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ABSTRACT

Sexual selection is considered one of the key processes that contribute to the emergence of new species. While the
connection between sexual selection and speciation has been supported by comparative studies, the mechanisms that
mediate this connection remain unresolved, especially in plants. Similarly, it is not clear how speciation processes within
plant populations translate into large-scale speciation dynamics. Here, we review the mechanisms through which sexual
selection, pollination, and mate choice unfold and interact, and how they may ultimately produce reproductive isolation
in plants. We also overview reproductive strategies that might influence sexual selection in plants and illustrate how
functional traits might connect speciation at the population level (population differentiation, evolution of reproductive
barriers; i.e. microevolution) with evolution above the species level (macroevolution). We also identify outstanding
questions in the field, and suitable data and tools for their resolution. Altogether, this effort motivates further research
focused on plants, which might potentially broaden our general understanding of speciation by sexual selection, a major
concept in evolutionary biology.
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I. INTRODUCTION

Why some evolutionary lineages are dramatically more
species rich than others remains an enigma in biology. Sexual
selection 1s often considered as one of the factors that
promote speciation and diversification (Panhuis ¢t al., 2001;
Kraaijeveld, Kraajjeveld-Smit & Maan, 2011; Maan &
Sechausen, 2011), yet current theory and empirical results
often suggest a surprisingly tenuous connection. For
example, sexually dimorphic lineages tend to be more
speciose (Futuyma & Kirkpatrick, 2017), and some theory
exists on how sexual selection might lead to speciation
(Fisher, 1930; Turelli, Barton & Coyne, 2001). But it has also
been reported that sexual selection might be insufficient to
govern the emergence of new species and sometimes may even
hinder the speciation process (Servedio & Biirger, 2014;
Servedio & Boughman, 2017; Irwin, 2020; Mendelson &
Safran, 2021). Importantly, sexual selection can be hard to dis-
tinguish from other processes, mediated by environment and
by geographic isolation, such as ecological or mutation-order
speciation (Panhuis et al, 2001; Kraaijeveld, Kraaijeveld-
Smit & Maan, 2011; Maan & Sechausen, 2011). Thus, how
to reconcile these mixed conclusions regarding the role of
sexual selection on speciation remains an outstanding chal-
lenge, especially in plants. To address this, we need to study
the processes that unfold across the continuum of evolutionary
scales, from population divergence to the emergence of
reproductive isolation and macroevolutionary diversification.

Sexual selection, defined as non-random variance in
mating success (Kokko & Jennions, 2008), explains the evolu-
tion of sexual traits through their positive impact on repro-
ductive success through a competitive advantage during
mating, despite their often negative impact on survival
(Darwin, 1871). It includes two dominant processes: the first
is intrasexual (usually male-male) competition for mating;
and the second is the choice of mates by the other sex, usually
females (Darwin, 1871; Willson, 1979; Panhuis et al., 2001;
Rosenthal & Ryan, 2022). While sexual selection has been
extensively studied in animals, its mechanisms and conse-
quences remain largely understudied in plants.

Historically, the existence of sexual selection in plants
has been controversial (Moore & Pannell, 2011), given that
plant species are mostly hermaphrodites. Interestingly,
sexual selection mechanisms have been demonstrated in
hermaphroditic animal species (Beekman et al., 2016) and,
correspondingly, sexual selection is now generally recognised
to operate in plants (Moore & Pannell, 2011). Yet, the conse-
quences of sexual selection on plant evolution and plant
speciation remain largely understudied.

In plants, whether sexual selection can lead to sexual trait
divergence and the establishment of reproductive barriers
has yet to be documented through empirical evidence.
Divergent mate preferences in animals can act as a repro-
ductive barrier (Boughman, 2001), and a similar process
may take place in plants (Baek et al., 2015; Li et al., 2018).
Nevertheless, the specificities of sexual selection in
plants (the sexual mechanisms themselves, the diversity of
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life-history traits, and the mating systems involved) may
also contribute to the establishment of reproductive barriers
that might be specific to plants.

Finally, an outstanding question in evolutionary biology is
whether, and how, microevolutionary processes, such as sex-
ual selection-driven reproductive barriers, translate into
large-scale processes such as speciation and diversification
(macroevolution; Jablonski, 2000). Darwin (1871) proposed
that groups with more elaborate secondary sexual charac-
ters should be species rich, implying that the divergence
of traits under sexual selection can lead to lineage diversifi-
cation. While this hypothesis has been extensively tested
in animals (Boul e al, 2006; Mendelson, Imhoff &
Venditti, 2007; Cally ez al., 2021), the role of sexual selection
in large-scale speciation in plants remains surprisingly
unaddressed (see Table 1).

In this review, we address the following questions: (;) what
plant traits are under sexual selection, and how do reproduc-
tive strategies affect sexual selection; (i) can sexual selection
produce reproductive barriers and thus facilitate population
divergence; and (i) can this divergence lead to large-scale
speciation? Some of these questions have been investigated
in plants, but in isolation, and have yet to be evaluated
together with a view to bridging the gaps between them.
Our study details the connections between these research
questions and aims to integrate previous work to formulate
a more comprehensive perspective on plant speciation by
sexual selection, ranging from micro- to macroscales.

II. SEXUAL SELECTION MECHANISMS AND
REPRODUCTIVE STRATEGIES IN PLANTS

[A]though plants “neither sing nor dance’, they do exhibit female

choice and male compelition as intensely as amimals do.
(Ganeshaiah & Shaanker, 2001, p. 423).

Darwin (1871) proposed that sexual selection involves dif-
ferences in reproductive success caused by competition for
mating. By focusing on competition for mating, this concept
therefore excludes processes related to natural selection act-
ing on sexual traits. Darwin further suggested that sexual
selection may involve either intrasexual (male—male) compe-
tition for mating, and/or intersexual selection (female mate
choice). Female choice has been proposed to be costly and
yet advantageous, as this cost may be compensated by an
mmproved general fitness of the progeny (‘good genes’
hypothesis; Byers & Waits, 2006) or by an improved
reproductive success of male progeny due to the heritability
of male competition abilities, hence indirectly increasing
female fitness (‘sexy son’ hypothesis; Weatherhead &
Robertson, 1979). A link between male-male competition
and female choice was further proposed under the concept
of Fisherian runaway selection, which assumes that male
traits evolve under recurrent directional selection by females;
in other words, representing a case of coevolution between
male traits and female preference (Fisher, 1930).
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The role of sexual selection in plant speciation

Table 1. Summary of current knowledge regarding the role of sexual selection in plant speciation. PI'GR, pollen tube growth rate;

SC, self-compatible; SI, self-incompatible.

State of . .
Process Main evidence
knowledge
Sexual selection mechanisms Moderate Floral and pollen traits evolve in response to male—male competition for pollinator
amount of attraction (Cocuccti et al., 2014; Paterno et al., 2020)
evidence PTGR and pollen germination are associated with siring success (Snow &

Spira, 1991a,6, 1996; Skogsmyr & Lankinen, 1999)
Stressing the maternal plant increases random mating (Marshall & Diggle, 2001;
Shaner & Marshall, 2003)

Reproductive strategies Some evidence

influencing sexual selection

Higher pollen performance in outcrossing versus selfing Clarkia species (Mazer
et al., 2018)

Relaxation of sexual selection in selfing species (Gutiérrez-Valencia et al., 2022)

Reproductive barriers Some evidence

promoted by sexual selection

Bilateral mating incompatibilities (Arnold ez al., 1993; Hodges & Arnold, 1995)
Unilateral SI X SC incompatibility (Covey et al., 2010; Baek et al., 2015)

Negative correlation between style length and interspecific seed set in Silene latifolia
(Nista et al., 2015)

Suggestion to address the knowledge gap: testing for pleiotropic effects of
sexual selection at (7) the trait level (e.g. artificial selection on pollen performance

and measure its impact on adaptive traits such as drought response), and (z) the
gene/genome level (to search for possible links between genomic targets of local
adaptation and genomic targets of sexual selection)

Sexual selection and local No data
adaptation
Sexual selection and plant No data or
diversification indirect
evidence

Mating systems (SI versus SC) influence diversification rates (Goldberg ¢ al., 2010)
Suggestion to address the knowledge gap: sexual selection directly measured
at the population level could be correlated with speciation rates estimated from

present-day phylogenies

The concept of sexual selection has been expanded to
postmating processes, notably: (¢ cryptic female choice
(Eberhard, 1996), a process in which the fertilisation of cer-
tain sperm is favoured to the detriment of other sperm; and
(1) postmating male—male competition (competition between
sperm cells for fertilisation of the egg cell; Eberhard, 2009).
These expansions of the concept of sexual selection are par-
ticularly pertinent in the case of plants, which, for obvious
reasons, do not show courtship behaviours, male fights for
access to mating or visible female choice (Willson, 1979).

Sexual selection in plants (mostly angiosperms) acts at
the pre- and postmating stages similarly to in the animal
kingdom. In plants, the deposition of pollen on the stigma
(il.e. pollination) 1s considered analogous to mating in
animals. Sexual selection can therefore act before mating
on traits that promote pollen transfer to conspecific
stigmas, which corresponds to male-male competition
(Willson, 1979; Delph & Ashman, 2006). Sexual selection
in plants also takes place after pollination, whereby the traits
mediating pollen performance as well as the mechanisms of
female selection may impact the reproductive success of both
males and females (Queller, 1984; Willson, 1994; Moore &
Pannell, 2011; Tonnabel et al., 2021). Interestingly, plants
show a much wider diversity of reproductive strategies than
animals, likely associated with dramatic differences in the
intensity of sexual selection (Friedman & Barrett, 2011;
Collet ¢t al., 2014). This makes plants an important taxon for
the study of general principles that govern sexual selection
and speciation, potentially providing key insights for evolution-
ary theory. Below, we review the currently known mechanisms

of sexual selection in plants before and after mating and
evaluate how reproductive strategies can affect sexual selection.

(1) Premating sexual selection (pre-pollination
stage)

Using flowers to attract pollinators is a major part of pre-
pollination sexual selection. Angiosperm flowers show an
enormous diversity (e.g. petal size, biomass, petal and stamen
number, colour, and scent) (Armbruster, 2014; Davis
et al., 2014; Vasconcelos et al., 2019; Nikolov, 2019). Darwin
(1877) noted that the perianth (petals and/or sepals) size was
often larger in functionally male or hermaphrodite flowers
than in female flowers in taxa with unisexual flowers.

This observation is in line with an influential theory,
‘Bateman’s principle’, which postulates that sexual selection
acts on male mating success more than on the success
of females (Willson, 1994; Collet et al., 2014; Paterno
et al., 2020). It hypothesises that the reproductive success of
females is limited by resources, and the frequency of mating
therefore has minimal impact on their reproductive fitness,
whereas male reproductive success is limited by mating
opportunities and thus should increase with the number of
mating events (Bateman, 1948; Collet ¢t al., 2014). When
applied to plants, mating success is a crucial bottleneck for
males: it was estimated for one plant community that less
than 3% of pollen produced reaches a conspecific stigma
(Gong & Huang, 2014). Thus, from the male perspective,
the more pollinators that visit the plant, the higher the
chances that pollen from a particular male will access a
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female, and the higher their reproductive success. By
contrast, from the female perspective, as only a fraction of
all pollen is required to fertilise all seeds, a low pollinator
visitation rate may be sufficient (Elle & Meagher, 2000; Collet
et al., 2014). This imbalance will mean that floral traits
influencing both pollen import and export by pollinators
will be selected to a great extent by the male function
(the ‘fleurs-du-male’ hypothesis; Queller, 1997). As a
consequence, male fecundity should be strongly associated
with floral traits, such as conspicuous flowers (Stanton
et al., 1991; Paterno et al., 2020). Consistently, recent
research showed that larger hermaphrodite angiosperm
flowers show increased investment in male organs and
pollinator attraction (larger petals), whereas smaller flowers
tend to be female (Paterno ¢t al., 2020). In other words, there
is male—male competition over pollinator visitation.

Sexual selection might also shape traits that facilitate pol-
len removal and transfer. Studies have shown the possibility
of intrasexual selection through pollen—pollen competition
during the movement of pollen to and from the pollinator’s
body (pollen transfer) (Cocucci et al., 2014; Duffy &
Johnson, 2014; Lynn et al., 2020). For example, Cocucci
et al. (2014) showed that pollinaria (aggregated pollen) in
the Apocynaceae subfamily Asclepiadoideae physically com-
pete for access to attachment sites on the body of pollinators.

Therefore, increasing mating opportunities appears to be
under strong selection mostly for male parts of the plant
(Willson, 1979; Willson & Burley, 1983). Divergent premating
sexual selection may lead to the divergence of floral traits
between related lineages, and if so, this could result in the estab-
lishment of reproductive barriers and, eventually, to plant speci-
ation. This hypothesis will be further explored in Section III.

(2) Postmating sexual selection (post-pollination
stage)

When pollen is deposited on the stigma, there arises the pos-
sibility of competition between males (pollen) to reach the
ovules (Mulcahy, 1979; Arnold, 1994; Willson, 1994;
Moore & Pannell, 2011) and of female choice, i.e. the selec-
tion of pollen by females (Mazer et al., 2018). At this stage,
therefore, traits related to both male performance and female
choice may be under sexual selection.

Competition between males may occur when the number
of pollen grains deposited on a stigma exceeds the number of
ovules (Delph, Weinig & Sullivan, 1998; Winsor, Peretz &
Stephenson, 2000), which 1s the case for the majority of spe-
cies (Gong & Huang, 2014; Iltas, Le Véve, Slovak & Lafon
Placette, in preparation). In male-male competition for
access to ovules, pollen performance traits including pollen
viability, pollen size, pollen germination rate, chemical inter-
ference, and pollen tube growth rate (PTGR) are likely to be
under selection (Snow & Spira, 1991a; Spira et al., 1992;
Johnston, 1993; Delph et al, 1998; Snow, Spira &
Liu, 2000; Lankinen & Skogsmyr, 2002; Delph &
Ashman, 2006; McCallum & Chang, 2016). Of these, pollen
germination rate and PTGR are the most studied
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performance traits that might mediate pollen—pollen
competition in the style (Mazer et al., 2010; McCallum &
Chang, 2016). In Hibiscus moscheutos (Malvaceae) and Viola
tricolor (Violaceae), experiments showed that pollen with
higher germination rates and PTGRs can reach unfertilised
ovules faster and achieve greater fertilisation success than
those with lower rates (Snow & Spira, 1991a,b, 1996;
Skogsmyr & Lankinen, 1999). Thus, sexual selection could
act on the PTGR as a competitive trait.

After the deposition of pollen on the stigma, female choice
might affect the success of pollen donors. Although the relative
siring success of different pollen donors was not affected by the
maternal plant in one study (Marshall, Shaner & Oliva, 2007),
stressing the maternal plants led to more random mating
(Marshall & Diggle, 2001; Shaner & Marshall, 2003), suggest-
ing that healthy females can affect seed paternity. The traits
involved in pollen selection by females may include style
length, stigmatic area, stigma receptivity, and chemical signal-
ling in the stigma and style (Mulcahy, 1979; Armbruster
et al., 1995; Lankinen & Strandh, 2016; Mazer e al., 2016;
Tonnabel e al., 2021), of which style length and chemical
signalling are the best investigated traits.

Pistil traits may enhance pollen competition as a female
choice mechanism (Lankinen & Green, 2015). For example,
there is evidence that a longer style provides females with a
mechanism to discriminate among pollen with different per-
formance levels; it might lead to a longer interaction between
pollen tubes and pistil that allows females to control pollen
tube growth in the style wa molecular interactions
(Mulcahy & Mulcahy, 1975; Lankinen & Skogsmyr, 2002;
Ramesha ¢t al., 2011). Hence, sexual selection might favour
females with longer styles (O. Iltas, A. Le Véve, M. Slovak,
C. Lafon Placette, in preparation). However, while a
meta-analysis confirmed that style length was significantly
correlated with rate of non-random mating, the degree of
non-random mating was highest in species with shorter styles
(Ruane, 2009), arguing against the proposal that a longer
style may increase female selectivity. In a mathematical
modelling study, Travers & Shea (2001) used measurements
of in vivo pollen performance (PTGR and pollen germination
rate) and style length. They predicted that faster pollen
germination would increase siring success when style length
was shorter, and faster PTGR would increase siring success
when styles were longer (Travers & Shea, 2001). Thus, the
higher degree of non-random mating in species with shorter
styles found by Ruane (2009) might be explained by a greater
role of pollen germination rate rather than PTGR in
male—male competition.

Female control of pollen germination and tube growth
likely involves complex chemical signalling in the stigma and
style, allowing the female sporophyte to recognise compatible
pollen, support the growing pollen tube in the style, and help
the pollen tube to target the ovary (reviewed in Tonnabel
et al., 2021). Germination of pollen at the stigmatic surface is
controlled via a complex signalling interaction between specific
pollen proteins/molecules and proteins at the stigmatic surface
(reviewed in Wheeler, Franklin-Tong & Franklin, 2001;
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Zheng et al., 2018; Johnson, Harper & Palanivelu, 2019),
leading to female provisioning of the pollen grain with
resources, especially water for the hydration process and
germination of the pollen on the stigma. After this stage, the
continued chemical interactions between pistil and pollen
tubes control pollen tube growth into the style transmitting
tract (Zheng et al., 2018). When pollen tubes reach the style,
guiding signals and nutrients from the pistil extracellular
matrix guide the pollen tube towards the ovary. In the final
step, signals produced by the ovules guide pollen tubes towards
the ovule and lead to fertilisation (reviewed by Dresselhaus &
Franklin-Tong, 2013; Johnson et al., 2019).

At each of these steps (pollen germination, pollen tube
growth, and pollen tube guidance) female choice has the
potential to act at a molecular level (Tonnabel et al., 2021).
For example, there is evidence for mate recognition mecha-
nisms such as the self-incompatibility (SI) system, in which
the female can accept/reject compatible pollen at the germi-
nation (sporophytic SI; e.g. Brassicaceae) and tube growth
stage (gametophytic SI; e.g. Solanaceae), and this can affect
the siring success of pollen donors carrying alleles recognised
as self by the female plant (Richman & Kohn, 2000; Doucet,
Lee & Goring, 2016). Nevertheless, while this may appear to
be an example of female choice and fits the definition for sex-
ual selection of non-random variance in mating success
(Kokko & Jennions, 2008; Tonnabel e al., 2021), this may
not be the case. Darwin (1871) proposed that sexual selection
acts on differences in reproductive success caused by compe-
tition for mating, and in the SI system, female choice is only
based on ‘self’ versus ‘non-self’ criteria (even though ‘self’
may be other individuals with the same S-allele) in an
inbreeding-avoidance strategy. This does not involve any
competition for mating, even though rare S-alleles are
beneficial to males as they increase the probability to be
accepted by females against more frequent S-alleles (Durand
et al., 2020), resembling male-male competition. The conse-
quences are however different, with self-incompatibility lead-
ing to balancing selection on S-alleles, rather than directional
selection expected in a sexual selection scenario. Also, self rec-
ognition may impact gene flow and lead to species barriers in
nature (Pickup et al., 2019; Harkness & Brandvain, 2021),
which we will consider in Section III. In general, evidence
for sexual selection acting on female chemical control of pollen
germination/tube growth/tube guidance, i.e. female choice of
male competitive traits (‘sexy-son’ hypothesis) or male traits
directly improving female fitness (‘good genes’ hypothesis),
remains sparse.

Therefore, in principle, sexual selection could operate after
pollination through both male-male competition and female
choice. Males with higher pollen performance traits may be
at an advantage against other males (Mazer e al., 2010;
Baskin & Baskin, 2015), while females, za pistil traits and
chemical signalling, could exhibit choosiness among different
pollen (Lankinen & Strandh, 2016; Mazer e al., 2016;
Madjidian et al., 2020). We will further explore below whether
such mechanisms can establish postmating reproductive
barriers, and potentially lead to speciation.

(3) Reproductive strategies influencing sexual
selection

Compared to animals, and probably due to their sessile
nature, plants (particularly angiosperms), have evolved myr-
iad unique reproductive strategies that are likely to influence
how sexual selection works, as well as its intensity. In this
section we evaluate the impact of various life-history traits
on the potential for sexual selection.

(@) Pollination mode

Plants are immobile and thus rely on biotic (pollinators) and
abiotic (wind and water) vectors for transferring their (male)
pollen to the (female) ovary (Friedman & Barrett, 2009),
and these different vectors might change the intensity of sex-
ual selection. In particular, the use of wind versus animal pol-
lination is likely to affect pre-pollination male—male
competition, as the differences between these two strategies
lie mostly in the premating phase.

In animal-pollinated plant species, conspicuous flowers and
inflorescences (e.g. larger petals; Paterno et al., 2020) or floral
scents used to signal the availability of nutritional rewards
function to attract pollinators and thus contribute to male
reproductive success (Arnold, 1994; Willson, 1994; Delph &
Ashman, 2006; Cocucci e al., 2014; Paterno et al., 2020).
Thus, for animal-pollinated species, a large set of traits, rang-
ing from floral display, reward, or pollen structures enabling
attachment to pollinators, are likely to improve male mating
success under male—male competition for pollinators. This is
likely to facilitate the evolution of premating sexual traits
via sexual selection. By contrast, in wind-pollinated plants pol-
lination takes place randomly, and male reproductive success
is linearly correlated with male reproductive investment
(Charnov, 1979; Aljiboury & Friedman, 2022). As a result,
higher production of pollen or traits affecting pollen
dissemination (e.g. aerodynamic properties) are the only traits
that can increase the probability of fertilising ovules in
competition with other males (Cruden, 1977; Eppley &
Pannell, 2007; Friedman & Barrett, 2009; Tonnabel,
David & Pannell, 2019), as most of the pollen produced will
be wasted (Darwin, 1876; Ackerman, 2000). Therefore, in
wind-pollinated species, sexual selection has very few opport-
unities to act at the premating stage, and likely does so mostly
on pollen production and dissemination.

After the pollen reaches the stigma (postmating), sexual
selection is likely unaffected by pollination mode. In a
meta-analysis of 51 studies on 23 different species from
17 different families (mostly Brassicaceae, Poaceae, and
Cucurbitaceae), no significant difference was found in the
non-random siring rate between wind- and animal-pollinated
species (Ruane, 2009), suggesting that the pollination mode
does not affect the intensity of postmating sexual selection.

(b) Sexual polymorphism versus hermaphroditism

Most angiosperm species are hermaphrodites, with both
female (ovules) and male (pollen) parts on the same flower
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(Barrett, 2002; Charlesworth, 2006). However, some species
have evolved from hermaphroditism towards gynodioecy
and androdioecy, i.e. the co-occurrence of hermaphrodite
and female or male individuals, respectively (Darwin, 1877;
Pannell, 2002), or even towards the complete separation
of the sexes (male and female individuals only; dioecy)
(Charlesworth, 1999). Dioecious species are found in only
6% of angiosperms (Renner, 2014), although it has evolved
from hermaphroditism multiple times independently
(Kafer, Marais & Pannell, 2017).

In hermaphroditic species, the evolution of sex-specific
traits is likely a trade-off between male and female interests
due to resource and morphological constraints, similarly to
trade-offs proposed in hermaphroditic species of animals
(Schirer & Janicke, 2009). Thus, the partial or complete sep-
aration of the sexes is likely to favour the evolution of fitness
optima, such as higher pollen production and pollen transfer
for males (Wilson & Harder, 2003) or higher seed production
for females (Freeman, Klikoff & Harper, 1976). Sexual selec-
tion 1s expected to lead to fitness optima, with more compet-
itive males (more conspicuous flowers, higher pollen
performance) (Kwok & Dorken, 2022) and more selective
females (longer styles, stricter chemical female choice) com-
pared to hermaphrodites. This means that the effects of sex-
ual selection may be clearer in dioecious species compared to
hermaphrodites. Modelling studies have shown that males
are more likely to evolve showy flowers than females in dioe-
cious animal-pollinated plants, especially with pollinator
abundance (Vamosi & Otto, 2002). However, a morpholog-
ical analysis on tropical forest trees found that the flowers
of almost all animal-pollinated dioecious species were rela-
tively small, unspecialised, and of inconspicuous colour
in comparison to hermaphroditic plants (Bawa &
Opler, 1975; Bawa, 1994). While this apparently contradicts
the suggestion that intrasexual selection will act more on
male flower traits in dioecious compared to hermaphroditic
species, this finding might be explained by the fact that the
small flowers of dioecious species were associated with visita-
tion by a wide range of insect pollinators while the hermaph-
roditic species were visited by larger specialists (Bawa &
Opler, 1975; Bawa, 1994). Attracting a wide range of polli-
nators might improve pollen transfer and thus male repro-
ductive success more than relying on a few specialised
pollinators.

In androdioecious and gynodioecious species, as unisexual
individuals co-occur with hermaphrodites, the sex ratio may
be biased towards one or other sex (Pannell, 2002), and this
may influence the intensity of intrasexual competition for
mating. Interestingly, a reciprocal effect was found in dioe-
cious species with an XY sex-determination system: more
intense pollen competition led to a sex ratio more biased
towards female progeny. This was explained by pollen grains
with an X chromosome outcompeting pollen grains bearing
a Y chromosome during mating (Delph, 2019). Just as for
fully dioecious species, gyno/androdioecy may allow the spe-
cialisation of individuals into solely male or female function,
respectively, and under sexual selection we can expect
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exacerbation of traits for male-male competition or female
choice. For example, in the genus Stlene, some female flowers
of gynodioecious species have larger stigmatic surfaces and
longer stigma papillae than in hermaphroditic flowers
(Bock, 1976; Dulberger & Horovitz, 1984).

(¢) Selfing versus outcrossing

While more than 90% of plant species are hermaphrodites
(Bawa, 1980), almost 65% of all species are outcrossing, 11%
selfing, and 24% show mixed mating (Igic & Kohn, 2006).

The well-known evolutionary transition from outcrossing
to selfing in flowering plants (reviewed in Igic, Lande &
Kohn, 2008) can take place when the advantage of reproduc-
tive assurance [e.g. reproducing under pollen limitation
(Darwin, 1876; Eckert, Samis & Dart, 2006) and selfing
transmission (Fisher, 1941)] outweighs the cost of inbreeding
depression (i.e. reduced offspring fitness compared with out-
breeding; Charlesworth, 2006). This transition frequently
involves breakdown of the SI system, and hence the evolution
of SC (Takayama & Isogai, 2005). The so-called ‘selfing syn-
drome’ of floral traits that evolve after the transition to selfing
is distinguished by small and inconspicuous flowers, reduced
scent, reduced pollen production and a lower pollen:ovule
(P/O) ratio (reviewed in Sicard & Lenhard, 2011;
Willi, 2013; Tsuchimatsu et al., 2020).

The transition from outcrossing to selfing is likely accom-
panied by relaxation of sexual selection (Cutter, 2019;
Gutiérrez-Valencia et al., 2022). At the premating stage,
the high pollen transfer efficiency ensured by selfing
strongly reduces male—male competition for pollen transfer
(Harvey & May, 1989; Willis, 1999). Therefore, a selective
pressure on males for attractive traits such as flower size or
scent will be relaxed, leading to the reduction of these traits
as part of the ‘selfing syndrome’. At the postmating stage, as
both pollen and the female sporophyte are from the same
individual and thus carry the same pool of alleles, variation
in male competitiveness/female choice is virtually null,
likely making sexual selection inefficient. In addition, the
mating success or failure of a specific pollen grain is less
likely to impact fitness in a scenario where male gameto-
phytes are virtually identical to each other (due to homozy-
gosity and lack of efficient recombination) and to the female
gametophytes. One prediction is that male competitive
traits (pollen germination, PTGR, etc.) and female choice
traits (style length, chemical selection of pollen grains)
would be under weaker selection in selfers compared to out-
crossers. Also note that natural selection may actually
favour changes that accompany the transition to selfing as
a resource allocation trade-off. For example, in the selfer
Arabidopsis thaliana it was shown that the reduction in pollen
number is caused by an allele which has been under positive
selection (Tsuchimatsu et al., 2020). Additionally, it is likely
that any form of asexual reproduction, which occurs in
about 80% of angiosperms (Klimes e al., 1997), will have
a similar effect as selfing of reducing the strength of sexual
selection.
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A study that examined the divergence in pollen
performance in two Clarkia sister species, predominantly out-
crossing C. unguiculata and self-pollinating C. exilis, revealed
that C. unguiculata had a higher PTGR than C. exilis (Mazer
et al., 2018). Similarly, in another model system, Mumulus gut-
tatus (outcrosser) had a higher PTGR than M. nasutus (selfer)
(Diaz & Macnair, 1999). It was also shown that M. nasutus pol-
len did not outcompete M. guttatus pollen when M. guttatus was
used as the maternal plant, suggesting a role of female choice.
Indeed, style length comparisons between selfer and outcros-
ser species revealed that outcrossers had longer styles (Diaz &
Macnair, 1999; Runions & Geber, 2000), consistent with the
idea that sexual selection is weaker in selfing species in com-
parison to outcrossers. Interspecific crosses between several
SI and SC Arabidopsis species revealed that pollen of SI species
could germinate on an SC stigma, while in the reciprocal
crosses pollen of SC species did not germinate when the mater-
nal plant was an SI species (Li ¢f al., 2018). This suggests that
females of SI species are choosier than SC females in the sig-
nalling crosstalk between pollen and stigma. A similar case of
SI/SC unilateral pollen rejection was reported in the genus
Solanum, involving the inhibition of pollen tube growth and
pollen tube targeting to the ovules rather than of pollen germi-
nation (Baek ¢ al., 2015; Lafon-Placette et al., 2016). Impor-
tantly, many phenotypic and genetic changes occur after the
transition to selfing due to factors other than sexual selection,
and disentangling these factors remains a challenge for future
research.

ITII. SEXUAL SELECTION AND REPRODUCTIVE
BARRIERS

Speciation is the process by which genetically and pheno-
typically distinct lineages emerge via the evolution of repro-
ductive isolation (Dobzhansky, 1935; Mayer, 1942; Turelli
et al., 2001; Mallet, 2010; Seehausen et al., 2014). Isolating
barriers are classified into prezygotic (e.g. geographical iso-
lation, gametic isolation, or isolation by different pollina-
tors) and postzygotic (hybrid inviability or sterility)
(Dobzhansky, 1970; Coyne, 1992; Coyne & Orr, 1998;
Orr & Turelli, 2001). A prezygotic barrier means that
zygotes are never created, whereas a postzygotic barrier
means that individuals of two species may produce zygotes,
but these hybrid offspring are inviable or infertile
(Dobzhansky, 1970; Coyne, 1992; Coyne & Orr, 1998;
Orr & Turelli, 2001). Prezygotic barriers in plants can
occur before mating, such as pollinator shifts [e.g. genus
Mimulus (Schemske & Bradshaw, 1999); Satyrium longicauda
(Castanieda-Zarate, Johnson & van der Niet, 2021)],
or after mating by pollen rejection through blocking
pollen germination on the stigma (Li et al., 2018), delaying
or stopping pollen tube growth in the style (Back
et al., 2015), or misguiding pollen away from the ovary
(Lafon-Placette ¢ al., 2016). It has been suggested that
sexual selection could play a role in plant speciation

(Panhuis ez al., 2001; Ritchie, 2007) by driving the evolution
of these reproductive barriers (Lafon-Placette et al., 2016).
In this following section, we evaluate whether sexual
selection is a plausible driver of these reproductive barriers
in plants at the pre- and postmating stage.

(1) Pollinator shift in response to pre-pollination
sexual selection

To mate, plants are reliant on vectors (pollinators) for trans-
ferring pollen to the stigma. Most angiosperms (87.5%) use
animals as vectors (Friedman & Barrett, 2009; Ollerton,
Winfree & Tarrant, 2011), and pollinator-mediated selection
on floral traits is argued as a mechanism underlying plant
adaptation and speciation. It is thought that flowers evolved
in angiosperms to attract pollinators (Stebbins, 1970; Kiester,
Lande & Schemske, 1984; Crane, Friis & Pedersen, 1995;
Thien e al., 2009). A shift in pollinators via floral trait diver-
gence could act as a strong hybridisation barrier; if two line-
ages no longer share the same pollinator, gene flow between
them will be limited or absent. For example, a change in flo-
ral reward chemistry from nectar to oil is thought to have led
to a pollinator shift in the long-spurred African orchid,
S. longicauda from moth to oil-collecting bee pollination
(Castanieda-Zarate et al., 2021). Similarly, in monkeyflowers,
Mimulus lewisi 1s predominantly pollinated by bees, while
another, M. cardinalis, is hummingbird pollinated (Ramsey,
Bradshaw Jr & Schemske, 2003). These differences in polli-
nator preferences have been explained by floral trait diver-
gence between the two species, which differ in petal colour
and nectar volume (Schemske & Bradshaw, 1999; Ramsey
et al., 2003).

According to Bateman’s principle, male reproductive suc-
cess will be limited by mating opportunities and therefore the
evolution of floral traits is largely driven by selection on males
(see Section II.1; Bateman, 1948; Willson, 1994; Collet
et al., 2014; Paterno et al., 2020). In other words, increasing
pollinator attraction (higher visitation rate) will benefit males
(pollen transfer) more than females (Stanton et al., 1991;
Queller, 1997; Paterno et al., 2020). It is important to note,
however, that in some taxa or under certain ecological cir-
cumstances, plants can experience pollen limitation (Knight
et al., 2005). In this case, pollinator visitation may also be a
limiting factor for female reproductive success, leading to
female—female competition for pollinators. In particular, pol-
linator shift has been proposed to occur in response to
decreased abundance of a given pollinator (Thomson &
Wilson, 2008) since a shift to a new pollinator should increase
the chances of pollination. Thus, pollinator shifts may take
place in response to high male-male (and female—female)
competition for pollinator attraction (Fig. 1), with low
resources (i.e. pollinator visitation) leading to higher intrasex-
ual competition, and hence selecting for flower traits such as
more conspicuous display and higher rewards (Ratnieks &
Balfour, 2021). We argue that this will lead to floral trait
divergence and ultimately to the establishment of reproduc-
tive barriers between individuals showing the ancestral and
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Fig. 1. Pollinator shifts in response to male-male competition (pre-pollination sexual selection). Higher male-male competition for
pollinators, for example resulting from local pollinator scarcity, may select for a larger floral display and higher production of pollen
grains (bottom row). This may lead to floral divergence (phenotypic divergence) and, ultimately, to the establishment of reproductive
barriers between individuals with the ancestral and derived pollinator syndromes. ¢is evolutionary time; red and blue arrows indicate
gene flow between the two lineages; black cross indicates a barrier to gene flow.

derived pollinator syndromes. This process may act in
interaction with other speciation mechanisms, such as rein-
forcement, i.e. positive selection for a barrier to prevent
costly hybridisation. Interestingly, changes in pollinator
attraction between Phlox species have been shown to act as
a reinforcement mechanism (Hopkins & Rausher, 2012;
Hopkins et al,, 2014). In a contact zone between Phlox
cuspidata and P. drummondii, a change in flower morphology
in P. drummondii promotes assortative mating (Hopkins &
Rausher, 2012). In this contact zone, male—male competition
for pollinators could occur both intra- and interspecifically,
and as a result, sexual selection may be more intense. In this
context, an allele affecting flower colour that promotes
assortative mating would potentially increase mating success
(pollinator visitation). Thus, we speculate that pollinator
shifts may occur as a result of an interaction between sexual
selection and reinforcement mechanisms.

(2) Pollen rejection and post-pollination sexual
selection

Pollen from a given lineage may be rejected by the pistil from
another lineage, leading to a postmating reproductive bar-
rier. Pollen rejection can take place at different stages: (2) at
the germination stage when pollen lands on the stigma (stig-
matic pollen rejection); (i) as pollen tubes grow through the

style (stylar pollen rejection); and (zz) during targeting of pol-
len tubes to the ovary (ovarian pollen rejection) (Baek
et al., 2015; Lafon-Placette ¢t al., 2016; Li et al., 2018). Below,
we consider these stages of pollen rejection as reproductive
barriers and discuss the possible role of sexual selection
among other evolutionary scenarios for establishing these
barriers.

While interspecific pollen rejection at the stigma, style or
ovary stage may appear to be a form of female choice and
sexual selection, this may not always be the case. The process
of genetic drift, 1.e. random changes in the number of allelic
variants in a population (Lynch et al., 2016), may be an alter-
native explanation for the establishment of pollen rejection.
Sexual reproduction involves the location of suitable mates,
and the chemical communication between pollen and the
female organs (stigma, style, ovules) fulfils this role. If two lin-
eages evolve separately, this chemical communication is
likely to evolve separately simply by genetic drift. If sufficient
evolutionary time elapses, pollen—female communication
will likely diverge enough between lineages that pollen recep-
tors from one lineage will not match female ligands from
the other, eventually leading to pollen germination/tube
growth/tube guidance incompatibilities in hybridisation
events, and hence a reproductive barrier. For example,
Swanson et al. (2016) compared pollen performance in two
A. thaliana accessions: Columbia (Col), and Landsberg erecta
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(Ler). In cross-pollination using pollen of Col and Ler with
Col pistils, Ler pollen on a Col pistil showed reduced germi-
nation and tube growth, leading to significantly higher siring
success for Col pollen (98%) than Ler pollen (11%) in a mixed
pollination experiment (Swanson et al., 2016). A. thaliana is a
selfer, and hence 1s expected to be under relaxed sexual selec-
tion (Cutter, 2019). Thus, while this case initially seems to
provide an example of female choice, sexual selection is
unlikely to be the underlying evolutionary driver and the best
scenario is neutral divergence of pollen—pistil communica-
tion between Col and Ler by genetic drift, leading to a repro-
ductive barrier.

However, pollen rejection could also be a result of inde-
pendent runaway sexual selection (Fisherian model; see
Section II.1) in two lineages (Ritchie, 2007). For example,
in plants, style length as a female choice trait and a faster
PTGR as a male trait could coevolve to reach an optimum
(O. Ttas, A. Le Véve, M. Slovak, C. Lafon Placette, in prep-
aration). Some studies have found positive correlations
between pistil length and PTGR (Williams & Rouse, 1990;
Herrero & Hormaza, 1996), whereas studies in Hibiscus and
Ipomopsis failed to find a correlation (Snow & Spira, 1996;
Alarcon & Campbell, 2000). If female preference (style
length, chemical signalling) and male traits (pollen germina-
tion, tube growth, chemical reception) coevolve separately
in two lineages they might reach two different optima, and
as a result, the two lineages will exhibit bilateral mating
incompatibilities (Fig. 2). For example, crossing experiments
between two predominantly outcrossing iris species, Iris_fulva
and 1. hexagona, showed a low number of hybrids, while fur-
ther analysis using mixed pollination (1:1 pollen mixture of
both species) to test for interspecific pollen competition
resulted in no hybrid progeny, suggesting that the low num-
ber of hybrids was due to selective fertilisation by intraspecific
pollen (Arnold, Hamrick & Bennett, 1993). Further research
revealed that a reduced PTGR of heterospecific pollen may
explain failed hybridisation between these two irises
(Hodges & Arnold, 1995). The same results were found for
two sympatric Hibiscus species, . moscheutos and H. laevis
(Klips, 1999). However, artificial crosses in Helianthus gave
contrasting results in which a lower number of hybrids could
not be explained by PTGR differences (no intraspecific and
interspecific difference in PTGRs Rieseberg, Desrochers &
Youn, 1995). Disentangling the roles of divergent runaway
selection versus neutral divergence by genetic drift as a cause
for pollen rejection remains difficult to do, as both have the
same outcome, i.e. bilateral pollen rejection. Genomics
may help resolve this issue, by identifying the genes responsi-
ble for bilateral pollen rejection and assessing selective pro-
cesses acting on them. Indeed, reproductive genes may
evolve faster than other genes simply because they are
expressed in a sex-specific manner and therefore selection
on them is relaxed: when carried by the other sex, these
alleles will be masked to selection (Dapper & Wade, 2016).
However, this may be only partly true in plants, since the
haploid state in the gametophytic phase is subject to stronger
purifying selection than the diploid state, as shown for

pollen-specific genes in Capsella grandiflora (Arunkumar
et al., 2013). In this study, pollen-specific genes also showed
higher rates of positive selection than sporophytic genes.
Thus, if genes responsible for bilateral pollen rejection would
also show signs of positive selection, one could safely assume
that this hybridisation barrier arose as a result of divergent
runaway selection rather than drift. This hypothesis remains
however to be tested.

Differential sexual selection intensity (i.e. divergence in
sexual selection) might be another explanation for the
establishment of barriers through pollen rejection in plants.
For example, the species Silene latifolia shows a wide natural
variation in style length, and S. latifolia style length was neg-
atively correlated with seed set when pollinated with
S. diclimis (Nista, Brothers & Delph, 2015). This could sug-
gest that populations of S. latifolia have experienced differ-
ent intensities of sexual selection that have led to
divergence in style length that translates into different
strengths of hybridisation barrier with a related species.
Interestingly, the decreased seed set was found between
sympatric populations of the two species, suggesting that
sexual selection may play an important role in preventing
hybridisation in sympatry.

In general, we predict that if two lineages experience dif-
ferent intensities of sexual selection, pollen competitive traits
and female choosiness will diverge quantitatively, and as a
consequence, these two lineages will face unilateral incom-
patibilities (Fig. 3). An extreme case of such divergence is
relaxed sexual selection inherent to the transition to selfing,
as male—male competition will be much reduced in a selfer
as compared to an outcrosser (Cutter, 2019). An investiga-
tion in wild tomatoes identified a unilateral prezygotic bar-
rier that occurs between the pollen of a self-compatible
(SC) species (Solanum lycopersicum) and the female of a self-
incompatible (SI) related species (S. pennellii), whereas the SI
pollen was able to fertilise an SC female (Covey et al., 2010;
Back et al., 2015). These results suggest that SI females
are choosier than SC females, and that SI pollen is more
performant than SC pollen; this has been coined the ‘weak
inbreeder/strong outbreeder’ hypothesis (Brandvain &
Haig, 2005). As a result, the SI population with a higher
intensity of sexual selection is more likely to reject the SC pol-
len and therefore hybridisation is prevented. Note that it is
not clear whether divergent sexual selection alone is involved
in this hybridisation barrier, or whether this type of
reproductive isolation could simply be a by-product of the
SI system. Indeed, some studies suggest that molecular com-
ponents of the SI system are directly involved in the SI X SC
unilateral incompatibility, notably in Solanum (Markova
et al., 2016; Pease et al., 2016). Work on several Arabidopsis
species showed that the locus responsible for the SI X SC
unilateral incompatibility was not linked to the S-locus
(Lietal., 2018), suggesting that this barrier is not a by-product
of the SI system. Finally, a study surveying cases of unilateral
gene flow in the wild found that all cases of SI X SG species
pairs with available information showed unilateral gene flow
(Pickup et al., 2019). This suggests that SI X SC unilateral
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Fig. 2. Pollen rejection in response to independent coevolution of female preference and male traits (post-pollination sexual
selection). The separate coevolution of female choice (ligands) and male trait (receptors) in two lineages might establish bilateral
incompatibilities, as the ligand and receptor of each lineage will no longer match. Blue triangle/V-shape indicate the receptors
and ligands for the ancestral allele; red semicircle/U-shape indicate the receptors and ligands for the derived allele; ¢ is
evolutionary time; red and blue arrows indicate gene flow between the two lineages; black cross indicates a pollen rejection/

barrier to gene flow.

incompatibility, and thus potentially sexual selection, could
play an important role in species boundaries in nature.
Taken together, plants can show prezygotic barriers
before mating through the evolution of traits for different
pollinators (pollinator shifts) (Schemske & Bradshaw, 1999;
Ramsey ¢ al., 2003; Castafieda-Zarate et al., 2021) and after
mating due to pollen rejection (Sarker, Elleman &
Dickinson, 1988; Dickinson, 1995; Hulskamp, Schneitz &
Pruitt, 1995; Zheng et al., 2018; Tonnabel ¢t al., 2021). Before
mating, intense male—male competition for pollinator visita-
tion and pollen transfer may drive rapid divergence of floral
traits and potentially lead to pollinator shifts, providing a
strong reproductive barrier between lineages. After mating,
many evolutionary scenarios can explain pollen rejection as
a reproductive barrier. Sexual selection (independent run-
away selection or divergent intensity of sexual selection)
may be a plausible scenario, but one should first rule out
the neutral divergence of molecular mechanisms as an evolu-
tionary cause for interspecific pollen rejection. To achieve
this, we propose that () the traits involved should be investi-
gated for a role within species in male—male competition/
female choice as defined by sexual selection theory; and (1)
pollen rejection should be explained within a sexual selection
theoretical framework, 1.e. with evidence for independent
runaway selection or divergent sexual selection intensity.

To disentangle neutral divergence versus independent run-
away selection as an explanation for pollen rejection, we pre-
dict that pollen rejection established by runaway-like
mechanisms should arise faster in clades with more intense
sexual selection.

(3) Ecological speciation and speciation by sexual
selection

Animal studies have suggested that sexual selection alone
may be insufficient to drive the emergence of new species,
and that it is likely to act in concert with local adaptation
and ecological speciation (Servedio & Biirger, 2014;
Servedio & Boughman, 2017; Irwin, 2020; Mendelson &
Safran, 2021). Sometimes, sexual selection may be antago-
nistic to the latter processes. Below, we evaluate possible
interactions between sexual selection, natural selection and
speciation in plants.

A clear case of an interaction between sexual selection and
natural selection is when traits/genes under sexual selection
are also involved 1n local adaptation. For example, pollen
production and performance are affected by different envi-
ronmental variables such as drought, nutrient availability,
or herbivory (Delph, Johannsson & Stephenson, 1997; Liu
et al., 2023). Adaptations to such environmental variables
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Fig. 3. Pollen rejection in response to divergent sexual selection intensity. Two lineages experience different intensities of sexual
selection, and as a response pollen competitive traits (pollen tube growth rate, PI'GR) and female choosiness (style length) diverge
quantitatively. As a result, these two lineages show unilateral incompatibilities, with the pollen of one lineage being unsuccessful in
the style of the other lineage, but the reciprocal is not true. Red circle, pollen for the ancestral trait; blue circle, pollen for the
novel trait; ¢ 1s evolutionary time; red and blue arrows indicate gene flow between the two lineages; black cross indicates a pollen

rejection/barrier to gene flow.

may include pollen traits that are actually deleterious to pol-
len performance (e.g. accumulation of chemical compounds;
Descamps, Quinet & Jacquemart, 2021), or adaptation may
impact genes with pleiotropic effects, affecting all cells,
including pollen. Natural selection would thus favour lower
pollen performance while sexual selection would favour
higher pollen performance, leading to antagonistic effects
between the two. This could explain why, in natural popula-
tions, genetic variation is found in pollen performance: direc-
tional selection such as sexual selection is expected to
decrease variation for this trait, but if natural selection acts
antagonistically, this would maintain polymorphism (Delph
et al., 1997). Conceivably, sexual selection may slow down
ecological divergence between populations by retarding local
adaptation, and this could prevent ecological speciation.
Alternatively, sexual and natural selection may act syner-
gistically on plant speciation. This could happen when male
traits are a proxy for the fitness of the progeny, also known
as ‘good genes’ selection (Byers & Waits, 2006). It is likely
that pollen tube growth, a cell growth process with high met-
abolic demands (Selinski & Scheibe, 2014), 1s correlated with
other aspects of the life cycle involving plant growth. In fact,
genes expressed in pollen are also involved in other stages
of plant life (Beaudry e al., 2020). If there is female selec-
tion for pollen performance, then it is likely that it will also

select for progeny fitness, fitting the ‘good genes’ scenario.
In this case, sexual and natural selection may act in the
same direction, and this is likely to accelerate the ecological
divergence between two populations, and ultimately, eco-
logical speciation.

While these considerations are key to understanding the
role of sexual selection in plant speciation, they are admit-
tedly speculative. Further empirical research is needed to
unravel how sexual selection might interact with local adap-
tation and how this interplay could affect speciation, includ-
ing whether these processes typically act in synergy or
antagonism and under what circumstances.

IV. SEXUAL SELECTION AND PLANT
SPECIATION (MACROEVOLUTIONARY SCALE)

(1) Macroevolutionary research

Sexual selection is known to influence evolution above the spe-
cies level (macroevolution) (Futuyma & Kirkpatrick, 2017).
While the mechanisms behind the effects of sexual selection
on large-scale speciation and extinction remain subject
to research, a significant body of empirical results for
plants support correlations between a variety of sexual traits
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(sexual dimorphism, reproductive system, flower colouration)
and diversification rates inferred from molecular phylogenies
(Hodges & Arnold, 1995; Dodd, Silvertown & Chase, 1999;
Kay ¢t al., 2006; Goldberg ¢t al., 2010).

Diversification refers to the net difference between specia-
tion and extinction and can be estimated from the branching
patterns of present-day phylogenies (Nee, May &
Harvey, 1994; Ricklefs, 2007; Title & Rabosky, 2019). Con-
sequently, differences in diversification, as defined here,
might be due to differences in speciation, extinction, or some
combination of these. Early studies correlated sexual traits
with diversification rates and sometimes with differences in
species richness across sister clades within a phylogeny
(Heilbuth, 2000; Paradis, 2012; Jetz e al., 2012; Rabosky &
Matute, 2013; Maddison & FitzJohn, 2015; Rabosky &
Goldberg, 2015; Futuyma & Kirkpatrick, 2017). While these
correlations seem tentatively to suggest a link between sexual
selection and diversification, later work revealed that such
correlations might have other causes. These correlations
could result from an asymmetry in diversification rates across
trait values (due to sexual selection) but also from an asym-
metry of transitions between trait values (due to trait evolu-
tion) (Maddison, 2006; Kifer et al., 2017). To tease apart
these effects, a range of methods have been developed that
model the two asymmetries simultaneously (FitzJohn, 2010;
Beaulieu & O’Meara, 2016). While these methods have their
limitations (e.g. Type I errors when the assumption of time-
constant diversification rates is violated) (Machac, 2014;
Rabosky & Goldberg, 2015), empirical research based on this
wide range of methods [sister-clade comparisons, binary
state speciation and extinction (SSE), quantitative SSE, hid-
den SSE] has identified a compelling battery of traits that
suggest signatures of sexual selection at the macroevolution-
ary level.

Flower symmetry, floral structure, nectar production,
and the presence of an inflorescence represent several
well-known examples of sexual traits that seem to be
statistically associated with faster diversification. Other
traits that might also be interpreted as relating to sexual
selection include animal pollination, bilateral floral
symmetry, and the presence of nectar spurs, all of which
have also been hypothesised to promote speciation
rates because of their likely effects on mating specificity
in plants. Empirical research confirmed that self-
incompatibility (Goldberg et al., 2010), floral nectar spurs
(Hodges & Arnold, 1995), and bilateral floral symmetry
(Kay et al., 2006) promote diversification, at least in some
plant taxa. Moreover, Dodd e al. (1999) used sister-clade
comparisons to show that animal pollination is associated
with faster diversification than abiotic modes of pollination
(e.g. wind pollination). These findings correspond with much
empirical research implicating a role of plant-pollinator
interactions in plant speciation (Stebbins, 1975; Grant, 1981;
Coyne & Orr, 2004; Kay ez al., 2006).

Identifying traits that fit the theoretical and mechanistic
definition of sexual selection is not trivial, as not all
reproduction-related traits will be under sexual selection.

Mohammadjavad Haghighatnia and others

Moreover, different traits could have mutually contradictory
effects. For example, even though selfing is often thought to
promote diversification (Igic et al., 2008), Goldberg et al.
(2010) reported that selfing might simultaneously increase
both speciation and extinction rates, at least in the family
Solanaceae. Selfing might therefore produce a short-term
advantage through increased speciation, which might be
balanced by the long-term extinction risk, making outcross-
ing advantageous in the long term. Importantly, transitions
to selfing from outcrossing are related to many other life-
history and population genetic changes, such as assured
reproduction, increased capacity to colonise new regions,
and population genetic structure, all of which may contrib-
ute to speciation independently of sexual selection. This
example illustrates the complexity of attempting to isolate
the effects of any particular trait and to determine whether
it operates through sexual selection on plant speciation.
This is a shortcoming of the correlative research that typifies
macroevolutionary studies, and this field could benefit from
the more mechanistic results available from population
genetics, involving selection strength, genetic architecture
of traits, etc.

Identifying the mechanisms behind widely known statisti-
cal correlations (e.g. between sexual dimorphism and diversi-
fication) has been notoriously difficult, partly because
previous studies rarely investigated the mechanisms across
scales that bridge the gap between microevolutionary pro-
cesses and macroevolutionary patterns.

(2) Bridging the micro- and macroevolution of
speciation by sexual selection in plants

Evolution has been extensively studied below (microevolu-
tion) as well as above the species level (macroevolution) and
while much research exists within each of these two levels,
the chasm between them has been hard to close (Reznick &
Ricklefs, 2009). One way to bridge the gap between the
microevolutionary processes and macroevolutionary pat-
terns might be to focus on sexual traits or reproductive
strategies that are linked to sexual selection below the species
level but also correlate with diversification patterns above the
species level. These traits (e.g. the P/O ratio, style length)
might serve as a common currency to translate sexual
selection and its cascading effects across the levels of evolu-
tionary investigation. Possible disconnects between these
levels would indicate that sexual selection within species does
not translate into macroevolutionary patterns, presumably
because its effects are less important than other selective
processes (e.g. temperature-driven speciation rates, extinc-
tion rates mediated by geographic range size; I'ig. 4)
(Brown et al., 2004; Jablonski, 2008). By considering traits
under sexual selection, we might achieve an integrative
perspective that encompasses population-level processes
(strength of sexual selection) which translate into divergence
between populations, the emergence of reproductive
barriers, speciation and ultimately, the evolution and diversi-
fication of new clades.
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Fig. 4. Influence of sexual selection on evolution above the species level in plants. The null hypothesis is that branching patterns in
clades with low or high sexual selection intensity are homogeneous. Alternatively, higher sexual selection in one clade may lead to
higher branching, promoting speciation, or it might lead to lower branching, promoting extinction.

Another way to bridge micro- and macroevolutionary
levels might be to consider the mechanisms of sexual selec-
tion, and to postulate likely links. For example, premating
male—male competition may lead to floral divergence
(Cocucct et al, 2014; Lynn et al., 2020; Paterno
et al., 2020), causing pollinator shifts (Ramsey et al., 2003;
Castafieda-Zarate et al, 2021) that, in turn, result in
faster speciation rates. Runaway selection may lead to faster
divergence of pollen—pistil communication mechanisms
that result in the emergence of pollen—pistil incompatibi-
lities (Arnold ¢t al., 1993; Carney, Hodges & Arnold, 1996;
Klips, 1999) and speciation. Finally, sexually driven
divergence in pollen performance and female choosiness
(Diaz & Macnair, 1999; Runions & Geber, 2000; Mazer
et al., 2018; Madjidian ez al., 2020) may produce unilateral
pollen—pistil incompatibilities (Covey et al,, 2010; Baek
et al., 2015) which result in speciation. For example, the
change in pollination mode from biotic to abiotic is corre-
lated with a decreasing speciation rate (Dodd et al., 1999).
We may mechanistically connect the levels of evolutionary
investigation by stating that premating barriers arise faster
as a consequence of sexual selection having more opportu-
nities to act (floral attraction traits) in animal-pollinated
species compared to wind-pollinated ones, and this may
lead to faster speciation rates due to frequent pollinator
shifts. Also, as a similar intensity of postmating sexual selec-
tion was found in wind- and animal-pollinated species
(Ruane, 2009), and as speciation rates do vary between
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these species (Dodd et al., 1999), we may predict from this
example that postmating barriers driven by sexual selection
such as pollen rejection do not play a major role in plant
speciation.

While each of these mechanisms have been supported by
empirical work, no studies to our knowledge have attempted
to demonstrate a chain of these processes within the same
study system. Yet, suitable systems for such work exist
(e.g. well-studied plant families with abundant phenotypic
and phylogenetic data such as Brassicaceae or Solanaceae),
that would permit the examination of sexual selection from
micro- to macroscales.

Despite the promise of the trait-based approach, we cau-
tion that some traits might approximate sexual selection bet-
ter than others. While reproductive strategies might provide
the first approximation of the effects of sexual selection,
future studies might benefit from more direct proxies, such
as style length and stigmatic surface area as proxies for female
choice. The P/O ratio might serve as a direct proxy for the
intensity of premating male-male competition. The ratio
between pollen deposited on the stigma and ovule number
might be a useful proxy for the intensity of postmating
male-male competition. Measuring these more direct prox-
ies and relating them to life-history traits and diversification
across a whole clade (e.g. Brassicaceae, Solanaceae) is feasi-
ble and may produce compelling results. Importantly, since
these more direct proxies have specific effects, we will be able
to make accurate predictions as to how they lead to the
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formation of reproductive barriers, and hence bridge the
micro- and macroevolutionary scales.

V. CONCLUSIONS

(1) While a role of sexual selection in plants is now relatively
well accepted, its role in plant speciation remains largely
unexplored (see Table 1). Compared to animals, plants show
a wider range of reproductive strategies, making them a
unique system to study sexual selection mechanisms and their
impacts on speciation.

(2) Many authors have associated pollen rejection, a common
reproductive barrier in plants, with female choice/sexual
selection. However, the most parsimonious explanation for
pollen rejection is neutral divergence in the mechanisms for
mate compatibility. For a hybridisation barrier to fit into a the-
oretical frame of sexual selection, one requires evidence for a
role of the mechanism in bona fide sexual selection within a lin-
eage together with evidence for divergent sexual selection
between reproductively isolated lineages.

(3) Whether reproductive barriers driven by sexual selection
translate into large-scale speciation remains unknown in both
plants and animals, despite the use of relatively direct proxy
traits for sexual selection mechanisms in numerous macroevo-
lutionary studies in the latter. In plants, we first need to identify
traits that act as direct proxies for sexual selection mechanisms.
Reproductive strategies (pollination mode, sexual polymor-
phism, mating system) may prove too indirect and introduce
too many confounding factors to be used to investigate the role
of sexual selection in plant speciation.

(4) Only by using direct proxy traits with a clear role in sexual
selection mechanisms, will we be able to bridge micro- and
macroevolution in order to understand if and by which mech-
anisms sexual selection plays a role in plant speciation. This
will require evidence for a role in sexual selection below the
species level and a role in diversification patterns above the
species level, together with the ability to link these processes
mechanistically at all evolutionary levels of investigation.

(5) Such work may reveal that sexual selection plays an
important role in plant speciation, or may instead show that
classical drivers of speciation such as geographic or ecological
isolation are dominant.
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