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The shift from outcrossing to self-fertilization (selfing) is considered one of
the most prevalent evolutionary transitions in flowering plants. Selfing
species tend to share similar reproductive traits in morphology and function,
and such a set of traits is called the ‘selfing syndrome’. Although the genetic
basis of the selfing syndrome has been of great interest to evolutionary biol-
ogists, knowledge of the causative genes or mutations was limited until
recently. Thanks to advances in population genomic methodologies com-
bined with high-throughput sequencing technologies, several studies have
successfully unravelled the molecular and genetic basis for evolution of
the selfing syndrome in Capsella, Arabidopsis, Solanum and other genera.
Here we first introduce recent research examples that have explored the
loci, genes and mutations responsible for the selfing syndrome traits, such
as reductions in petal size or in pollen production, that are mainly relevant
to pre-pollination processes. Second, we review the relationship between the
evolution of selfing and interspecific pollen transfer, highlighting the find-
ings of post-pollination reproductive barriers at the molecular level. We
then discuss the emerging view of patterns in evolution of the selfing syn-
drome, such as the pervasive involvement of loss-of-function mutations
and the relative importance of selection versus neutral degradation.

This article is part of the theme issue ‘Genetic basis of adaptation and
speciation: from loci to causative mutations’.
1. Introduction
Ever since Charles Darwin’s seminal works, one of the central challenges in
evolutionary biology has been to unravel the general patterns and mechanisms
underlying the evolution of adaptive traits. Identification of causal genes or
mutations can help us in this understanding, thereby obtaining information
on the number, dominance and effect size of responsible mutations as well as
the timing, repeatability and strength of selection involved [1–3].

Amajorway to reveal general patterns is to focus on the recurrent evolution of
the same traits across independent taxa or populations [3–5]. Parallel evolution of
self-fertilization (selfing) in flowering plants has been an excellent platform for
studies of recurrent patterns in adaptive evolution for many years [6,7]. First, self-
ing has evolved a number of times independently in angiosperms, and the shift
from outcrossing to selfing is considered one of the most prevalent evolutionary
transitions in flowering plants [8–10]. Second, selfing is suggested to be adaptive;
although selfing is considered detrimental because of inbreeding depression, it
can be advantageous because of its transmission advantage and reproductive
assurance. The transmission advantage for selfers is its efficiency in transmitting
gametes compared with outcrossers. Selfers can become both the ovule and
pollen donor for their own progeny and the pollen donor for outcrossed progeny,
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Table 1. Identified genes involved in the traits related to the selfing syndrome. QTL, quantitative trait loci; GWAS, genome-wide association study.

trait gene name study species
methodology for
identification reference

reduction in petal size STERILE APETALA (SAP) Capsella rubella QTL mapping Sicard et al. [18]

reduction in petal size CYP724A1 Capsella rubella QTL mapping Fujikura et al. [19]

loss of floral scent emission

(benzaldehyde)

Cinnamate : CoA ligase (CNL1) Capsella rubella QTL mapping Sas et al. [20]

reduction in pollen number Reduced Pollen Number 1

(RDP1)

Arabidopsis thaliana GWAS Tsuchimatsu et al. [21]

loss of interspecific incompatibility Stigmatic Privacy 1 (SPRI1) Arabidopsis thaliana GWAS Fujii et al. [22]

instability in petal number APETALA1 (AP1) and QTLs Cardamine hirsuta QTL mapping Monniaux et al. [23]

loss of herkogamy (change in style

length)

Style2.1 Solanum

lycopersicum

QTL mapping Chen et al. [24]

loss of herkogamy (change in style

length)

SE3.1 Solanum

lycopersicum

GWAS Shang et al. [25]
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whereas obligate outcrossers cannot be pollen donors for their
selfed progeny [11]. Another advantage of selfers is reproduc-
tive assurance, by enabling reproduction when pollinators or
mates are scarce [12].

Recurrent evolutionary patterns in selfing populations or
species have been studied intensively for decades. Selfing
species often share numbers of reproductive, life-history,
genomic and population-level properties. First, the evolution
of selfing is generally accompanied by the loss of self-incom-
patibility (SI), which is the major mechanism preventing
selfing in flowering plants. Second, the evolution of selfing
has a large effect on the various properties of genome-wide
polymorphisms, including nucleotide diversity and the den-
sity of transposable elements. Third, selfing species tend to
share similar reproductive traits in morphology and function,
and such a set of traits is often called the ‘selfing syndrome’
[6,13,14]. The typical traits of the selfing syndrome include
small flower size, reduced pollen number, smaller pollen-to-
ovule (P/O) ratios, loss of herkogamy or dichogamy and
reduced scent or nectar production.

Because of its ecological and evolutionary significance, the
genetic basis of the selfing syndrome has been of great interest,
but studies that have successfully identified genes ormutations
involved in the selfing syndrome remain limited, mainly
because these traits are generally quantitative and controlled
by multiple genetic and environmental factors, making it diffi-
cult to pinpoint the causal genes and mutations. Nevertheless,
thanks to advances in population genomic methodologies
combined with high-throughput sequencing technologies
[15–17], there are now several reports on the genes and
mutations involved in the evolution of the selfing syndrome,
which we highlight in this review (table 1).

While several traits are considered hallmarks of the selfing
syndrome, these can be classified into a few categories. Shi-
mizu & Tsuchimatsu [14] proposed the following categories:
(1) reduced allocation to outcrossing-related traits, particularly
those involved in pollinator attraction, such as flower number
and size, nectar and scent; (2) reproductive traits that promote
selfing, such as loss of heterogamy and dichogamy enabling
auto-pollination by mechanical contact between mature
stigmas and anthers; and (3) reduced allocation to male func-
tions and increased allocation to female functions, as often
represented by reduced P/O ratios or the dry weight ratios
of male versus female organs. These traits, which typically
have been interpreted as composing the selfing syndrome,
are mostly relevant to pre-pollination processes, such as
those involved in pollinator attraction, in resource allocation
to male and female gametes, or in the efficiency of self-
pollination. On the other hand, there are several traits involved
in post-pollination processes that would also have evolved
associated with the evolution of selfing, such as reproductive
barriers between species, reduced parent–offspring conflict,
or reductions in seed size. Here, we consider the meaning of
the selfing syndrome more broadly and also feature the traits
related to post-pollination processes (but see also reviews in
[14,26] mentioning some of these traits as part of the selfing
syndrome). We also discuss how these traits involved in
post-pollination processes are related to the ‘weak inbreeder/
strong outbreeder’ (WISO) hypothesis, postulating that out-
crossing parents ‘overpower’ selfing parents because of
higher parental conflicts [27].

The evolution of selfing from outcrossing has profound
genomic consequences via decreased effective population
size and changes in the efficacy and themode of selection, leav-
ing various molecular signatures on the genomes [28–31].
Although these genomic signatures are sometimes interpreted
as part of the selfing syndrome (the genomic selfing syn-
drome’) [31,32], we will not focus on these aspects, because
there are already outstanding reviews on the genomic
consequences of mating system transitions [28–31,33].

In this review, we first introduce recent research examples
that have explored the loci, genes and mutations responsible
for the evolution of the traits involved in the selfing syn-
drome, featuring studies in the genera Capsella, Arabidopsis
and Solanum. These include reductions in petal size, floral
scent or pollen number, which are mainly relevant to pre-
pollination processes. Second, we review the relationship
between the evolution of selfing and interspecific pollen
transfer (IPT), highlighting recent studies of post-pollination
reproductive barriers at the molecular level. Third, we
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discuss other notable traits that are associated with the evol-
ution of selfing. Based on these findings at the molecular
levels, we then discuss the emerging view of the pattern in
the evolution of selfing syndrome traits, such as the pervasive
involvement of loss-of-function mutations, adaptive signifi-
cance of the selfing syndrome and the relative importance
of selection versus neutral degradation.
ing.org/journal/rstb
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2. The genetic basis of the selfing syndrome:
traits relevant to pre-pollination processes

The genetic basis of the selfing syndrome has been studied in
multiple genera, including Leptosiphon, Mimulus, Solanum,
Ipomoea, Capsella, Collinsia and Arabidopsis, mostly through
transcriptome analysis or quantitative genetic approaches
such as qualitative trait locus (QTL) mapping [24,34–39]. In
general, QTL studies have identified several small- to large-
effect loci for each trait, but in most cases, the causal genes
underlying QTLs have not been determined until recently.
Partly thanks to advances in genome sequencing technol-
ogies, several studies in Capsella, Arabidopsis and Solanum
have successfully narrowed down the genes involved in the
selfing syndrome, which we highlight in this section
(table 1). This section aims to describe the background of
each study system, methodologies of the gene identification
and the molecular nature of genes involved in the selfing syn-
drome. Evolutionary implications emerging from these
findings are discussed in a later section (§5).

(a) Capsella
The genus Capsella (Brassicaceae) has been studied inten-
sively in the context of the selfing syndrome for more than
a decade. A series of studies on Capsella have identified
causal mutations and genes responsible for the evolution of
multiple traits involved in the selfing syndrome, unveiling
how, when, and how many times these traits have evolved
at the molecular level. Capsella comprises five species, includ-
ing both outcrossers and selfers [40]. Capsella grandiflora is an
outcrossing species with a sporophytic SI system [41], repre-
senting the ancestral mode of reproduction of the genus, but
the SI trait has been lost independently inCapsella orientalis and
Capsella rubella, leading to the evolution of predominant selfers
[42,43]. These two species share typical features of the selfing
syndrome, including reductions in petal size, as well as
reduced pollen, nectar and scent production [40]. The diver-
gence of C. rubella from C. grandiflora and the associated
evolution of selfing occurred as recently as 20 000 years ago
[44], and much of the genomic variation within C. rubella is
also found within C. grandiflora, consistent with a recent
evolutionary split between the two species [45]. Detailed popu-
lation genomic analyses indicated that C. rubella was founded
by a potentially large number of individuals, and has sub-
sequently experienced a strong genetic bottleneck [45]. In
addition, the divergence between the C. orientalis lineage and
the C. grandiflora–C. rubella lineage is estimated to be more
ancient, about 1–2 million years ago (Ma).

Given the quite recent split between the selfing C. rubella
and the outcrossingC. grandiflora, interspecific crosses between
two species yield fertile descendants, making QTL mapping
possible by using recombinant inbred lines (RIL) or F2 individ-
uals. Two studies independently identified QTLs for the traits
of the selfing syndrome [46,47]. Sicard et al. [46] identified sev-
eral QTLs involved in such traits, including petal size, flower-
opening angle and the distance between stigma and anthers,
and found that some of the QTLs had major effects on pheno-
typic variation [46]. Slotte et al. [47] identified a few loci for
selfing syndrome traits and revealed that the additive effects
of major QTLs for floral size traits explain a considerable pro-
portion of variance within F2 generations as well as
divergence between species (32% of variance within F2; 26%
of interspecific divergence for petal width). This suggests that
changes at a few genomic regions are responsible for the drastic
reduction in petal size in C. rubella [47].

These QTL mapping analyses paved the way for the
further fine-mapping of the selfing syndrome traits in
Capsella. Sicard et al. [18] fine-mapped the QTL of petal
size, demonstrating that variation in the intron of a general
growth regulator affects an organ-specific enhancer regulat-
ing the level of the STERILE APETALA (SAP) protein in
petals [18]. Fujikura et al. [19] provided another functional
follow-up of QTL mapping in Capsella, focusing on the QTL
peak for petal size on chromosome 6, which explains about
10% of the variation between the parental C. rubella and
C. grandiflora [19]. They demonstrated that allelic variation
in the gene encoding the brassinosteroid (BR)-biosynthesis
enzyme CYP724A1 was responsible for the petal size differ-
ence between these two species [19]. This allelic variation
led to higher BR levels in plants bearing the C. rubella
allele, and increased amounts of BR inhibit cell proliferation,
resulting in smaller petals. Increased CYP724A1 activity was
shown to result from more efficient splicing of the C. rubella
allele. Sas et al. [20] addressed the genetic basis of reduced
floral scent associated with the transition to selfing in
C. rubella [20]. The outcrossing C. grandiflora plants emit a
strong, marzipan-like scent. The major constituent of this
floral scent is benzaldehyde, which has been lost in the self-
ing C. rubella. QTL mapping identified a strong peak at
chromosome 2 and fine-mapping of the peak revealed that
the cinnamate : CoA ligase-like protein (CNL1) underlies the
variation in benzaldehyde emission.

In the genus Capsella, predominant selfing evolved inde-
pendently in C. rubella and C. orientalis, and both share
almost identical flower characteristics of the typical selfing
syndrome. Woźniak et al. [48] performed QTL mapping and
transcriptome analyses, demonstrating that low-pleiotropic
and organ-specific gene regulatory networks are involved
in the evolution of the selfing syndrome, and that petal size
reduction at least has a similar genetic basis to C. rubella
[48]. By contrast, in the case of the loss of benzaldehyde emis-
sion, an inactivating mutation in CNL1was not responsible in
C. orientalis, unlike in C. rubella [49].
(b) Arabidopsis
Arabidopsis thaliana has been the most intensively studied
species as a model of the evolution of selfing. Unlike its
close relatives—such as A. lyrata, A. arenosa or A. halleri—
A. thaliana is a self-compatible and predominantly selfing
species [14,50–52]. The loss of SI had a major impact on the
evolution of selfing, and independent gene-disruptive
mutations at the specificity-determining genes for SI were
shown to be responsible for the loss of SI [53–61]. Based
on the non-synonymous/synonymous substitution ratio,
Bechsgaard et al. estimated that the A. thaliana lineage has
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Figure 1. Representative traits of the selfing syndrome. (a) A schematic figure of the traits related to the selfing syndrome. Arrows indicate directions in change
through the evolution of selfing. Traits relevant to pre- and post-pollination processes are shown in orange and blue boxes, respectively. Ovule number could be
related to both processes. (b,c) Interspecific crosses observed using fluorescence microscopy. Crosses between Olimarabidopsis pumila × Arabidopsis thaliana (a selfer)
(b) and O. pumila × Arabidopsis lyrata (an outcrosser) (c). For both crosses, O. pumila was used as a pollen donor. In (b) the arrow indicates a bundle of pollen tubes
stained with aniline blue. (d ) Flowers of Arabidopsis halleri (an outcrosser) and A. thaliana (a selfer). (e) Seeds of A. lyrata and Arabidopsis thaliana.
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retained SI for at least 91.7% of the time since its split from
A. lyrata [62]. This timing corresponds to 0.413 Ma, given that
the divergence time of the two species is estimated to be 5
Ma [63]. The alternative estimate of the evolution of selfing
based on the genome-wide pattern of linkage disequilibrium
(LD) was of the order of 1 Ma [58].

Arabidopsis thaliana shows typical floral phenotypes con-
sidered as the selfing syndrome, such as small petals or
reduced pollen number [14] (figure 1). There are several
studies on the genetic and molecular basis of the reproductive
traits associated with the evolution of selfing in this species.
While most molecular and functional studies of the selfing
syndrome in Capsella stem from QTL mapping using out-
crossing and selfing individuals as parents, since the
species split of A. thaliana with the outcrossing A. lyrata is
relatively ancient (approx. 5 Ma) and chromosome numbers
are different, the crosses between them do not yield fertile
F2 individuals. Therefore, studies in A. thaliana usually exploit
alternative approaches, such as comparative transcriptome or
genome-wide association studies (GWAS).

Using GWAS in A. thaliana, Tsuchimatsu et al. [21] inves-
tigated the genetic basis of quantitative natural variation in
pollen number, a representative trait involved in the selfing
syndrome [21]. The mean pollen number per flower in an
outcrossing population of A. lyrata is approximately 18 000
[64], which is several times higher than that of A. thaliana
(approx. 2000–8000). GWAS identified a strong peak that
explains approximately 20% of the total phenotypic variance
between accessions [21]. The peak included the gene Reduced
Pollen Number1 (RDP1), which encodes a ribosome-biogen-
esis factor, and a quantitative complementation test using
CRISPR/Cas9-generated mutants revealed that natural var-
iants confer variation in pollen number without detectable
pleiotropy.

Comparative transcriptomics provides an alternative
approach to identify candidate genes when forward genetic
approaches are not applicable. Although attempts to compare
floral differences directly between selfing A. thaliana and
outcrossing A. lyrata are still limited, a comparative transcrip-
tomics analysis using Capsella and Arabidopsis suggested the
presence of parallel floral transcriptome changes in C. rubella
and A. thaliana compared with C. grandiflora and A. lyrata,
respectively: 373 genes were expressed more strongly in
C. rubella compared with C. grandiflora, and 75 orthologues
were also expressed more strongly in A. thaliana than in
A. lyrata [65]. Further functional analyses of these genes
may provide insights into the extent of the shared genetic
basis involved in the selfing syndrome in selfing
lineages that evolved in parallel.
(c) Solanum
Studies of the molecular basis of the selfing syndrome were
first pioneered in tomato (Solanum sp.). Tomato species
include a diverse range of mating systems, from obligatory
outcrossing with self-incompatibility, to facultative out-
crossing, to predominantly selfing [66,67]. The major
determinant of the selfing rate is the degree of stigma exser-
tion: obligate outcrossers bear flowers with highly exserted
stigmas [67]. The major QTL for style length variation,
which influences the stigma exsertion, was cloned and
named Style2.1 [24]. The gene encodes a basic helix–loop–
helix-related protein that regulates cell elongation in develop-
ing styles. Downregulation of Style2.1 owing to a 450 bp
deletion in the promoter region was responsible for reduced
anther–stigma separation in domesticated tomatoes. Recently,
another stigma exsertion gene (SE3.1) was also identified
through a GWAS in a population of 277 tomato accessions
[25]. A loss-of-function mutation in the SE3.1 gene was
shown to create an inserted stigma, having a major impact
on the selfing rate. Population genetic data combined with
functional analysis suggested the two-step transition from
exserted to inserted stigmas: loss of function of Style2.1 con-
tributed to the transition from exserted to flush stigmas,
and that of SE3.1 contributed to the transition from flush to
inserted stigmas.
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3. Selfing and post-pollination reproductive
barriers

(a) Interspecific pollen transfer, selfing and interspecific
incompatibility

While the previous section mainly focused on traits involved
in pre-pollination processes, here we highlight post-pollina-
tion reproductive barriers and discuss how the evolution of
selfing could be related to interspecific pollen transfer (IPT).

Interspecific incompatibility is a plant trait that serves to
reject heterospecific pollen carried to the pistils via IPT. IPT
results from two or more sympatric plant species sharing pol-
linators. IPT can cause the loss of female and male resources
that could otherwise be used for intraspecific sexual repro-
duction [68]. IPT is now accepted to occur more often than
previously thought, as most pollinators are generalists
[69–71]. This review focuses on the interrelation between
IPT and post-pollination reproductive barriers and is not
intended to cover IPT research comprehensively. Readers
who are interested in the recent advances in the IPT research
itself should consult other sources [68,72,73]. When restricted
to female fitness costs resulting from IPT, heterospecific
pollen deposition on stigmas can cause stigma clogging,
stigma closure, allelopathic inhibition of conspecific pollen,
or ovule usurpation by interspecific fertilization [68]. IPT
often leads to reproductive interference between one or
more sympatric species, which might even endanger the
survival of vulnerable species in some cases [74,75].

Recent works have studied the ecological impacts of IPT,
and much has been revealed about its fitness costs, and also
about how plants cope with it [69,73,76–81]. In a recent
review, selfing and interspecific incompatibility were listed
among the evolutionary pathways for plants to tolerate IPT-
related fitness decline [72]. Thus, the evolutionary trajectories
of these two plant traits might be associated when related to
IPT. However, because of the lack of identified molecular
factors, less has been discussed about the evolutionary
relationships of IPT, interspecific incompatibility and selfing.
Here, we re-review these traits and try to sort out the order of
the evolutionary pathways by considering the genes involved
in expressing interspecific incompatibility and selfing.

(b) Selfing and interspecific incompatibility: two
physiological strategies to tolerate heterospecific
pollen transfer

The ecological effect of selfing as a means to tolerate IPT
is mostly supported by field studies, investigating self-
incompatible and self-compatible congenic species. Prior
autonomous selfing was found to reduce the negative effect
of heterospecific pollen transfer in two Commelina species that
overlap in their habitats [76]. Earlier selfing was predicted to
have evolved in a population of Collinsia rattanii as a response
to selection against heterospecific pollen transport from its
sympatric sister species Collinsia linearis [77]. These and other
studies found that timing of selfing, especially prior selfing
(in some studies referred to as ‘pre-emptive selfing’) before het-
erospecific pollen has arrived, seemed to be the effective
mechanism against the fitness cost of IPT [72,79]. However,
not all studies have supported the role of selfing in facilitating
the coexistence of two different species [82,83]. A geographical
study failed to find a correlation between mating system
(i.e. selfing or outcrossing) and range overlaps of the sister
species pairs [82]. Rather, it was suggested that other mechan-
isms such as pollinator shifts or post-pollination interspecific
incompatibilitiesmight also contribute to such coexistence [82].

From ecological studies, the negative effect of IPT could
also be alleviated by pistil-associated interspecific incompat-
ibility. Geographically sympatric populations of the two
species of Costus were found to be pollen–pistil incompatible
when distant populations were prone to create interspecific
hybrids [84]. A study of Clarkia species showed that a popu-
lation with a history of exposure to heterospecific pollen was
more tolerant against the negative fitness effects of IPT [80].
Thus, IPT could be an important driver for the evolution of
interspecific incompatibility. The advantage of this over selfing
could be that it is capable of reconciling tolerance against IPT
and reproductive assurance, with outcrossing being preserved.

Interspecific incompatibilitymight result from twomechan-
isms [85]. One is incongruity, the passive loss of gene
interactions resulting from evolutionary divergence of male
and female components of each species, which may cause the
failure of interspecific fertilization. The other is the active incom-
patibility function which serves to reject an undesired male
partner. Some case studies have reported the acquisition of
interspecific pollen–pistil incompatibility functions. A unilat-
eral incompatibility relationship between species, known as
the ‘SI × SC rule’, is one of the most prominent examples
[85,86]. Self-compatible (SC) species are prone to accept the
pollen tubes of self-incompatible species, whereas pollen
is rejected in reciprocal crosses. In some cases, factors involved
in the SI system are directly involved in interspecific incompat-
ibility. In many angiosperm species, including the Solanaceae
family, a cytotoxic pistil-side protein S-RNase and a pollen-
side detoxification protein S-locus F-box (SLF), determine the
non-self-recognition-based SI mechanism [87]. In this system,
the male determinant for SI is composed of multiple SLF pro-
teins, and these SLFs can collaboratively detoxify the S-RNase
in the non-self pistils (see [87] for review). In some cases, the
absence of pollen SLF complex could explain the unilateral
interspecific incompatibility in Solanaceae species [88,89]. The
Cullin component of the SLFcomplex, or the one of the SLF-
encoding gene were found to be the cause of the unilateral
incompatibility relationships in tomato [88,89]. There are also
numbers of pollen and pistil factors that are not linked to the
SI-determining locus (see [90] for review), suggesting that inter-
specific incompatibility could be far more complex than the
molecular mechanisms that could simply be suspected from
the term ‘SI × SC rule’. More recently, amolecular factor control-
ling the stigmatic ability to reject heterospecific pollen was
identified from the model species A. thaliana. The gene, Stig-
matic Privacy 1 (SPRI1), was found to be responsible for
rejecting pollen grains from many other Brassicaceae species
in the stigma [22]. SPRI1 was found through GWAS using the
variation in the interspecific incompatibility phenotype in
A. thaliana. SPRI1 was found to encode a 221 amino acid-long
plasma-membrane- localized protein with four transmembrane
domains. Multiple and parallel loss-of-function alleles of the
SPRI1 gene were found in A. thaliana. Because all known
A. thaliana strains are self-compatible, SPRI1 and the SI system
were considered to be functionally distinct. Indeed, the reconsti-
tuted SI system in A. thaliana could operate even when the
SPRI1 gene was knocked out [22], suggesting that the two
systems are not interdependent.
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So, how are selfing and interspecific incompatibility related
to each other evolutionarily? As discussed above, interspecific
incompatibility and the SI system could be functionally separ-
ated in some cases. Thus, to fully explain the evolutionary
relationships of selfing and interspecific incompatibility, we
need to compare the demographic conditions of outcrossers
and selfers, other than that they differ most of the time by
being self-incompatible and self-compatible. In theory, paternal
competition and/or parental conflicts in outcrossing species
are high compared with selfing species. Comparedwith selfers
which receive one type of pollen, outcrossers typically receive
pollen fromdiverse origins, including both conspecific and het-
erospecific. The ‘weak inbreeder/strong outbreeder’ (WISO)
hypothesis postulates that outcrossing parents ‘overpower’
selfing parents because of higher parental conflicts, and unilat-
eral incompatibility between outbreeders and selfers is formed
[27].We suggest that the SI × SC rule could be transformed into
a special case of the WISO hypothesis.

To untangle the relationship between selfing and inter-
specific incompatibility, tracking the evolutionary decay of the
SPRI1 gene in A. thaliana could be helpful. First, the ancestral
outcrossingA. thaliana species carried a functional SPRI1 similar
to its relativeA. lyrata, andwhen IPToccurred on the pistils, they
were able to reject heterospecific pollen efficiently. The evolution
of selfing and the reduction in pollinators might have released
this species from the selective pressure of IPT. The SPRI1 locus
became selectively neutral in A. thaliana, and loss-of-function
mutations were not disadvantageous. This explains why at
least 24% of the A. thaliana strains investigated have lost SPRI1
function by missense codon substitutions [22]. Thus, it could
be speculated that interspecific incompatibility conferred by
SPRI1was acquired in the outcrossers, and that the evolutionary
pressure to maintain this function was weakened in the selfers.
This was also supported by the experiment that showed that the
reconstructed ancestral form of the SPRI1 protein was preserved
for its function to reject heterospecific pollen [22].

Rejection mechanisms of heterospecific pollen similar to
SPRI1 could exist in the reproductive systems of other plant
families. There are a few non-SI molecular mechanisms that
confer interpopulational incompatibilities in the Poaceae [91]
and Brassicaceae [92]. A pectin methyl esterase protein was
found responsible for the pistil-barrier between sympatric
populations of domesticated maize and its wild ancestor teo-
sinte [91]. A duplicated copy of the self-incompatibility locus
was found to cause the ligand-receptor mediated unilateral
pollen rejection between Turkish and Japanese Brassica rapa
strains [92]. A mechanism analogous to these might also
cause interspecific incompatibility. In summary, although
more needs to be understood on the distribution of these SI-
independent pistil-based incompatibility mechanisms not con-
trolled by the S-locus,molecular studies are starting to find that
the SI × SC rule does not always accurately explain the inter-
specific incompatibility. These factors may rather fit the
evolutionary pattern expected from the WISO hypothesis,
which implies that selfers tend to lose the barrier functions
via the loss of parental conflict [27].
4. Other notable traits associated with the
evolution of selfing

While most studies have focused on a priori traits that are
already well known to be associated with the evolution of
selfing, we expect that even more traits might be found to
be associated, by compiling the knowledge of independently
evolved selfing species. Here we feature notable traits that
have been found to be associated with the evolution of self-
ing. A caveat is that these associations may not directly
reflect the effect of selfing, because of possible confounding
factors such as polyploidization, which is often associated
with the evolution of selfing [93].

(a) Seed size and paternal–maternal conflict
De Jong et al. [94] proposed a mathematical model predicting
that seed size variations between species would be influenced
by the evolution of selfing [94]. This is based on the kinship
theory of genetic imprinting [95], which postulates that the
optimal seed mass for mothers differs from that for offspring,
considering the conflict of interests between maternally and
paternally derived alleles. Given the weaker conflict in selfing
species, De Jong et al. [94] predicted that evolutionarily stable
seed size would be smaller in selfers than in outcrossers [94].
There is some empirical support for this prediction. First,
Mazer et al. [96] investigated the effects on seed size of both
mating system and climate in Clarkia (Onagraceae), using
seeds from three pairs of sister taxa, with each pair including
a predominantly outcrossing and a facultatively selfing taxon
[96]. Mazer et al. [96] found that the selfing taxon had smaller
seeds than outcrossers in each taxon pair, while the local cli-
mate was also associated with seed size [96]. Second, a large-
scale statistical analysis using 642 species from three plant
families revealed that selfing species generally have smaller
seed mass compared with outcrossing congeners, by control-
ling for possible confounding factors such as phylogeny and
growth forms [97]. These results are consistent with the par-
ental conflict hypothesis, but there are also non-mutually
exclusive alternative hypotheses, such as colonization ability,
which should be associated with both selfing and small
seeds, and the prediction of sex allocation theory, in which
the P/O ratio should increase linearly with increasing seed
mass among seeding plants [98]. Nonetheless, there are mul-
tiple reports supporting the relationship between parental
conflict, seed size, and endosperm development in A. lyrata
and Dalechampia scandens [99–101]. Furthermore, the mater-
nally imprinted gene MEDEA, which is involved in parent–
offspring conflict, shows reduced selection signatures in self-
ing A. thaliana compared with outcrossing A. lyrata [102],
consistent with smaller seed size in the former. These find-
ings support the notion that small seeds are also a feature
of selfing species, and that paternal–maternal conflict might
partly explain this variation across species.

(b) Covariance between floral organs
Selfers are predicted to showweaker covariance between floral
organs than outcrossers with their specialized pollinators
[103,104]. This is because floral traits should be coordinated
in efficient pollen transfer in outcrossers—phenotypic inte-
gration [105]—which are no longer subjected to correlational
selection in selfers. This prediction is indeed supported by a
comparison between self-compatible and self-incompatible
populations of Leavenworthia alabamica [106] (but see also
another unsupported observation in A. lyrata [107]). In
predominantly selfing Cardamine hirsuta, the petal number is
unstable within individuals, possibly because of the released
selection pressure. This instability was shown to be caused
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by epistatic interactions between QTLs and the floral regulator
gene APETALA1 [23]. In addition to such covariance between
traits, the evolution of selfing might also increase the variance
of each floral trait once released from stabilizing selection.
GWAS methods to detect loci controlling the covariance and
variance of each trait have now been developed [108,109], so
the genetic basis of correlated selection associated with
mating system could be elucidated.
 .org/journal/rstb
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5. Emerging patterns in the evolution of the
selfing syndrome

(a) Is the selfing syndrome adaptive?
(i) Selection versus neutral degradation
There are two alternative explanations for why the selfing
syndrome is observed sowidely in independently evolved self-
ing lineages: (1) the traits are adaptive in selfing populations; or
(2) the traits were adaptive in outcrossing populations but
became neutral and were released from selection pressure in
selfing populations. In a general context, the selfing syndrome
would represent a model of relaxed selection, an elimination of
a source of selection that was formerly important for maintain-
ing a trait [110,111]. The decay of nonfunctional traits could be
due to direct or indirect selection for the trait as well as an
accumulation of mutations [110,111].

There is support for the adaptive significance of the self-
ing syndrome, particularly in those traits promoting efficient
auto-pollination. Sicard et al. [46] generated Capsella grandi-
flora-like but self-compatible plants through repeated
introgression of the S-locus of Capsella rubella, which
mimics the initial state of the evolution of selfing, just after
the loss of SI [46]. The efficiency of auto-pollination was sig-
nificantly higher in the C. rubella individuals than in the C.
grandiflora-like SC plants. Petal opening angle was most
strongly associated with selfing efficiency in the RIL popu-
lation, suggesting that reduction in the opening of the
petals and the flower as a whole might have been selected
directly via efficient auto-pollination [46]. In C. rubella,
Slotte et al. [47] also suggested directional selection on the
selfing syndrome, based on the directionality of QTL effects
and population genetic patterns of polymorphism and diver-
gence at QTL [47]. A field study using F2 populations of
Arabis alpina showed that a combination of introrse anthers
and reduced anther–stigma distance was favoured at a site
where pollinator activity was low, because of their effects
on assuring self-pollination [112].

The evidence of adaptation for reduced allocation to out-
crossing-related traits or male function is rather limited.
Emission of benzaldehyde was lost in the selfing C. rubella,
but the reason for its loss remains elusive [20]. Sas et al.
[20] proposed three hypotheses [20]. First, benzaldehyde
could attract both pollinators and herbivores; thus fitness
cost imposed by herbivores would select for reduced scent
emission in selfing species. Second, the loss of benzaldehyde
emission might result in a metabolic benefit. Third, this could
reflect a release from selective constraint. These hypotheses
could be tested by measuring the fitness under an environ-
ment with relevant pollinators and herbivores. One of the
few examples detecting selection would be the evolution of
pollen number in A. thaliana. Selection scans revealed that
genomic windows including pollen number-associated loci
were significantly enriched in extreme tails of long-range
haplotype-based selection statistics, supporting polygenic
selection on a considerable number of loci associated with
pollen numbers throughout the genome [21]. The RDP1
locus also appeared to be under selection; importantly, acces-
sions with the long-haplotype variants produced lower
pollen numbers than those with alternative haplotype var-
iants, suggesting selection toward reduced pollen numbers.
This finding is consistent with the sex allocation theory,
which predicts that reduced investment for male gametes
should be advantageous in selfing species because potential
fitness gain through male function decreases in highly selfing
populations where the proportion of female gametes avail-
able for outcrossing becomes low [98,113]. However, the
fitness gain with reduced pollen number has not yet been
measured directly, such as by increased seed set. We note
that, although the trade-off between different functions
such as male and female functions is always assumed as a
basis of sex allocation theory, this often is not supported or
is difficult to detect, and even positive correlations between
male and female allocations tend to be reported (e.g. [114]).

Rather, it is possible that repeatedly observed traits in self-
ing species might simply reflect relaxed selection for traits
that had important functions in the ancestral outcrossing
populations. The loss of interspecific incompatibility in A.
thaliana by multiple loss-of-function mutations in SPRI1
would be a good example of reduced constraint in selfing
species [22]. Similarly, reduced selection signatures in the
maternally imprinted gene MEDEA in A. thaliana would
also represent a release from selection pressure in terms of
parent–offspring conflict [102]. Consistently, in outcrossing
A. lyrata, selection on MEDEA has been supported in popu-
lation genetic studies [102,115,116]. Weaker covariance
between floral organs in selfing populations would also rep-
resent neutral degradation, although the genetic basis is still
unclear [106]. In summary, the relative contributions of adap-
tation and neutral degradation seem to differ among traits,
while those for promoting efficient self-pollination show
clear evidence of adaptation. Nonetheless, there are still
too few examples to establish a general picture. Direct and
precise measurement of the fitness consequences of causative
mutations in field conditions would be important for clarify-
ing the role of selection in evolution of the selfing syndrome.
(ii) Traits segregating in a population or species
It is also important to note that the traits involved in the selfing
syndrome are often segregating in a population or species, and
the evolution may be even on-going. In the case of pollen
number, in addition to fixed differences from outcrossing
A. lyrata, there is still considerable standing genetic variation
in predominantly selfing A. thaliana [21,117]. The long-range
haplotypes at the pollen-associated loci would suggest that
selection for pollen number is ongoing in current populations.
Luo & Widmer [37] also found variation in herkogamy in
A. thaliana, and a field experiment demonstrated that the dis-
tance between stigma and anthers was positively correlated
with the outcrossing rate [37]. Bomblies et al. [118] showed
that, among local sites of A. thaliana, there was considerable
heterogeneity in outcrossing rates, with rural stands of the
plant exhibiting greater heterozygosity than urban stands.
Therefore, it is possible that the variation in the selfing syn-
drome traits might be associated with variation in local-scale
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outcrossing rates [118]. Other selfing syndrome traits, such as
ovule number,were also found to be variable in currentA. thali-
ana populations and thus might be under recent or ongoing
selection [21,119].

(b) Nature of mutations for the selfing syndrome
Several genes and mutations have been identified success-
fully as involved in the selfing syndrome. One obvious
finding from these reports is that, although the selfing syn-
drome evolves as a set of traits, there are no ‘master switch’
genes governing all these traits, but rather each trait has an
independent genetic basis, albeit some overlapping QTLs
possibly because of linkage or pleiotropy [47].

Studies have revealed that the nature of mutations
involved in the selfing syndrome differs among traits. For
example, in the case of the SAP gene involved in the specific
reduction of petal size in C. rubella, there were several poly-
morphisms associated with petal size variation in the extant
outcrossing C. grandiflora populations. Species-specific poly-
morphisms were absent at the causal region in the selfing
C. rubella, suggesting that the allele for small petals was
captured from existing genetic variation in the ancestral
outcrossing population. In contrast, the CYP724A1 gene
involved in petal size reduction in C. rubella harboured two
mutations, and population genetic analysis from 182
C. grandiflora individuals revealed that the more efficiently
spliced C. rubella allele, which confers reduced petal size,
most likely arose by two de novo mutations in the C. rubella
lineage after its divergence from C. grandiflora [19]. The CNL1,
gene involved in reduced scent emission, was inactivated
twice independently in C. rubella by different de novo
mutations in its coding sequence [20,49].

It appears to be relatively common that multiple indepen-
dent mutations at the same genes are involved for the same
trait even within a species [19,20,22]. Such patterns might
be observed particularly when the selfing syndrome pheno-
type arises by gene-disruptive mutations (e.g. SPRI1 in
Arabidopsis, SE3.1 in Solanum, and CNL1 in Capsella). This
would be expected in the case that the loss-of-function
mutations are causative for the phenotype because any non-
sense mutations in the gene should have the same phenotypic
consequences. Such observation would be analogous to the
studies of the loss of sporophytic self-incompatibility in the
Brassicaceae, in which multiple gene-disruptive mutations
were often found to be causative [14,57,58,61,120]. It is
important to note that the loss of function at the gene level
does not necessarily indicate the neutral degradation at
the phenotypic level as loss-of-function mutations can often
provide substantial fitness benefits [121–123].
6. Perspectives
Except for pioneering studies featured in this review, the mol-
ecular basis of the parallel evolution of the selfing syndrome
remains largely unknown. Information on the nature of cau-
sative mutations is essential for general understanding and
quantitative predictions of evolution. Given that the evol-
ution of selfing is generally recent [9,10], the traits of the
selfing syndrome should evolve relatively rapidly. However,
it is still unclear how rapid this is and how the speed differs
between traits. For example, in recently evolved selfing popu-
lations of A. lyrata, the extent of change from outcrossing
populations differs among traits [107], suggesting that the
speed of evolution may be variable between traits. Whether
and how quickly a trait will decay when a source of selection
is eliminated is a major question of relaxed selection [110].
The molecular basis of each trait should help us in charting
the detailed evolutionary history of coordinated sets of traits,
and its knowledge in multiple selfing species will be essential
for generalization. Species that harbour mating system vari-
ations would be of particular interest (e.g. A. lyrata, A. alpina
and Petunia [64,107,124,125]), because it might be possible to
trace quite recent or ongoing evolutionary processes of the self-
ing syndrome.
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