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It is broadly assumed that polyploidy success reflects an increase in fitness associated with whole-genome duplication (WGD), due to higher tolerance to stressful conditions. Nevertheless, WGD also arises with several costs in neo-polyploid lineages, like genomic instability, or cellular mis-management. In addition to these costs, neo-polyploid individuals also face frequency dependent selection, because of frequent low-fitness triploids formed by cross-ploidy pollinations when tetraploids are primarily rare in the population.

Interestingly, the idea that polyploidy can be fixed by genetic drift, as a neutral or deleterious mutation is currently underexplored in the literature. To test how and when polyploidy can fix in a population by chance, we built a theoretical model in which autopolyploidization occurs through the production of unreduced gametes, a trait modeled as a quantitative trait that is allowed to vary through time. We found that when tetraploid individuals are less or as fit as their diploid progenitors, fixation of polyploidy is only possible when genetic drift is stronger than natural selection. The necessity of drift for tetraploid fixation holds even when polyploidy confers a selective advantage, except for scenarios where tetraploids are much fitter than diploids. Finally, we found that self-fertilization is less beneficial for tetraploid establishment than previously thought, notably when polyploids harbour an initial decrease in fitness. Our results bring a novel, non-exclusive explanation for the unequal temporal and spatial distribution of polyploid species.

INTRODUCTION

Whole-genome duplication is present throughout the evolution of eukaryotes [START_REF] Mable | Why polyploidy is rarer in animals than in plants': myths and mechanisms[END_REF][START_REF] Gregory | Polyploidy in animals[END_REF], with a strong representation in angiosperms for which 15% of speciation events are associated with a ploidy increase [START_REF] Ramsey | Neopolyploidy in flowering plants[END_REF][START_REF] Soltis | Autopolyploidy in angiosperms: have we grossly underestimated the number of species?[END_REF][START_REF] Wood | The frequency of polyploid speciation in vascular plants[END_REF][START_REF] Parisod | Evolutionary consequences of autopolyploidy[END_REF][START_REF] Barker | On the relative abundance of autopolyploids and allopolyploids[END_REF]. Polyploidy has been demonstrated to have a broad range of effects on plant phenotypes and genomes.

Polyploidization is hypothesized to be both an evolutionary dead-end [START_REF] Stebbins | Processes of organic evolution[END_REF][START_REF] Mayrose | Recently formed polyploid plants diversify at lower rates[END_REF], and an important driver of plant adaptation and speciation ( [START_REF] Van De Peer | The evolutionary significance of polyploidy[END_REF]. Notably, the apparent non-random establishment probability of genome doubling events has suggested a link with environmental conditions [START_REF] Van De Peer | Polyploidy: an evolutionary and ecological force in stressful times[END_REF].

Polyploidization is known to confer a selective advantage under several stressful conditions [START_REF] Bomblies | When everything changes at once: finding a new normal after genome duplication[END_REF][START_REF] Van De Peer | Polyploidy: an evolutionary and ecological force in stressful times[END_REF]. For example, polyploidy has been associated with higher tolerance to salt [START_REF] Chao | Polyploids exhibit higher potassium uptake and salinity tolerance in Arabidopsis[END_REF] and drought stress [START_REF] Ruiz | Tetraploidy enhances the ability to exclude chloride from leaves in carrizo citrange seedlings[END_REF], and higher resistance to pathogens and herbivory [START_REF] Hannweg | In vitro-induced tetraploids of Plectranthus esculentus are nematode-tolerant and have enhanced nutritional value[END_REF][START_REF] Hias | Effect of polyploidisation on the response of apple (Malus$\times$ domestica Borkh.) to Venturia inaequalis infection[END_REF][START_REF] Wang | Induction of tetraploids in impatiens (Impatiens walleriana) and characterization of their changes in morphology and resistance to downy mildew[END_REF]. All these advantages tend to explain why successful polyploidization events are associated with periods of dramatic global change (Vanneste et al., 2014a), or harsher environments [START_REF] Rice | The global biogeography of polyploid plants[END_REF].

As shown before, polyploidization can be favored during unstable and global change periods. Nevertheless, it has been suggested that genome doubling should be counter-selected in stable periods and environments [START_REF] Comai | The advantages and disadvantages of being polyploid[END_REF][START_REF] Oberlander | Species-rich and polyploidpoor: Insights into the evolutionary role of whole-genome duplication from the Cape flora biodiversity hotspot[END_REF]Kreiner et al., 2017a;[START_REF] Van De Peer | The evolutionary significance of polyploidy[END_REF]. First, because polyploidization arises with several costs in neo-polyploid lineages, like genomic instability, mitotic and meiotic abnormalities, and a reduction in fitness [START_REF] Comai | The advantages and disadvantages of being polyploid[END_REF][START_REF] Otto | The evolutionary consequences of polyploidy[END_REF][START_REF] Doyle | Polyploidy, the nucleotype, and novelty: the impact of genome doubling on the biology of the cell[END_REF][START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF][START_REF] Clo | Short-and long-term consequences of genome doubling: a meta-analysis[END_REF]. In addition to these intrinsic costs of polyploidization, neo-polyploid individuals are also facing frequency dependent selection. Newly formed polyploid individuals are primarily in minority within populations, and most of their reproductive events with diploid individuals lead to low-fitness triploids, enhancing the extinction probability of polyploids (a phenomenon called Minority Cytotype Exclusion, [START_REF] Levin | Minority cytotype exclusion in local plant populations[END_REF]. Second, the production of polyploid individuals is often a costly mechanism for the diploid ancestral populations (Kreiner et al., 2017a). It is recognized that the production of unreduced gametes is the primary mechanism of polyploid formation [START_REF] Harlan | On Ö. Winge and a prayer: the origins of polyploidy[END_REF][START_REF] Ramsey | Pathways, mechanisms, and rates of polyploid formation in flowering plants[END_REF][START_REF] Tayalé | Natural pathways to polyploidy in plants and consequences for genome reorganization[END_REF][START_REF] Mason | Unreduced gametes: meiotic mishap or evolutionary mechanism?[END_REF]. The production of unreduced gametes is expected to be counter-selected in stable environments, because for each unreduced gamete formed, two normal gametes are lost (Kreiner et al., 2017a), which can potentially reduce the contribution of an individual to fertilization events. In addition, if the production of unreduced gametes is low in a population, most fertilization events involving unreduced gametes will lead to the production of triploid individuals, which generally harbor low fitness [START_REF] Ramsey | Pathways, mechanisms, and rates of polyploid formation in flowering plants[END_REF][START_REF] Burton | Fitness differences among diploids, tetraploids, and their triploid progeny in Chamerion angustifolium: mechanisms of inviability and implications for polyploid evolution[END_REF][START_REF] Husband | Reproductive isolation and their diploid autotetraploids Chamerion progenitors in fireweed, Chamerion angustifolium (Onagraceae)[END_REF]. The expectation of low unreduced gamete production in natural populations under stable environmental conditions is generally supported by empirical studies (Kreiner et al., 2017a). Other factors, like (partial) asexuality, can however reduce the strength of selection against unreduced gametes (see for example [START_REF] Bohutínská | Novelty and convergence in adaptation to whole genome duplication[END_REF]. The maintenance of unreduced gamete production in stable environments is likely to be a balance between the rate of mutations favoring their synthesis, and selective forces acting against them.

It appears that the production of unreduced gametes and polyploid individuals and their maintenance in populations is more likely, or even only possible, if polyploidy comes with a fitness advantage. The different theoretical models exploring under which conditions polyploidy can spread and fix within a diploid population generally support this expectation.

The establishment of polyploid individuals within the diploid progenitor population is more likely when polyploid individuals benefit from a higher fitness compared to their diploid progenitors, both in stable conditions [START_REF] Felber | Establishment of a tetraploid cytotype in a diploid population: effect of relative fitness of the cytotypes[END_REF], or during environmental changes [START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF][START_REF] Yao | Using digital organisms to study the evolutionary consequences of whole genome duplication and polyploidy[END_REF][START_REF] Van Drunen | Autopolyploid establishment depends on life history strategy and the mating outcomes of clonal architecture[END_REF], and when other factors limit gene flow among cytotypes, like assortative mating, self-fertilization or clonality [START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF][START_REF] Griswold | The effects of migration load, selfing, inbreeding depression, and the genetics of adaptation on autotetraploid versus diploid establishment in peripheral habitats[END_REF][START_REF] Van Drunen | Autopolyploid establishment depends on life history strategy and the mating outcomes of clonal architecture[END_REF] or restricted pollen and seed dispersals [START_REF] Li | Modelling the establishment and spread of autotetraploid plants in a spatially heterogeneous environment[END_REF][START_REF] Baack | Ecological factors influencing tetraploid speciation in snow buttercups (Ranunculus adoneus): niche differentiation and tetraploid establishment[END_REF].

Theoretical models in which polyploidy can fix neutrally or with an initial decrease in fitness received less attention [START_REF] Felber | Establishment of a tetraploid cytotype in a diploid population: effect of relative fitness of the cytotypes[END_REF][START_REF] Husband | The role of triploid hybrids in the evolutionary dynamics of mixed-ploidy populations[END_REF][START_REF] Li | Modelling the establishment and spread of autotetraploid plants in a spatially heterogeneous environment[END_REF][START_REF] Baack | Ecological factors influencing tetraploid speciation in snow buttercups (Ranunculus adoneus): niche differentiation and tetraploid establishment[END_REF][START_REF] Meyers | On the abundance of polyploids in flowering plants[END_REF][START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF]. In these conditions, polyploidy can spread or fix only when the population size is small and stochasticity is high [START_REF] Li | Modelling the establishment and spread of autotetraploid plants in a spatially heterogeneous environment[END_REF], when there is pre-zygotic isolation between cytotypes [START_REF] Rausch | THE EFFECT OF SELF-FERTILIZATION, INBREEDING DEPRESSION, AND POPULATION SIZE ON AUTOPOLYPLOID ESTABLISHMEN[END_REF][START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF] or when there is a niche differentiation among cytotypes [START_REF] Rodriguez | A model for the establishment of polyploidy in plants[END_REF]. Surprisingly, the above-mentioned models make the strong assumption that the production of unreduced gametes in the population is a high (much higher than what is found in natural populations, Kreiner et al., 2017a;b) and fixed quantity, that does not vary through time [START_REF] Felber | Establishment of a tetraploid cytotype in a diploid population: effect of relative fitness of the cytotypes[END_REF][START_REF] Husband | The role of triploid hybrids in the evolutionary dynamics of mixed-ploidy populations[END_REF][START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF][START_REF] Van Drunen | Autopolyploid establishment depends on life history strategy and the mating outcomes of clonal architecture[END_REF]. It is known that the production of unreduced gametes is determined genetically [START_REF] Parrott | Evidence for the existence of endosperm balance number in the true clovers (Trifolium spp.)[END_REF][START_REF] Tavoletti | Phenotypic recurrent selection for 2n pollen and 2n egg production in diploid alfalfa[END_REF], varies among individuals within and between population scales (Kreiner et al., 2017a), and is likely to be polygenic [START_REF] Brownfield | Unreduced gamete formation in plants: mechanisms and prospects[END_REF][START_REF] De Storme | Sexual polyploidization in plants -cytological mechanisms and molecular regulation[END_REF]. It has been pointed out that we are currently lacking clear theoretical and empirical frameworks for the effect of the genetic architecture of unreduced gamete production on the spread and fixation probability of polyploidy (Kreiner et al., 2017a).

In this paper, we investigated theoretically the effect of the genetic architecture of unreduced gametes production in the spread and fixation of polyploidy, when tetraploid individuals are more or less fit than their diploid progenitors. We first built a simple analytical model which allowed us to predict in which conditions the production of unreduced gametes and the formation of tetraploid individuals can evolve by genetic drift. We then built an individual-based simulation model in which the production of unreduced gametes is a quantitative trait that evolves through time by mutation, selection and genetic drift, to test our predictions, and to study the effect of the genetic architecture of unreduced gametes production in the fixation of polyploidy when tetraploids are more or less fit than their diploid progenitors. Overall, we found that when polyploid individuals are less or as fit as their diploid progenitors, the fixation of polyploidy is only possible when genetic drift is stronger than natural selection. Surprisingly, this result remains true even when polyploidy confers a selective advantage, with genetic drift being necessary for tetraploidy to be established, except when polyploids are considerably more fit than their diploid progenitors. Finally, we found that self-fertilization is less beneficial than previously thought, as it increases the selection against unreduced gamete production compared to outcrossing populations when polyploids harbour an initial decrease in fitness.

MATERIAL & METHODS

Verbal prediction

We consider a diploid population in which the proportion of unreduced gametes can evolve through time. The genetic architecture of the trait "proportion of unreduced gametes" is considered to be the same in male and in female functions. It is hard to judge if the abovementioned assumption is realistic or not. Male and female functions can slightly vary in their average production of unreduced gametes, but the among-individual variation is high and overlapping in both sexes (Kreiner et al., 2017a).

Consider that the number of unreduced gametes is coded by L bi-allelic loci. The allele A being the ancestral allele and coding for no unreduced gametes, and the allele M at the ith locus increasing the production of unreduced gametes by a value h.xi and xi respectively in its heterozygous and homozygous states. In this model, h is the coefficient of dominance of the M allele, and is fixed for all loci. The multi-locus probability of producing an unreduced gamete, pUG is inferred as the sum of genotypic values over the L loci, and depends on the number of mutations carried by an individual (see eq. 1 for details). We assume that the environment effects on unreduced gamete production are null, on average [START_REF] Falconer | Introduction to quantitative genetics[END_REF]. First, we will infer 𝑠 0,𝑖 , the coefficient of selection against the allele M at the ith locus at t = 0, when the population is uniform and produces no unreduced gametes. We assume that an individual produces γtot gametes in total. The wildtype homozygote genotype GAA,i (homozygote for the allele A at the ith locus) only produces haploid gametes, such that its absolute fitness is equal to γtot. To infer 𝑠 0,𝑖 , we will consider GAA,i as our reference, and fix its relative fitness to ωAA = 1, while the relative fitness of the homozygote genotype GMM,i (homozygote for the allele M at the ith locus) is equal to ωMM = 1 -𝑠 0,𝑖 . The number of gametes of GMM,i can be divided as the proportion of haploid gametes γn it produces at frequency pn = 1-xi, with γn = pn.γtot, and the proportion of unreduced gametes γ2n produced at frequency p2n = xi, such that γ2n = p2n.γtot.

Assuming that, initially, the probability of forming a tetraploid offspring is so low due to minority cytotype exclusion, unreduced gametes will not contribute to fitness, so that the relative fitness of GMM,i is easily seen to be 1xi. It appears that 𝑠 0,𝑖 = xi, and that the smaller the effect of the modifier of unreduced gametes production, the less it will be counterselected. The average coefficient of selection against unreduced gamete production (𝑠 0 ̅ ) is the mean of the selection coefficients among loci

(𝑠 0 ̅ = 1 𝐿 ∑ 𝑥 𝑖 𝐿 𝑖 = 𝑥 𝑖 ̅
). Now we have a way to quantify the strength of selection, we can deduce in which conditions the evolution of unreduced gametes production will be influenced by genetic drift. If we consider that the dynamic of the modifier is mainly driven by genetic drift when NE. 𝑠 0 ̅ < 1, then NE has to be strictly smaller than 1/𝑠 0 ̅ , where NE is the effective population size.

When selection is strong compared to drift (NE > 1/𝑠 0 ̅ ), the frequency of the allele M is expected to remain low at all loci, such that the probability of generating tetraploid individuals remains low, and the population is expected to stay diploid. When genetic drift is stronger than selection (NE < 1/𝑠 0 ̅ ), the allele M can reach higher frequencies, or can even be fixed by chance, such that the probability of generating tetraploid individuals becomes high, and tetraploid individuals have a chance to replace their diploid progenitors. In addition, it has to be noted that the coefficient of selection against unreduced gametes is not fixed, and will evolve through time. Notably, the selection pressure will decrease when the frequency of unreduced gametes (from diploids and tetraploids) will increase, and it can eventually become negative (and then the production of unreduced gametes will be positively selected) when unreduced gametes become dominant in a population. Then, 𝑠 0 ̅ , and the associated NE for which the trait is expected to mainly evolve by drift, are the critical values that initiate the system. Any factor decreasing the effective population size, like self-fertilization, is expected to facilitate the increase in the frequency of the deleterious alleles M by genetic drift. Selffertilization (or any other form of assortative mating) also promotes polyploidization by helping polyploids escape the minority cytotype exclusion.

Simulation model

In order to test our analytical prediction about the effect of drift in the formation of and varied between 0 (the individual is homozygote for the allele A at all loci) and 1 (the individual is homozygote for the allele M at all loci). As xi is set to 1/L at all loci, 𝑠 0 ̅ = 1/𝐿, and genetic drift is stronger than selection when NE < L. For each individual and at each generation, an environmental effect is drawn in a Gaussian distribution of mean 0 and variance VE of 0.005, in order to introduce variation in unreduced gametes production. The fitness of diploid individuals is fixed to W2x = 1, while the fitness of neo-tetraploid individuals is fixed within a simulation, but can vary from W4x = 0.75 to 1.25 among simulations, to fit with empirical data demonstrating initial fitness decrease in neo-polyploids due to their problems in cellular management and meiosis [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF][START_REF] Clo | Short-and long-term consequences of genome doubling: a meta-analysis[END_REF], or higher fitness in stressful conditions [START_REF] Chao | Polyploids exhibit higher potassium uptake and salinity tolerance in Arabidopsis[END_REF][START_REF] Ruiz | Tetraploidy enhances the ability to exclude chloride from leaves in carrizo citrange seedlings[END_REF]. We assume random mating opportunities among individuals of any ploidy. Only diploid and tetraploid cytotypes are viable, triploids and higher polyploids are assumed to be not viable [START_REF] Ramsey | Pathways, mechanisms, and rates of polyploid formation in flowering plants[END_REF][START_REF] Burton | Fitness differences among diploids, tetraploids, and their triploid progeny in Chamerion angustifolium: mechanisms of inviability and implications for polyploid evolution[END_REF][START_REF] Husband | Reproductive isolation and their diploid autotetraploids Chamerion progenitors in fireweed, Chamerion angustifolium (Onagraceae)[END_REF]. Note that this hypothesis is conservative, as viable triploid individuals are expected to favour the establishment of tetraploid populations [START_REF] Husband | The role of triploid hybrids in the evolutionary dynamics of mixed-ploidy populations[END_REF]. However, a (virtual) lack of triploids in many mixedploidy systems [START_REF] Kolář | Mixed-ploidy species: progress and opportunities in polyploid research[END_REF] demonstrates that such a conservative model is realistic for many species. The population evolves during 20K generations, and the frequencies of the allele M, of unreduced gametes and of tetraploid individuals are followed.

We initiated each simulation from a population of genetically identical diploid individuals that are homozygous for the allele A at all loci (pUG = 0 at t = 0). The life cycle can be summarized in five successive events. First, there is a fitness-dependent choice of the first parent (selection), followed by mating-type choice (selfing versus outcrossing at rates σ and [1-σ], respectively). In the case of outcrossing, the choice of the second parent is also fitness-dependent. Selection takes place as follows: an individual is sampled randomly among the N individuals, but its sampling probability is weighted by its fitness. . (eq 2.2)

With these equations, it appears that tetraploids are as likely to be sampled as diploids when they represent respectively 57%, 50% or 44% of the population when W4x is respectively equal to 0.75, 1 or 1.25. For mixed mating regime, a number is sampled in a uniform law comprised between 0 and 1, if the number is smaller (respectively higher) than 0.5, the selected individual reproduced by outcrossing (respectively by selfing). Once the two parents are chosen, the type of gametes (reduced or unreduced) they will produce is chosen. For each reproducer, one number is sampled in a uniform distribution between 0 and 1. If pUG is higher than the sampled value, the reproducer generates an unreduced gamete (note that a tetraploid individual can also produce unreduced gametes, see below for details). For reduced (n) gametes (n = x and n = 2x gametes for diploid and tetraploid individuals, respectively), one allele per locus of each sister chromatid is sampled randomly. This phase is then followed by the introduction of mutations from allele A to allele M and vice versa, the number of which is sampled from a Poisson distribution with parameter U (with U = µL, where µ is the per-locus mutation rate and L is the number of loci underlying the quantitative trait). If the resulting offspring is not diploid or tetraploid, it will not contribute to the next generation. The reproduction phase stops when N viable offspring are formed.

Parameter sets tested

The number of loci underlying the production of unreduced gametes can vary from L = 2 to 200. The population size can be equal to N = 50, 100 or 200. The associated effective population size is equal to NE = N(2-σ)/2 [START_REF] Glémin | Adaptation and maladaptation in selfing and outcrossing species: new mutations versus standing variation[END_REF]. Bigger population sizes (e.g. N > 2000) do not change the results qualitatively, but the simulation time becomes limiting, and the number of loci needed for the trait to evolve by genetic drift becomes unrealistically high. We tested three mutation rates, with the diploid genomic mutation rate (U) being equal to 0.5, 0.05 or 0.005, which is the range of what is found in natural populations [START_REF] Halligan | Spontaneous mutation accumulation studies in evolutionary genetics[END_REF]. For simplicity, the coefficient of dominance of the alleles M can be equal to 0 (fully recessive: none of the heterozygote genotypes in diploids or tetraploids produce unreduced gametes), 0.5 (co-dominant, the diploid and tetraploid heterozygotes genotypes at the ith locus are: GAM,i, GAAAM,i, GAAMM,i and GAMMM,i produce unreduced gametes at frequencies 0.5/L, 0.25/L, 0.5/L and 0.75/L, respectively) or 1 (fully dominant: any heterozygote genotypes in diploids or tetraploids produce unreduced gametes at a frequency 1/L at a given locus). Finally, we tested three selfing rates with σ being equal to 0, 0.5 or 1. The selfing rate is the same in diploids and tetraploids. As mentioned before, tetraploid individuals can be more or less fit compared to their diploid progenitors, reflecting the fitness (dis)advantage associated with tetraploidy in standard vs disturbed environments.

For each parameter, we performed n = 100 replicates. A summary of the parameters tested and their values can be found in table 1. 

RESULTS

The effects of fitness and genetics on the probability of fixation of polyploidy

As predicted analytically, when considering tetraploids being less fit than diploids the fixation of polyploidy is only possible when genetic drift is stronger than natural selection against the unreduced gamete formation (Figure 1, left panel). This finding remains true, even when tetraploid individuals are as fit as their diploid progenitors (Figure 1, middle panel). If tetraploids are slightly fitter than their diploid progenitors, fixation of the tetraploidy occurs either when drift is stronger or as strong as selection, but never when selection is stronger than drift (Figure 1, right panel). Furthermore, when tetraploid individuals are as fit as or slightly fitter than diploids, the fixation of polyploids is faster compared to the case in which tetraploids are less fit than diploids (Figure 1 middle and right panels compared to the left panel). Polyploidy can fix without drift only when it comes with an important fitness advantage (Wtetra = 2Wdiplo, Figure 2). More dominant mutations and higher mutation rates increased the production of unreduced gametes and then the probability of fixing polyploidization (Figure S1 & S2).

The production of unreduced gametes within populations

The production of unreduced gametes in diploid individuals strongly depends on two parameters, the mutation rate for unreduced gamete production, and the strength of drift compare to selection (Figure 3). As expected, higher mutation rates lead to higher production of unreduced gametes within populations (Figure 3, U = 0.005 vs. U = 0.05). For example, when selection is stronger than drift, the production of unreduced gametes in diploid individuals is on average 2.8% when U = 0.005, and is on average 17.1% when U = 0.05. As predicted, the higher the level of genetic drift, the higher the number of unreduced gametes produced by individuals (Figure 3). For example, for U = 0.05, the production of unreduced gametes in diploids is on average 17.1% when selection is stronger than drift, and around 30.4% when drift is stronger than selection. The same pattern is observable for smaller mutation rates (Figure 3). The fitness of tetraploid individuals slightly affects the production of unreduced gametes in diploids, the fitter the tetraploids, the higher the production of unreduced gametes in diploids (Figure S3). The production of unreduced gametes remains comparable in diploids and tetraploid individuals, on average (Figure S4).

Effect of the mating system

Self-fertilization appears to increase the strength of selection against unreduced gamete formation when polyploidy is associated with a fitness cost, despite its positive effect on the strength of genetic drift. When genetic drift is stronger than selection and polyploidy has a fitness cost, only obligate outcrossing populations are able to fix polyploidy (Figure 4 left panel). When polyploidy comes with a fitness advantage over diploidy, we confirmed the classical expectation that self-fertilization increases the probability of fixing polyploidy, due to the escaping from the minority cytotype exclusion, when genetic drift is stronger (Figure 4 middle panel) or weaker (Figure 4 right panel) than natural selection.

DISCUSSION

Genetic drift is a major component of the probability of fixation of polyploidy

One major result of our theoretical model is that genetic drift is important for the evolution of polyploidy, even when autotetraploids are fitter than their diploid progenitors.

This result indicates that the initial frequency-dependent selection is the strongest barrier to polyploids establishment.

Our predictions offer a new and alternative view on the establishment of polyploidy in populations. Even if polyploid lineages are more likely to survive given their potential fitness advantage over their diploid progenitors [START_REF] Van De Peer | Polyploidy: an evolutionary and ecological force in stressful times[END_REF], this does not necessarily mean such a slight adaptive advantage has been the cause for their establishment. Harsher environment conditions and/or periods of drastic environmental changes, extreme latitudes, and range margins are also expected to decrease the demographic and effective population sizes of species [START_REF] Brown | On the relationship between abundance and distribution of species[END_REF], offering the possibility for polyploidization to fix by genetic drift. It can explain why polyploid species are contemporarily more frequently found at range margins [START_REF] Levin | Minority cytotype exclusion in local plant populations[END_REF][START_REF] Fowler | Ecological constraints on the establishment of a novel polyploid in competition with its diploid progenitor[END_REF][START_REF] Felber | Establishment of a tetraploid cytotype in a diploid population: effect of relative fitness of the cytotypes[END_REF][START_REF] Rojas-Andrés | Environmental differences are correlated with the distribution pattern of cytotypes in Veronica subsection Pentasepalae at a broad scale[END_REF], extreme environments [START_REF] Brochmann | Polyploidy in arctic plants[END_REF], extreme latitudes [START_REF] Rice | The global biogeography of polyploid plants[END_REF] and why they are frequently invasive (Te [START_REF] Beest | The more the better? The role of polyploidy in facilitating plant invasions[END_REF]. It can also help to understand why polyploidy can sometimes be associated with higher extinction rates compared to diploidy [START_REF] Mayrose | Recently formed polyploid plants diversify at lower rates[END_REF][START_REF] Mayrose | Methods for studying polyploid diversification and the dead end hypothesis: a reply to Soltis et al[END_REF]Arrigo & Barker, 2012), if polyploidy has been initially fixed despite an initial decrease in fitness. It is also important to note that drift and natural selection are not exclusive explanations, and both forces may increase the probability of establishment of polyploid lineages under certain scenarios. Genetic drift can help in increasing the frequency of genes favouring unreduced gametes production and escaping minority cytotype exclusion, while selection will then maintain them at high frequency if polyploid individuals are more fit than their diploid progenitors.

Direct evidence of the role of drift in the evolution of polyploidy is however hard to find and could be hard to produce in the future. Nevertheless, and as a support of our model, the few experiments testing for local adaptation of polyploid lineages led to mitigated results, with either no [START_REF] Baack | Ecological factors influencing tetraploid speciation in snow buttercups (Ranunculus adoneus): niche differentiation and tetraploid establishment[END_REF][START_REF] Buggs | Ecological differentiation and diploid superiority across a moving ploidy contact zone[END_REF][START_REF] Martin | Adaptation of diploid and tetraploid Chamerion angustifolium to elevation but not local environment[END_REF][START_REF] Mcintyre | An experimental test of local adaptation among cytotypes within a polyploid complex[END_REF] or a weak [START_REF] Raabová | Niche differentiation between diploid and hexaploid Aster amellus[END_REF][START_REF] Duchoslav | The ecological performance of tetra-, penta-and hexaploid geophyte Allium oleraceum in reciprocal transplant experiment may explain the occurrence of multiple-cytotype populations[END_REF] fitness advantages of polyploids in their local sites. Note that testing for local adaptation patterns can be a weak way of testing for the effect of drift or selection in polyploidy establishment, because a fitness advantage is not always sufficient for polyploidy to fix, and because polyploidization can fix with an initial decrease in fitness with the help of genetic drift, and adaptation can occur later after establishment.

Comparing the number of unreduced gametes with empirical results

In our simulations, the average number of unreduced gametes within diploid populations that tetraploids are unable to establish (i.e. population in which selection is stronger than drift) strongly depends on the mutation rate for unreduced gametes production.

Empirical estimates made in diploid populations range from 0.2% to 11.6% [START_REF] Bretagnolle | Pollen production and spontaneous polyploidization in diploid populations of Anthoxanthum alpinum[END_REF][START_REF] Ramsey | Unreduced gametes and neopolyploids in natural populations of Achillea borealis (Asteraceae)[END_REF][START_REF] Kron | Hybridization and the reproductive pathways mediating gene flow between native Malus coronaria and domestic apple, M. domestica[END_REF][START_REF] Sheidai | Cytomixis and unreduced pollen grain formation in Alopecurus L. and Catbrosa Beauv.(Poaceae)[END_REF][START_REF] Kovalsky | Evidence of 2n microspore production in a natural diploid population of Turnera sidoides subsp. carnea and its relevance in the evolution of the T. sidoides (Turneraceae) autopolyploid complex[END_REF], 2016;[START_REF] Herben | Reduced and unreduced gametes combine almost freely in a multiploidy system[END_REF]Kreiner et al., 2017b), with an average number of 2.6% (Kreiner et al., 2017a). In our simulations, we are obtaining similar values only when the mutation rate for unreduced gametes is low (Figure 3 & S3) and when selection is stronger than drift, suggesting that it is also probably the case in the few natural populations that have been studied.

However, the number of unreduced gametes needed for polyploidy to fix in an initially diploid population is much higher in our simulations (at least 15%) than what is found in natural diploid populations (Kreiner et al., 2017a). Our results suggest that, even if polyploid individuals are fitter than their diploid progenitors, the number of unreduced gametes found in natural diploid populations would theoretically not allow polyploid individuals to invade. This result challenges the idea that the production of unreduced gamete in diploid populations may be selected to enhance polyploid production in stressful conditions or in habitats where they are most expected to thrive [START_REF] Stebbins | Variation and evolution in plants[END_REF]Vanneste et al., 2014b;[START_REF] Mason | Unreduced gametes: meiotic mishap or evolutionary mechanism?[END_REF].

The production of unreduced gametes remains similar in diploid and tetraploid individuals after the fixation of polyploidy. This is mainly because of the assumptions we made in our model, notably that after fixation of tetraploidy, there are no other cytotypes possible, making intermediate rates of unreduced gamete production not costly in tetraploid populations, in our simulation model.

Pre-mating isolation among cytotypes and polyploidy establishment

We found that pre-mating isolation among cytotypes promotes polyploidization only when tetraploid individuals are as fit or fitter than their diploid progenitors. This stems from the fact that selfing lineages that tend to produce more unreduced gametes will also produce more tetraploid offspring with a lower fitness, compared to other selfing lineages that produce more frequently diploid offspring with a higher fitness. As neo-polyploid lineages are generally less fit than their diploid progenitors [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF][START_REF] Clo | Short-and long-term consequences of genome doubling: a meta-analysis[END_REF], it could be expected that the evolution of self-fertilization particularly, and other forms of assortative mating in general, should be limited in empirical data. As a confirmation, [START_REF] Husband | Mating consequences of polyploid evolution in flowering plants: current trends and insights from synthetic polyploids[END_REF] found that autopolyploid lineages generally have smaller selfing rates than diploid species. Other forms of assortative mating, such as delayed phenology among cytotypes, are also rarely observed at a large phylogenetic scale [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF][START_REF] Clo | Short-and long-term consequences of genome doubling: a meta-analysis[END_REF]. Our results also fit well with empirical data that did not find an effect of the mating system on the frequency of unreduced gametes in natural populations (Kreiner et al., 2017b).

Considerations related to the genetic architecture of unreduced gametes production

It is first important to notice that little is known about the genetic architecture of the production of unreduced gametes in natural populations [START_REF] Brownfield | Unreduced gamete formation in plants: mechanisms and prospects[END_REF][START_REF] De Storme | Sexual polyploidization in plants -cytological mechanisms and molecular regulation[END_REF]. As a consequence, we cannot precisely quantify for which effective population sizes the production of unreduced gametes can occur by genetic drift when polyploidization is detrimental to individuals' fitness. It is known, however, that there are several pre-meiotic [START_REF] Fernández | Genomic relationships between Turnera krapovickasii (2x, 4x) and T. ulmifolia (6x)(Turneraceae, Turnera)[END_REF][START_REF] Kim | Syncyte formation in the microsporangium of Chrysanthemum (Asteraceae): a pathway to infraspecific polyploidy[END_REF][START_REF] Mason | Production of viable male unreduced gametes in Brassica interspecific hybrids is genotype specific and stimulated by cold temperatures[END_REF], meiotic [START_REF] Bretagnolle | Gametes with the somatic chromosome number: mechanisms of their formation and role in the evolution of autopolyploid plants[END_REF][START_REF] Pécrix | Polyploidization mechanisms: temperature environment can induce diploid gamete formation in Rosa sp[END_REF][START_REF] De Storme | Production of diploid male gametes in Arabidopsis by cold-induced destabilization of postmeiotic radial microtubule arrays[END_REF] and post-meiotic [START_REF] Bastiaanssen | Postmeiotic restitution in 2n-egg formation of diploid potato[END_REF][START_REF] Ramanna | Relevance of sexual polyploidization for crop improvement-A review[END_REF] pathways that lead to unreduced gametes production. For genetic drift to have a chance to play a role in polyploidization events, it is necessary that these physiological pathways are not all governed by a few major effect mutations (Fig. 2). If there are enough loci with small effects, then it becomes more likely that genetic drift can play a role in the production of unreduced gametes and polyploidization events, independently of the (mal)adaptive value of polyploid individuals.

Limitations of the model

Although we tried to select realistic parameter settings (e.g. for the fitness of polyploids compared to diploids, the mutation rate of the trait), due to limited empirical proofs, some assumptions could be unrealistic. This could make our predictions and further empirical research unreliable. The first limitation is that we considered that the genetic architecture of unreduced gametes production is the same for the male and female functions.

While the few empirical data available do not reject this assumption (Kreiner et al., 2017a), it may not be true in some species [START_REF] De Storme | Sexual polyploidization in plants -cytological mechanisms and molecular regulation[END_REF]. Our predictions would become unreliable if the production of unreduced gametes is coded by a few numbers of major effect loci in one sex, and by a large number of small effect loci in the other. In such a case, polyploidization is unlikely to evolve by genetic drift, as it would be constrained by one of the two sexes. Another simplification is that we hypothesized that triploid and higher polyploid levels are not viable. While the hypothesis is justified empirically for multiple plant species [START_REF] Ramsey | Pathways, mechanisms, and rates of polyploid formation in flowering plants[END_REF][START_REF] Burton | Fitness differences among diploids, tetraploids, and their triploid progeny in Chamerion angustifolium: mechanisms of inviability and implications for polyploid evolution[END_REF][START_REF] Husband | Reproductive isolation and their diploid autotetraploids Chamerion progenitors in fireweed, Chamerion angustifolium (Onagraceae)[END_REF][START_REF] Kolář | Mixed-ploidy species: progress and opportunities in polyploid research[END_REF], there are also species with frequent natural triploidy [START_REF] Trávníček | Bridging global and microregional scales: ploidy distribution in Pilosella echioides (Asteraceae) in central Europe[END_REF][START_REF] Čertner | Climatic conditions and human activities shape diploidtetraploid coexistence at different spatial scales in the common weed Tripleurospermum inodorum (Asteraceae)[END_REF], and it has been shown theoretically that viable triploids favour the establishment of polyploid populations [START_REF] Husband | The role of triploid hybrids in the evolutionary dynamics of mixed-ploidy populations[END_REF]. Relaxing our hypothesis would not change our conclusions qualitatively, since it would decrease the selection pressure against the production of unreduced gametes, and favour the evolution of polyploidy by drift for a wider set of parameters. Finally, we considered a fixed population size in our simulations, but the evolution toward polyploidy can affect the populations' survival in different ways. First, if the fitness of polyploids is smaller than the one of diploids, the mean population fitness will decrease, and the growth rate can become smaller than one, leading to the population's decline and extinction. Second, genetic drift can also lead to the fixation of deleterious mutations, if the average coefficient of selection of deleterious mutations is similar or smaller to the one of mutations involved in the production of unreduced gametes. In such a case, diploids and/or tetraploids can accumulate deleterious mutations, potentially leading to the extinction of populations by mutational meltdown [START_REF] Lynch | Mutation accumulation and the extinction of small populations[END_REF].

CONCLUSIONS

In this paper, we investigated theoretically the effect of genetic drift on the probability of fixation of polyploidy in a population under a scenario assuming selection against unreduced gamete production, a generally maladaptive trait. The main conclusions of our model are that, for polyploidization to fix, genetic drift is necessary, independently of the selective (dis)advantage of tetraploid individuals over their diploid progenitors. Thus, our simulation models suggest that the cost of being the minority cytotype in the population of origin is stronger than a slight increase in fitness associated with polyploidy. The effective population size necessary for the production of unreduced gametes to evolve by genetic drift depends on the average effects of the loci coding for the trait. This implies that if unreduced gamete production is coded by a few major effect loci, or if a species has a large effective population size, polyploidization is unlikely to occur without a strong selective advantage.

Selfing rate, and probably other forms of assortative mating, seems to be deterministic in the fixation of polyploidy only when polyploids do not suffer from an initial decrease in fitness.

However, we cannot discard that other reproductive interactions, such as fertile intermediate hybrids, can affect the outcome. On the opposite, any factors reducing the demographic and effective population size are expected to favour polyploidization, independently of the selective (dis)advantages of tetraploids compared to diploids. Our model thus offers new and non-exclusive explanations of why polyploidization is associated with periods of extinction and environmental turmoil, and harsh and/or disturbed environments [START_REF] Rice | The global biogeography of polyploid plants[END_REF][START_REF] Van De Peer | Polyploidy: an evolutionary and ecological force in stressful times[END_REF].

Testing our predictions empirically will remain however quite challenging. Although we know that the formation of unreduced gametes is determined genetically and that it exhibits heritable variance [START_REF] Parrott | Evidence for the existence of endosperm balance number in the true clovers (Trifolium spp.)[END_REF][START_REF] Tavoletti | Phenotypic recurrent selection for 2n pollen and 2n egg production in diploid alfalfa[END_REF], little is known about the number of genes underlying the trait [START_REF] Brownfield | Unreduced gamete formation in plants: mechanisms and prospects[END_REF][START_REF] De Storme | Sexual polyploidization in plants -cytological mechanisms and molecular regulation[END_REF]Kreiner et al., 2017a). In order to test our hypothesis, one of the next steps would be to investigate at a large taxonomic scale the genetic architecture of unreduced gamete production. The other challenge is that, when polyploidization occurs, the fixation time of polyploidy is really small, increasing the probability of missing the evolution of polyploidy. Invasive species could be interesting model species, as founding events are expected to decrease the effective population size of populations, and it is more likely for polyploidy to evolve during the invasion process. [START_REF] Simón-Porcar | Recent autopolyploidization in a naturalized population of Mimulus guttatus (Phrymaceae)[END_REF] recently found a mixed-ploidy population of the invasive diploid Mimulus guttatus in the UK that could be a good system for following our investigation of the role of drift in polyploidy evolution. 
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Table 1 .

 1 Description of the model parameters, their abbreviations, and tested values in simulations.

	Parameter	Abbreviation	Value(s)
	Population size	N	50, 100, 200
	Number of loci	L	From 2 to 200
	Diploid genomic mutation rate	U	0.005, 0.05 or 0.5
	Fitness of diploid individuals	W2x	1
	Fitness of tetraploid individuals	W4x	0.75, 1, 1.25 or 2
	Selfing rate	σ	0, 0.5 or 1
	Probability of sampling an	pUG, p2x, p4x	From 0 to 1
	unreduced gamete, a diploid or		
	tetraploid individual		
	Coefficient of selection at t = 0	𝑠 0 ̅	From 0.5 to 0.005
	Dominance's coefficient of allele M	h	0, 0.5, 1
	VE of environmental effects	VE	0.005
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