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The evolution to self-fertilization from outcrossing is one of the most frequent transitions in mating strategies. Recurrent self-fertilization, and inbreeding in general, is thought to lead to a reduction in adaptive capacities, thus leading selfing lineages down an evolutionary "blind alley". A centenary of empirical and theoretical research studied in which conditions the evolution of self-fertilization is associated with a reduction in adaptive potential, notably when adaptation occurs thanks to de novo mutations and standing genetic diversity. In this chapter, the consequences of self-fertilization on the fixation probabilities of beneficial and deleterious mutations are presented, as well as how to estimate the heritable diversity of such populations. The state of art of theoretical expectations is bringing face to face with empirical data.

• Recent models and meta-analyses have shown that self-fertilization does not lead to a reduction of the heritable genetic diversity.

<insert> Introduction:

Self-fertilization can be defined as the sexual union of male and female gametes produced by the same genetic individual. In natural populations, the range of selfing rate of hermaphroditic plant and animal species is highly variable, ranging from obligate outcrossing (~30% -40%) to almost obligate selfing (~15% -20%) [START_REF] Goodwillie | The evolutionary enigma of mixed mating systems in plants: occurrence, theoretical explanations, and empirical evidence[END_REF][START_REF] Jarne | Animals mix it up too: the distribution of self-fertilization among hermaphroditic animals[END_REF], with a continuum of mixed-mating species. Transitions in mating systems are theoretically unilateral, with populations and species having shifted from outcrossing to self-fertilizing strategies during animal and flowering plants evolution [START_REF] Wright | Evolutionary consequences of self-fertilization in plants[END_REF]. Two advantages of self-fertilization have been put forward to explain these frequent transitions: (1) reproductive assurance, whereby self-fertilization allows reproduction by eliminating the dependency on other mates (Baker, 1955), and (2) transmission advantage, as the probability of transmission of a maternal gene in a self-fertilized offspring is twice as high as that in an outcrossed offspring [START_REF] Fisher | Average excess and average effect of a gene substitution[END_REF]. See also DOI: 10.1002/9780470015902.a0021909.pub2

Despite these short-term advantages, there are few predominantly selfing species (15% of species in [START_REF] Igic | The distribution of plant mating systems: study bias against obligately outcrossing species[END_REF], and their generally recent origin is at least sometimes associated with a negative diversification rate [START_REF] Goldberg | Species selection maintains self-incompatibility[END_REF], suggesting that selfing could be an evolutionary dead-end [START_REF] Stebbins | Self fertilization and population variability in the higher plants[END_REF]. An important component of Stebbins's original dead-end hypothesis is that selfing populations are less likely to adapt to new and/or stressful conditions, so that they are more prone to extinction. Even though this statement is 70 years old, the effect of selffertilization on adaption remains debated [START_REF] Takebayashi | Is self-fertilization an evolutionary dead end? Revisiting an old hypothesis with genetic theories and a macroevolutionary approach[END_REF][START_REF] Igic | Is self-fertilization an evolutionary dead end?[END_REF], and an active area of empirical and theoretical research. See also DOI: 10.1002/9780470015902.a0025270

Given the representation of self-fertilizing in wild and domesticated species, and with ongoing pollinator declines and other changes in pollinator communities that are expected to lead to shifts in mating strategies [START_REF] Cheptou | Pollination strategies in the face of pollinator decline[END_REF], understanding the short-and long-term effects of self-fertilization on adaptation is of major importance. In this article, we will be particularly interested in how a more or less recent transition from outcrossing to self-fertilization affects adaptation from de novo mutations and from standing genetic variation.

<insert> Adaptation from de novo mutations [START_REF] Haldane | A mathematical theory of natural and artificial selection, part V: selection and mutation[END_REF] was the first one to describe the effect of self-fertilization on the probability of adaptation from de novo mutations in a single-locus theoretical framework.

He showed that self-fertilizing populations are more likely to fix recessive mutations compared to outcrossing ones (Figure 1), while dominant mutations are more likely to get fixed in outcrossing populations compared to selfing ones (Figure 1). This phenomenon, generally called "Haldane's sieve", has been confirmed analytically [START_REF] Charlesworth | Evolutionary rates in partially self-fertilizing species[END_REF], and if genetic drift is negligible compared to the strength of natural selection, the probability of fixation of a newly advantageous mutation (Pnew) found at frequency 1/2N (N being the demographic population size) should be equal to:

Pnew = (2(h + f -hf)s)/(1 + f) (eq.1)
, with h and s being respectively the coefficients of dominance and selection of the beneficial mutation, and f being the inbreeding coefficient of the population under study, [START_REF] Haldane | A MATHEMATICAL THEORY OF NATURAL AND ARTIFICIAL SELECTION. PART II THE INFLUENCE OF PARTIAL SELF-FERTILISATION, INBREEDING, ASSORTATIVE MATING[END_REF], where x is the selfing rate. Based on equation 1, the stronger the beneficial mutation the higher the probability it will fix in the population (because it has less chance to be lost by genetic drift). In addition, the higher the selfing rate (and hence the higher the inbreeding coefficient), the less the fixation probability of a mutation depends on its coefficient of dominance (Figure 1). In order to test these predictions, [START_REF] Glémin | Adaptation and maladaptation in selfing and outcrossing species: new mutations versus standing variation[END_REF] compiled data from studies reporting the degree of dominance of quantitative trait loci (QTL) involved in the domestication syndrome. They found that adaptation to cultivation mostly proceeded through the fixation of (partially) recessive genes in predominantly selfing species whereas a much larger fraction of domestication-related QTL was (partially) dominant in outcrossers, as expected under Haldane's sieve [START_REF] Ronfort | Mating system, Haldane's sieve, and the domestication process[END_REF].

with f = x/[2-x]
More recently, Hartfield andGlémin (2014, 2016) extended the single-locus results in order to obtain bi-locus predictions on the effect of a selective sweep of a first beneficial mutation on the fixation probability of a deleterious mutation [START_REF] Hartfield | Hitchhiking of deleterious alleles and the cost of adaptation in partially selfing species[END_REF] or a second beneficial mutation (Hartfield and Glémin, 2016). Due to the loss of diversity during the first selective sweep, and due to the smaller effective recombination rate found in selfing populations, this is more likely for a deleterious mutation to be genetically associated with the sweeping beneficial mutation in selfing populations compared to outcrossing ones [START_REF] Hartfield | Hitchhiking of deleterious alleles and the cost of adaptation in partially selfing species[END_REF]. As a consequence, the fitness gain of selfing population is smaller on average than the one of outcrossing ones. In these conditions, the dominance threshold for which adaptation from de novo mutations is more likely in self-fertilizing populations is generally smaller in the two-locus model compared to single-locus predictions [START_REF] Hartfield | Hitchhiking of deleterious alleles and the cost of adaptation in partially selfing species[END_REF][START_REF] Glémin | Adaptation and maladaptation in selfing and outcrossing species: new mutations versus standing variation[END_REF]. Similarly, if we consider the probability of fixation of a second beneficial mutation, during the sweep of a first beneficial mutation, selfing populations are less likely to fix both mutations (Hartfield and Glémin, 2016). Indeed, if the second mutation is less beneficial than the first one, she has more chance to be lost by drift in self-fertilization populations. Due to the reduced effective recombination rate found in selfers, if the second mutation does not appear in the genetic background currently selected, the mutations have less chance to be put together in the same haplotype compared to outcrossing populations (Hartfield and Glémin 2016). The second consequence of these selective interferences is that random mating populations are more likely to fix one or several weakly beneficial mutations, independently of their dominance coefficients, hence canceling the Haldane's sieve in random mating populations (Hartfield and Glémin, 2016).

However, the effects of selfing on adaptation are not wholly detrimental. Reduced effective population sizes in selfers mean that favorable mutations can fix more quickly than in an equivalent outcrossing population [START_REF] Glémin | Extinction and fixation times with dominance and inbreeding[END_REF][START_REF] Glémin | Adaptation and maladaptation in selfing and outcrossing species: new mutations versus standing variation[END_REF].

<insert>

An introduction to the quantitative genetics of self-fertilizing species

The abovementioned models made the hypothesis that populations did not have genetic diversity, and that adaptation is only possible through the fixation of new mutations. But it is known that most populations harbor genetic diversity for all kinds of quantitative traits [START_REF] Roff | Evolutionary quantitative genetics[END_REF]. This diversity, generally called standing genetic variation, is considered as an important proxy of the adaptive potential of populations. The advantages of adaptation from standing genetic variation are those beneficial alleles are already available at higher frequencies in the populations (compared to a new mutation arising at frequency 1/2N), increasing the probability of adaptation as there is less chance to lose this beneficial diversity [START_REF] Innan | Pattern of polymorphism after strong artificial selection in a domestication event[END_REF].

Before going further on the consequences of self-fertilization on standing genetic variation, it is important to understand how genetic diversity and adaption are linked. The ability of a trait to evolve (and potentially to adapt) is its ability to respond to selection. The separation of selection from evolution is made mathematically by Lande's equation:

Δz = VA𝛽 (eq.2) where Δz is the change in the trait mean value, VA is the additive genetic variance of the trait under study, and 𝛽 is the selection gradient. Here, the measure of a trait's ability to evolve is VA, which is the component of the phenotypic variance due to the additive effects of genes. Variances have units of the original trait units squared, and are highly dependent on the trait's mean value. Therefore, to compare evolutionary potential within a trait with variable sizes, and across traits and species, it is necessary to standardize VA and equation 2. Historically, two kinds of standardization have been proposed. The most common is standardizing VA against the standard deviation of the trait, also often called Breeder's equation:

Δz/𝜎 = (VA/𝜎²)(𝛽𝜎) = h²𝛽𝜎 (eq. 3)
where 𝜎² is the phenotypic variance, and h² is the narrow-sense heritability. The second option is to standardize by the trait mean:

Δz/𝜇 = (VA/𝜇²)(𝛽𝜇) = e𝛽𝜇 (eq.4)
where 𝜇 is the trait mean. Here, the capacity to evolve is measured as e=VA/𝜇², which can be defined as the expected response in percentage of the trait's mean to an episode of unit strength selection [START_REF] Houle | Comparing evolvability and variability of quantitative traits[END_REF][START_REF] Hansen | Evolvability and genetic constraint in Dalechampia blossoms: genetic correlations and conditional evolvability[END_REF], unit strength selection being the strength of selection on fitness as a trait [START_REF] Hereford | Comparing strengths of directional selection: how strong is strong?[END_REF]. Both standardizations have pros and cons, but standardization by the trait mean is thought to be a better proxy of the adaptive potential of species, because the additive variance of a trait is correlated to both the environmental and epistatic variances [START_REF] Carter | The role of epistatic gene interactions in the response to selection and the evolution of evolvability[END_REF][START_REF] Hansen | Heritability is not evolvability[END_REF], such that the heritability of a trait can be close to zero while the trait exhibits substantial additive variance. However, for some kinds of traits, standardization by mean trait values can be a meaningless metric (see [START_REF] Pélabon | On the use of the coefficient of variation to quantify and compare trait variation[END_REF] for details), for example, for any scale where the mean can be equal to 0. See also DOI: 10.1038/npg.els.0001785 Importantly, this model rests on the assumption that populations mate randomly. Under partial self-fertilization or inbreeding, and dominance, it becomes much harder to predict the response to selection. When self-fertilization and dominance occur simultaneously, at least three additional terms contribute to the genetic variance [START_REF] Cockerham | Covariances of relatives stemming from a population undergoing mixed self and random mating[END_REF]. The genetic variance of a population with an average inbreeding coefficient of f, is then equal to [START_REF] Cockerham | Covariances of relatives stemming from a population undergoing mixed self and random mating[END_REF], where VA and VDR (the variance of dominance deviations of a randomly mating population) are the classical terms most often inferred in quantitative genetics. With dominance and self-fertilization, these terms are not sufficient to describe the genetic variance and adaptive potential of populations. The additional terms arising under partial inbreeding include the variance of dominance deviations of a fully inbred population VDI, and the covariance between the additive effect of an allele and its homozygous dominance deviation COVADI. This covariance arises because the increased homozygosity in inbred populations increases the probability that an allele occurs in its homozygote state, which creates covariance between the contribution of an allele to the breeding value and the dominance deviation of the homozygote genotype [START_REF] Wolak | Dominance genetic variance and inbreeding in natural populations, Quantitative genetics in the wild 104-127[END_REF]. Note that unlike the other terms of equation 5, this term is a covariance and can be negative. The last component, H * , is the squared per-locus inbreeding depression, summed over all loci. The new terms of equation 5 and their contributions due to f arise because the genetic components are inferred under the assumption of random mating. With self-fertilization, an individual may have common ancestors through both parental lines, such that non-additive effects can contribute to the covariance between parents and offspring, which does not occur under random mating. While VDR does not affect the response to selection, the additional dominance components (notably σ²DI and σADI) contribute to the adaptive potential because they contribute to the covariance between parents and offspring, on which selection response depends. An introduction to how to infer the different components of the genetic variance is available in Box 1.

VG,f = (1+f)VA + (1-f)VDR + fVDI + 4fCOVADI + f(1-f)H * (eq. 5)
<insert> Adaptation from standing genetic variation It is generally accepted that a shift from outcrossing to selfing increases adaptive potential in the short term, because the additive variance is expected to increase by a factor (1+f) due to positive correlations between additive allelic effects within loci among offspring [START_REF] Wright | Evolution in Mendelian populations[END_REF][START_REF] Lande | The influence of the mating system on the maintenance of genetic variability in polygenic characters[END_REF][START_REF] Peterson | Mating system plasticity promotes persistence and adaptation of colonizing populations of hermaphroditic angiosperms[END_REF]. Such an effect has been observed experimentally [START_REF] Noël | Experimental evidence for the negative effects of self-fertilization on the adaptive potential of populations[END_REF]. However, this ignores the contribution of the other components of the genetic variance, notably the covariance between the additive effect of an allele and its dominance deviation (COVADI) which can be substantially negative. By considering a more realistic genetic architecture of quantitative traits, and by compiling empirical estimates of all genetic components of mixed-mating plants, [START_REF] Clo | Genetics of quantitative traits with dominance under stabilizing and directional selection in partially selfing species[END_REF] have shown that the gain in adaptive potential can be greater than in the additive model, notably when tending toward high selfing rates (s ≥ 0.8).

Once again, we are expecting a long-term effect of the mating system on the probability of adaptation from standing genetic variation. The first model investigating this question was the one of [START_REF] Glémin | Adaptation and maladaptation in selfing and outcrossing species: new mutations versus standing variation[END_REF]. In their model, they consider a single locus, at which the allele allowing adaptation to new environmental conditions is available, this allele being either neutral or slightly deleterious before the adaptation process. [START_REF] Glémin | Adaptation and maladaptation in selfing and outcrossing species: new mutations versus standing variation[END_REF] showed that selfing populations have less genetic diversity, and that the probability of adaption decreases linearly with the selfing rate. Indeed, the stronger purge of (recessive) deleterious mutations in selfing populations, or the smallest effective population size associated with self-fertilization, make those deleterious or neutral alleles are found at smaller frequencies (or are even lost) during the adaption process in self-fertilizing populations compared to outcrossing ones.

Empirically, data on neutral molecular diversity generally support the abovementioned expectations, intra-specific (see for example Barrett and Husband, 1990) and inter-specific [START_REF] Glémin | Impact of mating systems on patterns of sequence polymorphism in flowering plants[END_REF][START_REF] Settepani | Evolution of sociality in spiders leads to depleted genomic diversity at both population and species levels[END_REF] comparisons have confirmed that selfing populations have less molecular genetic diversity than allogamous ones. However, molecular marker-based estimates of diversity may not be representative of quantitative and heritable genetic variation [START_REF] Reed | How closely correlated are molecular and quantitative measures of genetic variation? A meta-analysis[END_REF].

A long history of theoretical models considering the effect of selfing rate on additive genetic variation has yielded variable predictions about the long-term consequences of selfing on the heritable variance of traits. It has been initially presumed that selfing could have positive [START_REF] Wright | The theoretical variance within and among subdivisions of a population that is in a steady state[END_REF] or neutral [START_REF] Lande | The influence of the mating system on the maintenance of genetic variability in polygenic characters[END_REF] effects on genetic diversity, but more recent models tend to find a negative effect [START_REF] Lande | Maintenance of quantitative genetic variance under partial self-fertilization, with implications for evolution of selfing[END_REF]Abu Awad and Roze, 2018). These authors found that the additive variance of quantitative traits of predominantly selfing species should be lower than in outcrossing populations, due to linkage disequilibrium and/or more efficient purging of mutations.

Empirical works have detected a weak relationship between selfing and the additive variance of quantitative traits [START_REF] Charlesworth | Quantitative genetics in plants: the effect of the breeding system on genetic variability[END_REF][START_REF] Clo | How does selfing affect the genetic variance of quantitative traits? An updated meta-analysis on empirical results in angiosperm species[END_REF]Opedal et al., 2023, Figure 2A). The lack of an empirical relationship between genetic diversity and the outcrossing rate is nevertheless not fully surprising. First, recent theoretical works have shown that genetic variance can be maintained at high selfing rates, even if this diversity is hidden due to linkage disequilibirum [START_REF] Lande | Maintenance of quantitative genetic variance under partial self-fertilization, with implications for evolution of selfing[END_REF], Abu Awad and Roze 2018[START_REF] Clo | Hidden genetic variance contributes to increase the short-term adaptive potential of selfing populations[END_REF]. Second, the above-mentioned studies made the hypothesis that the genetic architecture or adaptive trait is additive, which can be unrealistic. When incorporating dominance in the previous models, additional variance components relevant to inbred populations can also lead to scenarios with no clear relationship between the selfing rate and genetic diversity. [START_REF] Clo | Genetics of quantitative traits with dominance under stabilizing and directional selection in partially selfing species[END_REF] show that when dominance contributes to the genetic architecture of a fitness-related trait, the heritable diversity of a selfing population depends not only on the additive variance; additional dominance-related variance components can explain a substantial part of the heritable variance of populations (Clo andOpedal, 2021, see Sztepanacz et al. 2023 for an empirical support). In such a case, the heritable variance of populations remains comparable across the entire gradient in outcrossing rates [START_REF] Clo | Genetics of quantitative traits with dominance under stabilizing and directional selection in partially selfing species[END_REF]. In agreement, [START_REF] Clo | How does selfing affect the genetic variance of quantitative traits? An updated meta-analysis on empirical results in angiosperm species[END_REF] found that narrow-sense heritabilities of outcrossing and mixed-mating species (selfing rate < 0.8) did not differ detectably from broad-sense heritabilities of predominantly selfing species (selfing rate ≥ 0.8), which is expected to be a more accurate predictor of evolutionary potential for this mating category (Figure 2B). <insert>

Conclusions and Perspectives

In this review, we saw that the way self-fertilization affects adaptation is very complex. If adaptation depends on the fixation of new beneficial mutations, selfing populations can be disadvantaged due to their reduced effective recombination rate, promoting the joint fixation of beneficial and deleterious mutations, and limiting the joint fixation of several beneficial mutations. However, if adaptation depends on standing genetic diversity, recent theoretical and empirical studies suggest that selfing populations should be at least as able to adapt as their outcrossing counterparts. As an empirical support, Hereford [START_REF] Hereford | Does selfing or outcrossing promote local adaptation?[END_REF] showed that predominantly selfing populations are as well locally adapted as mainly outcrossing ones. Nevertheless, despite the fact that adaption seems to be poorly limited by self-fertilization, self-compatible species have been found to be extinct more frequently than self-incompatible ones. A lot of work remains to be done in order to fully understand the cause and consequences of the evolution of self-fertilization on the adaptive potential of populations. Nevertheless, some future directions sound particularly interesting to explore. Among them, testing [START_REF] Clo | Genetics of quantitative traits with dominance under stabilizing and directional selection in partially selfing species[END_REF] predictions that the evolvability of predominantly selfing species is at least similar to those of outcrossing ones, when taking into account all the components of the genetic variance, could be a first step. The joint effects of ecology and genetics of selfing lineages also seem promising, as selfing populations / species are more frequently found in potentially more stressful conditions [START_REF] Grossenbacher | Geographic range size is predicted by plant mating system[END_REF]. Another interesting area of research would be to consider the time since the transition to selfing reproductive system. Alexander et al. (2016), by re-analyzing the [START_REF] Goldberg | Species selection maintains self-incompatibility[END_REF] dataset, found that the extinction rate of selfcompatible species is negatively correlated with the age of lineages. Finally, understanding if higher extinction rates in self-compatible species are due to mixed mating or predominantly selfing species could be important, even if this seems technically complicated (see Igic and Busch 2013 for a discussion about that). If several loci all involved, the above-mentioned quantities have to be simmed over all all loci.

<insert> Figures and Tables: 

  <insert> References: Abu Awad D, Roze D (2018) Effects of partial selfing on the equilibrium genetic variance, mutation load, and inbreeding depression under stabilizing selection. Evolution 72: 751-769 Alexander HK, Lambert A, Stadler T (2016) Quantifying age-dependent extinction from species phylogenies. Systematic biology 65: 35-50BakerHG (1955) Self-compatibility and establishment after'long-distance'dispersal.Evolution 9: 347-349Barrett SC, Husband BC (1990) Variation in outcrossing rates in Eichhornia paniculata: the role of demographic and reproductive factors. Plant Species Biology 5: 41-55 Box 1. Decomposition of the genetic variance under inbreeding and dominance Let's consider a locus with two alleles A and B respectively found at frequency pA = 0.3 and pB = 0.7. The genotypic values are GAA = 2, GAB = 4 and GBB = 4 (B is completely dominant over A). The weighted mean genotypic value of the population is equal to μ = 3.82. Following Falconer & Mackay (1996), the average effect of alleles and dominance deviations associated to a genotype are equal to αA = pA.GAA + pB.GAB -μ = -0.42 αB = pA.GAB + pB.GBB -μ = 0.18 and δAA = GAA -2αA -μ = -0.98 δAB = GAB -αA -αB -μ = 0.42 δBB = GBB -2αB -μ = -0.18. With all these quantities, we can infer the different components of the genetic variance as VA = pA.2αA² + pB.2αB² = 0.15 VDR = pA².δAA² + pB².δBB² + 2pA.pB.δAB²= 0.18 VDI = pA.δAA² + pB.δBB² -(pA.δAA + pB.δBB)² = 0.15 COVADI = pA.αA.δAA + pB.αB.δBB = 0.13 H * = (pA.δAA + pB.δBB)² = 0.18.

Figure 1 .

 1 Figure 1. Probability of fixation of a de novo mutation as a function of the selfing rate of a population, and the dominence coefficient (h) of the mutation. The coefficient of selection is fixed with s = 0.01. The probabilities have been obtained based on equation 1.

Figure 2 .

 2 Figure 2. Effect of self-fertilization on the adaptive potential of populations. A. Effect on the additive genetic variance (using narrow-sense heritabilities as a proxy). B. Effect on the adaptive potential (using narrow-sense heritabilities for outcrossing species and broad-sense heritabilities for self-fertilizing ones). Error bars stand for 95% confidence intervals. Outcrossing: s = 0, Mixed-mating: 0 < s < 0.8, Selfing: s > 0.8. Data from Clo et al. (2019).

eLS -New Article Template