2018) (supplementary fig. 9A and table 3,
Supplementary Material online). We refrained from compar-
ing a and xa across populations because those estimates
would rely on the same divergence data (see Materials and
Methods) and would therefore not be independent.

To characterize levels of genetic diversity and inbreeding,
we first calculated and compared nucleotide diversity (p), and
two estimates of the inbreeding coefficient based on devia-
tions between observed and expected genotype frequencies
(FIS) and based on runs of homozygosity genome-wide (FROH)
for each population (supplementary figs. 2 and 3 and table 1,
Supplementary Material online). We found that the most
polymorphic and outbred populations came from Greece
and Italy, whereas populations from central and eastern
Europe had lower polymorphism levels and variable levels
of inbreeding, and the lowest levels of polymorphism were
found in highly selfing and inbred Scandinavian populations
(supplementary table 1, Supplementary Material online).
Overall, population structure was largely concordant with
geographic sampling locality, suggesting that FIS should not
be greatly overestimated due to the Wahlund effect (supple-
mentary fig. 9B, Supplementary Material online). Altogether,
estimates of p at 4-fold synonymous sites spanned from 1.1
� 10�5 to 6.2 � 10�3, whereas mean FIS values for 4-fold
synonymous sites ranged from 0.02 6 0.05 to 0.97 6 0.08, and
mean FROH (ROH > 500 kb) ranged from 0.23 6 0.04 to
0.92 6 0.01 (supplementary figs. 2, 3, and 10,
Supplementary Material online). Previous work has shown

that FIS estimates are consistent with the functioning of the
self-incompatibility system in A. alpina (Tedder et al. 2011),
suggesting it could provide a proxy for classification of mating
system. Our estimates of FIS and FROH (supplementary figs. 2
and 3, Supplementary Material online) allowed us to tenta-
tively classify populations in two discrete categories: predom-
inantly outcrossing populations with a mean 4-fold FIS< 0.04
corresponding to a selfing rate of <0.08 assuming equilib-
rium, and predominantly selfing populations with a mean 4-
fold FIS > 0.85, corresponding to a selfing rate under equilib-
rium of >0.92 (see Materials and Methods for details). This
data set therefore offers a wide range of variation in terms of
polymorphism level and degree of inbreeding to test for the
impact of sexual selection.

One potential complication when testing for an effect of
diversity and inbreeding on sexual selection is that strong
reductions in the effective population size, for example, due
to demographic bottlenecks and/or linked selection, can re-
sult in reduced efficacy of selection genome-wide (Wright
et al. 2013; Mattila et al. 2019). In such populations, it can
be difficult to specifically attribute relaxed purifying selection
on gametophyte-expressed genes to relaxed sexual selection.
To assess whether some of our populations exhibited a sig-
nature of genome-wide relaxed selection, we first estimated
DFE in a set of 10,000 randomly selected genome-wide genes
in all populations. We found that the three populations with
the lowest p at 4-fold sites, including two Scandinavian pop-
ulations, appear to have experienced such an effect, with
most (or even all) analyzed sites evolving either as effectively
neutral or under weak purifying selection (supplementary fig.
11, Supplementary Material online). We therefore excluded
these populations from further consideration in our analyses
of gametophyte-expressed genes.
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Next, we asked whether the efficacy of purifying selection
on genes expressed in the male gametophyte varies with
nucleotide diversity and inbreeding level in the remaining
ten populations. We found that p at 4-fold synonymous
sites was significantly negatively correlated with the fraction
of nearly neutral new nonsynonymous mutations for genes
expressed in vegetative pollen, pollen tubes, and sperm,
as expected if selection on these genes were stronger in
more polymorphic populations (fig. 5A–C, table 1, and sup-
plementary fig. 10E–G, Supplementary Material online).
Although significant, this negative correlation was weaker
for the analyses based on genome-wide estimates (10,000

randomly selected genes) (fig. 5D, table 1, and supplementary
fig. 10H, Supplementary Material online). After correcting for
phylogenetic nonindependence among populations, these
results held true for vegetative pollen, pollen tube, and
sperm-expressed genes, but not for genome-wide estimates
(table 1 and supplementary fig. 12, Supplementary Material
online). These findings show that purifying selection on
genes expressed in vegetative pollen, pollen tubes, and
sperm is weaker in less polymorphic populations, and that
this result cannot be fully explained by a genome-wide
relaxation of purifying selection in less polymorphic
populations.
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We further investigated if, as in the case of polymorphism,
inbreeding impacts purifying selection on male gametophyte-
expressed genes. For each analyzed set of genes, we tested if
the proportion of nearly neutral new nonsynonymous muta-
tions differed between predominantly outcrossing and selfing
populations. We found that predominantly outcrossing pop-
ulations show a significantly lower fraction of nearly neutral
new nonsynonymous mutations compared with the pre-
dominantly selfing ones for genes expressed in vegetative
pollen, pollen tubes, and sperm (P< 0.05 in all cases,
Wilcoxon rank-sum test), but not for sporophyte-expressed
genes (P¼ 0.07, Wilcoxon rank-sum test) (fig. 5E–H). Taken
together, these results suggest that purifying selection at male
gametophyte-expressed genes is weaker in the predominantly
selfing populations than in the outcrossing populations.

Contrasting Patterns of Selection on Vegetative Pollen
and Sperm-Expressed Genes across Populations
Our previous analyses showed a consistent pattern of weaker
selection on sperm-expressed than vegetative pollen-
expressed genes. We asked whether this pattern was exclusive
to outbred populations, or whether genes expressed in veg-
etative pollen cells were generally under stronger constraint
than those expressed in sperm cells regardless of population.
Thus, we estimated DFE for genes expressed in these two
components of the male gametophyte and genome-wide
estimates, and compared the inferred fraction of nearly neu-
tral new nonsynonymous mutations (0<Nes < 1) across
populations. Regardless of population level of polymorphism
or inbreeding, purifying selection was always stronger on
genes expressed in vegetative pollen cells than in sperm cells,
and than genome-wide estimates. These results suggest that
there are consistently stronger relative constraints acting on
vegetative pollen-expressed genes than on sperm-expressed
genes (supplementary fig. 13, Supplementary Material
online).

Genetic Polymorphism Does Not Correlate with the
Proportion of Effectively Neutral Sites in Synergid-
Expressed Genes
Among all the individual components of the male and female
gametophytes, synergid-expressed genes show the strongest
levels of purifying selection (fig. 3A). We investigated whether,
as in the case of genes expressed in the male gametophyte,

the strength of purifying selection would correlate with levels
of genetic polymorphism. Contrary to this expectation, we
found no correlation between 4-fold synonymous p and the
fraction of nearly neutral new nonsynonymous mutations for
this gene set (supplementary fig. 14, Supplementary Material
online).

Discussion

Prevalent Signatures of Purifying Selection on
Vegetative Pollen-Expressed Genes
It has long been proposed that sexual selection is an impor-
tant driving force for the evolution of genes expressed in
pollen (Bernasconi et al. 2004; Mazer et al. 2010; Lankinen
and Karlsson Green 2015). Here, we have shown that in an
outcrossing A. alpina population, genes expressed at the ga-
metophytic stage are under stronger purifying selection than
those expressed in the sporophyte. This pattern does not
appear to be mainly driven by haploid selection, as individual
data sets for haploid components of the gametophyte
showed contrasting signatures of selection, with no consis-
tent evidence for more efficient selection than for genes
expressed in diploid tissues. This result also does not seem
to be driven by antagonistic selection pressures in haploid
and diploid stages, as it held for gene sets exclusively
expressed in the haploid or diploid state.

By contrasting gene sets expressed in individual haploid
gametophyte components, we have shown that vegetative
pollen-expressed genes experienced more efficient purifying
selection in comparison with genes expressed in pollen tubes
and sperm cells (fig. 3). This result held after controlling for
differences in expression level and breadth (fig. 4), suggesting
that the contrast between vegetative pollen cells and sperm is
not primarily determined by expression-related variables. A
previous study by Arunkumar et al. (2013) invoked the joint
contribution of haploid purging and gametophytic competi-
tion to explain the higher efficacy of selection acting on
pollen-exclusive genes than on sporophyte-exclusive genes
in Capsella grandiflora. Additionally, Harrison et al. (2019)
suggested that purifying selection is currently less effective
in pollen-specific than in sporophyte-specific genes in
Arabidopsis thaliana, primarily because relaxed selection on
tissue-specific genes outweighs other selective pressures in
this highly self-fertilizing species.

Although estimates of the DFE varied across populations in
our study, purifying selection was consistently more efficient
on vegetative pollen-expressed than on sperm-expressed
genes across our study populations, and these two were
more selectively constrained than genome-wide estimates
(supplementary fig. 13, Supplementary Material online).
These findings agree with the suggestion that genes with a
reproductive function are under strong selective constraint
(Dean et al. 2009; Arunkumar et al. 2013; Finseth et al. 2014).
The results further lend support to the idea that vegetative
pollen and sperm cells face different selective regimes due to
their contrasting roles during fertilization (Arunkumar et al.
2013; Gossmann et al. 2014). This is in line with experimental
work that showed that sperm cells can be experimentally

Table 1. Estimates of Spearman’s Rank Correlation Coefficient (q)
between 4-Fold p Values and the Fraction of Nearly Neutral New 0-
Fold Degenerate Mutations (DFE Category of 0<Nes< 1) before and
after PIC Correction for Each Set of Genes Expressed in the
Components of Male Gametophytes and a Set of 10,000 Randomly
Selected Genes Representing Genome-Wide Patterns

Cell Type/Tissue Before PIC Correction After PIC Correction

q P Value q P Value

Vegetative pollen cell 20.91 0.0005 20.98 0.0001
Pollen tube 20.90 0.0009 20.87 0.0045
Sperm 20.94 0.0001 20.83 0.0083
Genome wide 20.78 0.0116 20.67 0.0589
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removed from pollen grains without interfering with pollen
tube growth (Zhang et al. 2017), and that polyspermy avoid-
ance mechanisms limit the possibility for competition among
sperm cells (reviewed by Dresselhaus and Franklin-Tong
2013).

Last, it is important to notice that although we relied on
publicly available expression data from A. thaliana to charac-
terize the transcriptome of the different cell types/tissues, our
analyses suggest that we have reliably inferred patterns of
purifying selection differentially impacting some of the cate-
gories of genes central to our study (i.e. pollen and pistils). On
the other hand, our estimates of positive selection showed
some sensitivity to the source of expression data, which could
partly be an effect of sampling, but still suggests that these
estimates should be cautiously interpreted.

Gene Expression Variables Are Not Primarily Driving
the Pattern of Contrasting Selection between
Vegetative Pollen and Sperm
Contrasting signatures of selection on vegetative pollen and
sperm-expressed genes have previously been reported both in
outcrossing (Arunkumar et al. 2013) and selfing species
(Gossmann et al. 2014). Sexual selection was invoked in
both studies as the most likely explanation for this result,
but expression specificity and level were proposed as impor-
tant contributors to these differences. More specifically,
Arunkumar et al. (2013) predicted that signatures of relaxa-
tion in sperm-expressed genes could result from their lower
expression levels, because broadly and/or highly expressed
genes tend to be under stronger purifying selection (Wright
et al. 2004; Slotte et al. 2011; Yang and Gaut 2011; Zhang and
Yang 2015). Here, we have shown that contrasting signatures
of purifying selection between vegetative pollen and sperm
remain after controlling for expression level and specificity
(fig. 4), which confirms that the pattern is not solely driven
by expression disparities among cell types. However, there
were more exclusively expressed genes in sperm than in veg-
etative pollen (8.08% vs. 3.47%, respectively), and in line with
previous studies (Slotte et al. 2011; Arunkumar et al. 2013), we
estimated a lower efficacy of purifying selection on exclusively
expressed genes (0<Nes < 1: all sperm-expressed gen-
es¼ 16.33 6 0.19%, exclusively sperm-expressed gen-
es¼ 19.46 6 0.20). Taken together, our results suggest that
the reduced involvement of sperm cells in pollen competition
and a higher proportion of exclusively expressed genes could
jointly contribute to weaker purifying selection on sperm-
expressed genes.

Low Polymorphism and Inbreeding Are Associated
with Weaker Purifying Selection on Male
Gametophyte-Expressed Genes
Mating system variation and demographic changes are im-
portant determinants of Ne in A. alpina populations (Laenen
et al. 2018), and one or several transitions from outcrossing to
mixed mating and predominant selfing have occurred in
Central European and Scandinavian populations (Ansell
et al. 2008; Tedder et al. 2011; Tor€ang et al. 2017; Laenen

et al. 2018). The prediction that pollen reproductive perfor-
mance will decrease in selfing lineages in comparison to their
outcrossing ancestors (Mazer et al. 2010) agrees with theo-
retical models of density dependence in sexual selection
according to which Ne drives the strength of intrasexual con-
flict (Kokko and Rankin 2006). In agreement with this expec-
tation, we showed that less polymorphic and more inbred
populations of A. alpina, which are likely to undergo higher
levels of self-fertilization, experience weaker purifying selec-
tion at genes expressed in male gametophyte components
than predominantly outcrossing populations (fig. 5).
Importantly, this association was weaker or absent genome-
wide. This suggests that weaker purifying selection on game-
tophytic components in more inbred populations is not
solely an effect of a genome-wide relaxed purifying selection
in inbred populations (fig. 5 and table 1). Collectively, our
findings are consistent with the expectation that the intensity
of sexual selection during fertilization decreases with reduced
genetic diversity and a reduced number of genetically differ-
ent competing haplotypes in predominantly self-fertilizing
populations. Our findings also agree with a recent study on
A. thaliana genomic data which inferred that after A. thaliana
shifted from outcrossing to selfing 1 Ma, genes expressed in
pollen have accumulated a higher proportion of slightly del-
eterious mutations in comparison to sporophytic genes
(Harrison et al. 2019).

Contrasting Signatures of Sexual Selection among
Male Gametophyte Components
Pollen tube competition is commonly described as the most
intense stage of male–male competition (Bernasconi et al.
2004; Lankinen and Karlsson Green 2015), but this is not
reflected in our results. Indeed, in our analyses, pollen tube-
expressed genes were consistently inferred to experience in-
termediate purifying selection pressures relative to genes
expressed in vegetative pollen and sperm cells, although dif-
ferences were relatively subtle. Interestingly, in vitro experi-
ments with A. thaliana indicate that the percentage of pollen
germinating steadily increases from 20% to 75% during the
first 6 h after pollination (Fan et al. 2001), suggesting that this
could be the stage at which sexual selection is likely to act by
removing alleles that impair the capacity of pollen to hydrate
and germinate. Additionally, it has been suggested that pollen
grains from the same cohort present intrinsic differences in
their capacity to hydrate and germinate, causing an asyn-
chrony in the start for pollen tube growth (Thomson 1989).
This would imply that the early stages of competition could
be more intense than pollen tube growth itself, especially if
the intensity of selection is density dependent. Our results are
complementary to previous analyses in A. thaliana in suggest-
ing that vegetative pollen cells and the pollen tubes derived
from those cells indeed play different roles during prezygotic
competition, with vegetative pollen cell-expressed genes be-
ing more heavily involved in the first steps of the race for
fertilization (Pina et al. 2005; Borges et al. 2008).

In this study, after controlling for transcript ubiquity and
abundance, we found that patterns of positive selection dif-
fered significantly between vegetative pollen- and pollen
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tube-expressed genes (fig. 4C and D). This is in contrast with
similar analyses conducted on A. thaliana suggesting that
pollen- and pollen tube-expressed genes show very similar
signatures of selection (Gossmann et al. 2014). One limitation
of our study, shared with previously published results (e.g.
Arunkumar et al. 2013), is that we are using gene expression
data from A. thaliana, assuming a similar expression profile in
A. alpina. Although recent comparative transcriptomic anal-
yses suggest broad conservation of organ-specific transcrip-
tomes in plants (Julca et al. 2021), previous studies have
suggested that pollen tube transcriptomes can be species
specific (Gossmann et al. 2014; Leydon et al. 2017). This lim-
itation could have affected our capacity to adequately identify
genes that are relevant to pollen tube functioning in our focal
species, and therefore, we cannot exclude the possibility that
we have underestimated positive selection on pollen tube-
expressed genes. Additionally, because duplicated genes can
experience selective regimes than nonduplicated genes,
which could confound our comparisons of gene sets
(reviewed by Innan and Kondrashov 2010), we excluded
paralogs from our analyses. This approach might have re-
moved neofunctionalized genes from our data sets, which
in animals have evolved reproductively relevant functions
(e.g. Dai et al. 2008; Ding et al. 2010). Because there is great
potential for sexual selection to operate on pollen-tube
expressed genes that regulate gamete–gamete recognition
and interactions with the transmitting tissues of the pistil
(Leydon et al. 2017; Johnson et al. 2019; Tonnabel et al.
2021), future work would benefit from characterizing and
estimating the strength of selection on species-specific pollen
tube transcriptomes. Moreover, in contrast to our results on
purifying selection, adaptive substitution rate estimates seem
to be more sensitive to the source used to identify genes
expressed on a given cell/tissue (e.g., pollen and pistils) (sup-
plementary fig. 15B and C, Supplementary Material online)
once again highlighting the importance of further work on
this topic.

Although sperm-expressed genes show significantly lower
levels of purifying selection than vegetative pollen across
populations (supplementary fig. 13, Supplementary Material
online), it is interesting that purifying selection on this set of
genes covaries with genetic diversity and inbreeding levels.
This might imply that some genes expressed in sperm are
indeed subject to sexual selection, although it is difficult to
completely rule out genome-wide effects on selection in less
polymorphic and more inbred populations. However, there is
experimental evidence that sperm-specific genes do intervene
in pollen tube guidance (e.g., von Besser et al. 2006). In the
case of the data set we used in our analyses, functional clas-
sification studies identified a relative enrichment of the terms
DNA repair, ubiquitin-mediated proteolysis, and cell cycle
progression (Borges et al. 2008). Interestingly, ubiquitin-
mediated degradation has been linked to several cellular level
response stimuli, including hormonal signaling (Sharma et al.
2016). Even if the removal of sperm cells does not affect
pollen tube development (Zhang et al. 2017), our results sug-
gest that the competitive ability of male gametophytes might
be impaired in selfing populations due to the reduced

capacity of selection to remove slightly deleterious mutations
from sperm-expressed genes.

Signatures of Purifying Selection on Synergid-
Expressed Genes
Our work focused on the importance of sexual selection in
driving the evolution of genes expressed in male gameto-
phytes, however, there is a growing interest in the impact
of sexual selection on female gametophyte evolution
(reviewed by Beaudry et al. 2020; Tonnabel et al. 2021). For
instance, a recent study on genomic data from four Solanum
species with contrasting mating system reported that female-
specific (style and ovule) genes evolve faster than male-
specific genes (pollen) even after controlling for gene expres-
sion breadth (Moyle et al. 2021), although the contribution of
relaxed purifying selection and positive selection to elevated
divergence remains unclear.

Here, we found that in an outcrossing population, genes
expressed in the synergid cells of the female gametophyte
experienced stronger purifying selection and had a higher
rate of adaptive fixations, but not higher dN/dS than any of
the other data sets evaluated (fig. 3 and supplementary table
2, Supplementary Material online). Synergids are known to
play a pivotal role in guiding pollen tubes toward the embryo
sac (Higashiyama et al. 2001), and given the importance of
their function in facilitating successful fertilization, we might
expect these genes to be under strong evolutionary con-
straint. Indeed, contrary to the pattern observed for the
male gametophyte, we found no correlation between genetic
polymorphism and the fraction of nearly neutral new non-
synonymous mutations (supplementary fig. 14,
Supplementary Material online), possibly indicating that the
essential functions of synergid cells in guiding pollen tubes
impose strong and general constraints on these genes. More
studies are required to better understand if female
gametophyte-expressed genes are indeed subject to stronger
constraint compared with those expressed in male
gametophytes.

Conclusions
Here, we studied the signatures of selection on genes involved
in the functioning of male gametophytes and their compo-
nents using A. alpina genomic data from populations with
varying levels of polymorphism and inbreeding. We found
evidence for more efficient purifying selection on genes
expressed in the vegetative cell of pollen compared with pol-
len tubes, and significantly weaker selection on genes
expressed in sperm cells. Importantly, these results cannot
be attributed to differences in tissue specificity or expression
levels. Purifying selection on male-gametophyte-expressed
genes is stronger in predominantly outbred populations
with higher levels of polymorphism than in predominantly
selfing, less polymorphic populations. This result is consistent
with expected effects of sexual selection at the pollen stage,
although we cannot completely rule out a contribution of
elevated self-fertilization on selection genome-wide.
Interestingly, stringent levels of purifying selection acting on
vegetative pollen-expressed genes persist even in inbred
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populations with low levels of polymorphism, suggesting that
the reproductive functions of these genes result in strong
selective constraints on their evolution.

Materials and Methods

Samples and Sequencing
We analyzed whole genome sequences of 228 individuals of
A. alpina representing 13 different sampling localities (sup-
plementary fig. 9A and table 3, Supplementary Material on-
line). We extracted DNA from dried leaves using the Qiagen
DNeasy Plant Mini kit (Qiagen, Inc., Valencia, CA, USA).
Sequencing libraries were prepared using the TruSeq Nano
DNA sample preparation kit (Illumina Inc., San Diego, CA,
USA) targeting an insert size of 350 bp. Sequencing of paired-
end 150 bp reads was performed on a HiSeqX (Illumina Inc.)
machine with v2.5 sequencing chemistry. On average, we
obtained 29 Gb per sample (ranging from 12 to 66 Gb)
with Phred quality score above 30. A full description of se-
quence processing, mapping, variant calling, and filtering is
given in supplementary note 2, Supplementary Material
online.

Estimates of Genetic Diversity and Inbreeding
We calculated nucleotide diversity (p) (Nei and Li 1979) in 10
kb windows using pixy (https://pixy.readthedocs.io/en/latest/
, last accessed April 2021) (Korunes and Samuk 2021).

Tajima’s D (Tajima 1989) and the mean inbreeding coeffi-
cient (FIS) (Wright 1951) for each population was calculated
using VCFtools (0.1.16) (Danecek et al. 2011), whereas the cal-
culation of Watterson’s estimator of h (Fu 1994) was con-
ducted in R (R Core Team 2019). Each of these estimates
were obtained for 0 and 4-fold degenerate sites identified using
the A. alpina V5 reference genome and a lift over annotation
(Arabis_alpina.MPIPZ.V5.chr.all.liftOverV4.v3.gff3, downloaded
from http://www.arabis-alpina.org, last accessed July of 2018)
(Willing et al. 2015) using the script NewAnnotateRef.py
(https://github.com/fabbyrob/science/tree/master/pileup_ana-
lyzers, last accessed July of 2018) (Williamson et al. 2014). Genes
that mapped to more than one region of the V5 reference
genome based on the lift over annotation file were discarded
from downstream analyses. The proportion of the genome in
runs of homozygosity above 500 kb (FROH) was calculated for
the entire data set of bi-allelic SNPs without missing data. Files
were processed using BCFtools/RoH (Narasimhan et al. 2016),
and the sum of RoH and FROH were further calculated in R (R
Core Team 2019).

Estimates of average p across sets of genes for population
Gre2 were obtained using pixy with the option –bed_file to
indicate coordinates of gene sets (with separate input vcf files
filtered to only retain 0-fold and 4-fold sites to obtain esti-
mates of nucleotide diversity at each site class).

Population Structure
We assessed population structure using fastSTRUCTURE (Raj
et al. 2014). Briefly, we analyzed 1,187,118 variants retained
after pruning all SNPs based on linkage disequilibrium esti-
mated in 50 kb windows, a step size of 5 kb and r2 threshold

of 0.5 using PLINK (Chang et al. 2015; Purcell and Chang
2020). We ran five replicates of fastSTRUCTURE for different
K values ranging from 2 to 20, and for each replicate, we chose
the number of populations based on the number of relevant
components required to explain the structure in the data set,
as proposed by Raj et al. (2014). Ancestry results were plotted
using the R package pophelper (Francis 2017) to depict the
number of K most commonly inferred among the five repli-
cates we ran.

Characterization of Male and Female Gametophyte
Transcriptomes
All analyzed lists of genes expressed in each tissue or cellular
type were identified based on transcriptomic data from A.
thaliana produced with the A-AFFY-2 Affymetrix ATH1 array
(ATH1-121501) obtained from publicly available data sets of
the ArrayExpress repository of EMBL EBI (http://www.ebi.ac.
uk/arrayexpress/) (supplementary table 5, Supplementary
Material online) (Borges et al. 2008; Qin et al. 2009; Wuest
et al. 2010; Schmid et al. 2012). The set of genes expressed in
the male gametophyte includes those present in vegetative
pollen, pollen tubes, and sperm cells, whereas that of the
female function is based on the transcriptome of synergids,
eggs, and nucellus. To identify genes expressed in the sporo-
phyte, we identified all genes called as present in the tran-
scriptomes of vegetative shoot apex, leaf, petiole, and root,
and randomly selected 10,000 of them to conduct our anal-
yses (supplementary table 6, Supplementary Material online).

To convert GeneChip probe level data into expression
data, we used the function mas5calls.AffyBatch implemented
in the R package affy (Gautier et al. 2004) that performs
background correction, normalizes the values per individual
array and detects probes expressed on each array based on a
Wilcoxon signed rank-based algorithm. Genes were called as
present with a cut-off value of P< 0.01. We used the anno-
tation of the ATH1-121501 probe array (https://www.ncbi.
nlm.nih.gov/geo/, last updated in June of 2017) to associate
each element of the array with a unique Arabidopsis Genome
Initiative (AGI) ID corresponding to the gene. The orthologs
in A. alpina were identified using the one-to-one orthologs list
with A. thaliana (Aa_At.1x1_orthologs.txt, downloaded from
http://www.arabis-alpina.org/refseq.html, last accessed July of
2018) (Willing et al. 2015), and we obtained the coordinates
of each gene using the lift-over annotation. Gene codes asso-
ciated with two or more different coordinates (e.g., paralogs)
were excluded from further analyses.

Estimates of Purifying and Positive Selection
We inferred the distribution of negative fitness effects (DFE)
of new mutations and the rate of adaptive molecular evolu-
tion (a and xa) using the methods implemented in DFE-
alpha v.2.15 with the programs est_dfe (Keightley and Eyre-
Walker 2007) and est_alpha_omega (Eyre-Walker and
Keightley 2009), respectively. Nonsynonymous 0-fold degen-
erate sites were considered to be under selection, whereas
synonymous 4-fold degenerate sites were assumed to evolve
neutrally.
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For analyses of population Gre2, we first produced folded
rescaled SFS for 0-fold and 4-fold degenerate sites for each set
of genes using SoFoS (https://github.com/CartwrightLab/
SoFoS, last accessed February of 2020) to run est_dfe. To
correct for missing data, SoFoS requires the prior parameters
a and b to infer the shape of the beta distribution of the SFS.
These were estimated based on sites without missing data.
Data were rescaled to the maximum number of expected
chromosomes for population Gre2 (2n¼ 40). For compari-
sons across all populations, we obtained folded SFS for 0-fold
and 4-fold degenerate sites without missing data, without
SoFoS rescaling.

Demographic dynamics are expected to shape the SFS of
both selected and neutrally evolving sites, and est_dfe imple-
ments a simple population size change model to correct for
this. All analyses were done both assuming a constant pop-
ulation and with a two-epoch model including a population
size change. In both cases, the mean effect of deleterious
mutations (E(s)) and the shape parameter of the gamma
distribution that describes DFE (b) were set to variable in
likelihood maximization. As for analyses conducted under
the two-epoch model, we estimated the population size in
the second epoch (n2) and the duration of epoch after first
population size change (t2). The starting values of n2, t2, E(s)
and b were set to random within the intervals specified in
est_dfe instructions, and after running five independent rep-
licates, the result with the highest likelihood was kept. Finally,
we selected the best demographic model for this population
using the Akaike information criterion (AIC). Based on the
results obtained with est_dfe, new mutations were classified
in three categories of the product of the effective population
size, Ne, and the strength of selection, s, (Nes): nearly neutral
(0<Nes < 1), moderately (1<Nes < 10), and strongly del-
eterious (Nes > 10).

To estimate the proportion of adaptive substitutions (a)
and the relative rate of adaptive substitution (xa), we first
assessed divergence using whole genome alignments between
A. alpina and the two closely related species as outgroups: the
annual A. montbretiana and the perennial A. nordmanniana
(Karl and Koch 2013; Kiefer et al. 2017). Autonomous seed set
in the greenhouse indicating self-compatibility has been
reported for A. montbretiana (Kiefer et al. 2017), but no in-
formation on outcrossing levels in the field is currently avail-
able for the outgroups. We downloaded draft assemblies of
A. montbretiana and A. nordmanniana from GeneBank
(https://www.ncbi.nlm.nih.gov/genome) under the accession
codes GCA_001484125.1 and GCA_001484925.1 respectively,
and masked them as explained before for the reference ge-
nome of A. alpina. Pairwise alignment between genomes was
executed with the lastz wrapper function implemented in the
R package CNEr (Tan et al. 2019). The resulting alignments
were joined with MULTIZ (Blanchette 2004) and refined us-
ing ClustalW (Thompson et al. 1994). To aid the polarization
of alleles at each locus, we only kept loci with the same allele
across these three species (i.e., used for the counts of total
nonsynonymous and synonymous sites) and those equal in
the two outgroups but different in A. alpina. Loci in the latter
category were used to assign sites as ancestral or derived and

thus count for the number of differences for 0 and 4-fold
degenerate sites for each evaluated set of genes. For each gene
set included in this study, we calculated DFE-alpha for the
entire set of genes, and for 200 bootstrap replicates obtained
by resampling over genes. To test for significant differences in
the DFE, a and xa between sets of genes, we performed
Kruskal–Wallis tests and Dunn’s test of multiple comparisons
using rank sums, with two-sided P values adjusted using the
Bonferroni method as implemented in the R package FSA
(Ogle et al. 2020).

Selection on Male Gametophyte Components and
Assessment of Haploid Selection
Gene sets expressed in male and female gametophytes were
split into their components to conduct DFE-alpha analyses
on each of them independently. We compared these results
with estimates derived from genes expressed in diploid nu-
cellus (i.e., the tissue surrounding the ovule) (Schmid et al.
2012) and diploid unpollinated pistils (Boavida et al. 2011)
(supplementary table 5, Supplementary Material online) to
investigate the impact of ploidy on DFE and positive selection.

Controlling for Gene Expression Breadth and
Transcript Abundance
To control for expression breadth, we intersected gene sets of
the vegetative pollen cell, pollen tubes, and sperm with the
set of representative sporophytic tissues (a random selection
of 10,000 genes vegetative shoot apex, leaf, petiole, and root,
supplementary table 6, Supplementary Material online). This
resulted in a set of genes exclusive to each component
(fig. 2B). Likewise, to make this analysis more comparable
with previous findings by Arunkumar et al. (2013), we pro-
duced lists of exclusively expressed genes after intersecting
each set of genes expressed in the components of male
gametophytes with a set of genes expressed in 3-week-old
seedlings (ArrayExpress data set E-ATMX-35, Borges et al.
2008). We used a matched group comparison to control
for the effect of transcript abundance. Specifically, as in
Steige et al. (2017), we relied on expression data for 16,376
genes across 13 different tissues from A. thaliana (Schmid et
al. 2005; Borges et al. 2008; Qin et al. 2009; Wuest et al. 2010;
Schmid et al. 2012) (supplementary table 6, Supplementary
Material online). We used the maximum expression level es-
timated using the Robust Multi-array Average (RMA) proce-
dure with the function expresso from the R package affy
(Gautier et al. 2004) and subsampled the original gene sets
were to obtain gene sets that match the distribution of max-
imum expression values in the set with the lowest number of
genes (i.e., sperm cells) (supplementary fig. 6, Supplementary
Material online). DFE-alpha analyses were rerun as described
above on these reduced gene sets to assess the impact of gene
expression breadth and level on our estimates.

Estimates of Purifying Selection Acting on Male
Gametophytes and Synergids across Populations
To study whether genetic polymorphism and inbreeding im-
pact the efficiency of selection acting on genes expressed in
vegetative pollen, pollen tubes, and sperm, we estimated the
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proportion of nearly neutral new mutations (0<Nes< 1) at
0-fold nonsynoymous sites for each gene set and across pop-
ulations with contrasting estimates of p, FIS, and FROH. To
assess genome-wide estimates of purifying selection, we re-
peated this analysis on a set of 10,000 randomly selected
genes from the genome annotation. For the analysis of all
populations, we generated folded SFS of 0-fold and 4-fold
degenerate sites for each list of genes based on sites without
missing information. These analyses were conducted under
the demographic scenarios of constant population size and a
two-epoch model, and we selected the most likely model for
each population using the AIC estimator based on analyses of
randomly selected sporophytic genes. These analyses were
conducted as described in the section Estimates of Purifying
and Positive Selection.

Correlation between Genetic Polymorphism and
Purifying Selection
We calculated Spearman’s rank correlation coefficient (q)
between 4-fold polymorphism (p) and the fraction of nearly
neutral sites in sets of genes expressed in vegetative pollen,
pollen tubes, sperm cells, synergids, and genome-wide esti-
mates (10,000 randomly selected genes) across populations.
To account for the phylogenetic nonindependence of pop-
ulations treated as data points in the correlation, we applied
the phylogenetically independent contrasts (PIC) method
(Felsenstein 1985) using the function pic available in the R
package ape (Paradis et al. 2004). Both variables, 4-fold p and
the fraction of sites in 0<Nes < 1, were corrected using a
maximum likelihood (ML) tree based on 10 A. alpina pop-
ulations (supplementary fig. 12A, Supplementary Material on-
line). We obtained this ML tree including 169 samples from
ten populations using the pipeline SNPhylo (Lee et al. 2014)
which reconstructs a ML tree using DNAML from the PHYLIP
package (Felsenstein 1989), under the F84 model of sequence
evolution (Kishino and Hasegawa 1989). SNPs were pruned
based on a LD threshold of 0.5 estimated along 500 kb sliding
windows, which resulted in a set of 15,033 markers. We esti-
mated node support based on 500 bootstrap replicates in
PhyML (Guindon et al. 2010). Finally, we reduced the tree
to keep a single sample per population using the function
keep.tip from the ape package (Paradis et al. 2004) (supple-
mentary fig. 12B, Supplementary Material online), such that
each tip could be associated with the corresponding esti-
mates of 4-fold p and 0<Nes < 1 for each set of genes.
Finally, we repeated the correlations analysis using the cor-
rected values.

Comparison of Differences in Purifying Selection
between Inbred and Outbred Populations
With the exception of one population with intermediate
value for FROH, our populations fell into two clearly separated
groups in terms of FIS and mean FROH (mean 4-fold FIS < 0.5
and mean FROH< 0.5 vs. mean 4-fold FIS> 0.5 and mean FROH

> 0.5; supplementary figs. 2 and 3, Supplementary Material
online). Those with mean 4-fold FIS > 0.5 and mean FROH >
0.5 all had a mean 4-fold FIS > 0.85, which corresponds to a
mean effective equilibrium self-fertilization rate of 0.92

(Wright 1969), whereas those in the mean 4-fold FIS < 0.5
and mean FROH < 0.5 group all had a mean 4-fold FIS < 0.04,
corresponding to a mean equilibrium effective selfing rate of
0.08. We therefore tentatively classified these groups as pre-
dominantly self-fertilizing and predominantly outcrossing.
Then, we tested for differences in the fraction of nearly neu-
tral 0-fold nonsynonymous mutations (0<Nes< 1) between
these two classes of populations for each data set using a
Wilcoxon rank-sum test in R (R Core Team 2019).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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