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Premise of the study: Whole genome duplication (WGD) is ubiquitous in plants. Recent reviews and meta-analyses, aiming to understand how such phenotypic transition could facilitate neopolyploid establishment, demonstrated multifarious immediate effects of WGD on fitness and reproductive traits. Yet little is known about how short-term modifications evolve through time. Such a comparison among neo-and established polyploid lineages is crucial to understand which effects of WGD promote or impede polyploid survival.

Methods:

We performed a meta-analysis to determine how WGD affects morphological, cellular and fitness traits in autotetraploid individuals compared to their diploid progenitors.

We studied how established tetraploids differed from diploids compared to neo-tetraploids, to further learn about the fate of WGD-associated phenotypic effects during polyploid establishment.

Key results:

We found that the short-term effects of WGD were an increase in size of morphological traits and cells, accompanied by a decrease in fitness and the number of cells.

After establishment, the morphological effect persisted, but cellular and fitness components reverted back to the values observed in the diploid ancestors.

Conclusions:

Our results suggest that the larger morphology of autotetraploids is not a constraint to establishment. However, other observable effects of genome doubling disappeared with time, suggesting that solving cellular and fitness constraints are critical aspects for polyploid establishment.

INTRODUCTION

Whole genome duplication (WGD after) is a massive mutation with a broad range of effects on plant phenotype and genome, and is considered an important driver of plant adaptation and speciation [START_REF] Van De Peer | The evolutionary significance of polyploidy[END_REF][START_REF] Van De Peer | Polyploidy: an evolutionary and ecological force in stressful times[END_REF]. Autopolyploidy, the natural outcome of WGD, is common in plants [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] Parisod | Evolutionary consequences of autopolyploidy[END_REF][START_REF] Barker | On the relative abundance of autopolyploids and allopolyploids[END_REF], although young polyploid lineages are expected to face high extinction rates (see [START_REF] Levin | Why polyploid exceptionalism is not accompanied by reduced extinction rates[END_REF] for a review). Among the forces acting against establishment of novel polyploid lineages (e.g. neo-tetraploids), the minority cytotype exclusion (MCE) states that neo-tetraploid individuals within a diploid population will experience strong frequencydependent selection due to a large proportion of ineffective mating events with the majority of diploid individuals [START_REF] Levin | Minority cytotype exclusion in local plant populations[END_REF]. In addition, neo-tetraploids experience an initial decrease in fertility due to challenges in cellular management and meiosis [START_REF] Ramsey | Neopolyploidy in flowering plants[END_REF][START_REF] Comai | The advantages and disadvantages of being polyploid[END_REF], and are in competition with their well-adapted diploid progenitors [START_REF] Otto | The evolutionary consequences of polyploidy[END_REF] Altogether, this makes the establishment of tetraploids very unlikely. This paradox has led to intensive investigations about what factors could promote the establishment of polyploids. Notably, one major hypothesis is that WGD should be associated with phenotypic changes allowing new polyploid lineages to overcome MCE, by outcompeting their diploid progenitors [START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF], or by isolating the different cytotypes reproductively [START_REF] Levin | Minority cytotype exclusion in local plant populations[END_REF][START_REF] Ramsey | Neopolyploidy in flowering plants[END_REF]. Increased competitive abilities can be emphasized in stressful environments, for example polyploids are shown to have higher drought and salinity tolerance than their diploid progenitors [START_REF] Chao | Polyploids exhibit higher potassium uptake and salinity tolerance in Arabidopsis[END_REF][START_REF] Yang | Different drought-stress responses in photosynthesis and reactive oxygen metabolism between autotetraploid and diploid rice[END_REF], or when phenotypic changes associated with WGD are aligned with environmental changes [START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF]. Polyploidization can also promote prezygotic isolation.

If WGD is associated with modifications of the floral traits, it can affect pollinator behaviors, potentially leading to assortative mating [START_REF] Segraves | The effects of genome duplications in a community context[END_REF]. In addition, polyploids have larger structures [START_REF] Otto | The evolutionary consequences of polyploidy[END_REF][START_REF] Vamosi | Pollination, floral display, and the ecological correlates of polyploidy[END_REF][START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF], bigger genomes and slower cell cycles than their diploid progenitors [START_REF] Doyle | Polyploidy, the nucleotype, and novelty: the impact of genome doubling on the biology of the cell[END_REF], which could lead to longer developmental rates and delayed flowering time, resulting in isolation from diploid individuals [START_REF] Cavalier-Smith | Nuclear volume control by nucleoskeletal DNA, selection for cell volume and cell growth rate, and the solution of the DNA C-value paradox[END_REF][START_REF] Ramsey | Ecological studies of polyploidy in the 100 years following its discovery[END_REF].

All these hypotheses have led to numerous studies looking for the immediate phenotypic effects associated with WGD, in order to understand which traits are affected by polyploidization, and their effects on the establishment of neo-polyploid lineages. Such studies have shown that, although phenotypic WGD outcomes are highly variable, some general trends can be discerned. WGD is frequently associated with an increase in size of individual cells [START_REF] Doyle | Polyploidy, the nucleotype, and novelty: the impact of genome doubling on the biology of the cell[END_REF][START_REF] Bomblies | When everything changes at once: finding a new normal after genome duplication[END_REF] and entire morphological structures [START_REF] Vamosi | Pollination, floral display, and the ecological correlates of polyploidy[END_REF][START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF], and a reduction of fitness [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF]. To understand which effects improve or reduce establishment probability, it is necessary to compare the shortterm effects of WGD (typically assessed in synthetic neo-polyploids) with trait values found in established lineages, as proposed by [START_REF] Bomblies | When everything changes at once: finding a new normal after genome duplication[END_REF]. If after establishment, trait values return to diploid-like values, we can hypothesize that WGD has a negative effect on establishment probability regarding those traits, and solving these constraints is essential for the survival of lineages [START_REF] Bomblies | When everything changes at once: finding a new normal after genome duplication[END_REF]. In contrast, if the effect of WGD is maintained through time, we can hypothesize that the shift in trait values were neutral or beneficial during the establishment of autotetraploids [START_REF] Bomblies | When everything changes at once: finding a new normal after genome duplication[END_REF]. Nevertheless, all meta-analyses have only focused on the short-term consequences of WGD, i.e. on trait comparison between diploids and their synthetic neo-polyploid derivatives [START_REF] Vamosi | Pollination, floral display, and the ecological correlates of polyploidy[END_REF][START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF], giving little insight into which components of WGD promote or decrease establishment probability.

Here, we performed a meta-analysis of how WGD affects morphological, cellular and fitness components of autotetraploids compared to their diploid progenitors, at both the short-(using neo-tetraploids) and, innovatively, long-terms (using naturally occurring established tetraploids). Though there is something to be said about the establishment of allotetraploids, in this study, we only focused on autotetraploids, to avoid confounding effects due to hybridization, and to study the first effect of shifting from diploidy to tetraploidy. Our goals were to determine (1) the phenotypic and cellular consequences of WGD, and (2) how the effects of WGD on traits evolve through time to identify promoters and inhibitors of establishment.

MATERIAL AND METHODS

Dataset compilation-

This study is an extension of the meta-analysis carried out by [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF] that focused on how synthetic neo-polyploid lineages differ from their diploid progenitors for macroscopic and reproductive traits. Here, we have extended the Porturas et al. analyses and dataset. Notably, we added comparisons of cellular traits, and also compared how established autotetraploids differ from the neo-tetraploids as well as from diploid populations.

We extended the data set presented in [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF], which represented 34 articles and 141 estimates for morphological and fitness traits in synthetic neo-polyploids, by performing a literature survey using Google Scholar. We used the keywords ("autotetraploid" or "colchicine" or "oryzalin" or "trifluralin" or "nitrous") and ("phenoty*" or "morphol*" or "phenolo*" or "cell*" or "fitness") and "plant*" from 1900 to the present. To be included in our data set, a given study had to (1) focus on comparing diploid plants with their tetraploid counterparts from the same species, (2) measure the plant traits in controlled and similar environments for both cytotypes, in order to remove the effects of plasticity, and (3) contain quantitative data on morphological, cellular and/or fitness related traits. In most papers, it was possible to extract numerical values from tables, but for some few exceptions, we extracted the data directly from the figures, using Plot Digitizer Ver. 2.6.8 [START_REF] Huwaldt | Plot Digitizer, version 2.6. 8. Computer Software[END_REF].

The selected studies generally reported either the trait values of a synthetic neotetraploid population and its diploid progenitor, or the trait values for a set of diploid populations and closely related established tetraploid populations from the same species. When a set of populations were used, authors generally only gave the average values for diploids and tetraploids, but when the information was given for each population, we inferred a mean value for each cytotype in order to avoid pseudo-replication. In rarer cases, some studies reported data from multiple tetraploid genotypes derived from a single diploid population. In such cases, we computed the mean value among genotypes (see for example [START_REF] Aversano | Stochastic changes affect Solanum wild species following autopolyploidization[END_REF]. In one paper, the effect of genome doubling was studied at the subspecies level (Fragaria vesca subsp. vesca and subsp. bracteata, [START_REF] Wei | Genome duplication effects on functional traits and fitness are genetic context and species dependent: studies of synthetic polyploid Fragaria[END_REF], and we decided to treat each subspecies independently. For studies involving synthetic neo-tetraploids, the comparisons were almost always made with untreated diploid progenitors. Two studies reported comparison with either untreated or treated diploids [START_REF] Münzbergová | Colchicine application significantly affects plant performance in the second generation of synthetic polyploids and its effects vary between populations[END_REF][START_REF] Wei | Genome duplication effects on functional traits and fitness are genetic context and species dependent: studies of synthetic polyploid Fragaria[END_REF], and hence we compared neo-tetraploids with untreated diploids, to remain consistent with regards to the other studies.

It was nevertheless shown that untreated and treated diploids usually not differ significantly for measured traits [START_REF] Wei | Genome duplication effects on functional traits and fitness are genetic context and species dependent: studies of synthetic polyploid Fragaria[END_REF] found no differences, while Münzbergová 2017 found a significant difference for one trait over the four measured).

The final dataset contained information about the reference, the species, the establishment stage of the tetraploid lineages (neo-tetraploids vs. established ones), the type of measured traits and the respective means of diploid and tetraploid cytotypes for a given trait, in a given study. Tetraploids classified as neo-lineages were either those synthetically produced, or newly isolated genotypes that spontaneously emerged from laboratory populations or cultivars (see [START_REF] Li | Developmental, cytological and transcriptional analysis of autotetraploid Arabidopsis[END_REF] for an example in Arabidopsis thaliana and [START_REF] Allario | Large changes in anatomy and physiology between diploid Rangpur lime (Citrus limonia) and its autotetraploid are not associated with large changes in leaf gene expression[END_REF] for an example in Citrus limonia). Naturally occurring tetraploid lineages were classified as established, regardless of being found in mixploidy or monoploidy populations. It is important to note that the established category is probably a mix of tetraploid lineages of different ages, but age estimates were not available for the vast majority of species. However, the assumption that natural selection would have already acted on tetraploids found in established natural populations is a reasonable one to make, and their comparison with neo-tetraploids remains relevant. The traits were classified in four categories: (1) macroscopic traits (floral size, plant height…), (2) fitness related traits (seed production, germination success, ovule number …),

(3) relative cellular traits related to the size of the cells and (4) relative cellular traits related to the number of cells. The two last categories were split, as a negative correlation is often found between cell size and number of cells [START_REF] Allario | Large changes in anatomy and physiology between diploid Rangpur lime (Citrus limonia) and its autotetraploid are not associated with large changes in leaf gene expression[END_REF][START_REF] Robinson | Ploidy and size at multiple scales in the Arabidopsis sepal[END_REF]. A preliminary analysis confirmed that the different types of cells had the same behavior (Appendix S1), we therefore did not differentiate between them with regards to size or densities. A list of traits within each category together with details on the phenotyping method can be found in the Appendix S2.

Phylogenetic analysis-

It is important to consider a potential phylogenetic non-independence of our estimates in our analyses, and in meta-analyses in general [START_REF] Chamberlain | Does phylogeny matter? Assessing the impact of phylogenetic information in ecological meta-analysis[END_REF]. To test for such an effect, we first reconstructed the phylogeny of all sampled species, using the divergence times from the TimeTree's database [START_REF] Kumar | TimeTree: a resource for timelines, timetrees, and divergence times[END_REF]. The obtained distance matrix was then transformed into NEWICK format using the UPGMA method implemented in the MEGA-X software [START_REF] Kumar | MEGA X: molecular evolutionary genetics analysis across computing platforms[END_REF]. During this process, twelve species were not found. For nine of these species, TimeTree replaced them by closely related species of the same tribe or genus.

For the three remaining species, we replaced them by closely related species from the same genus found in the TimeTree database (see Appendix S3 for the concerned species, and how they were replaced). The obtained phylogeny was used for taking into account a potential phylogenetic non-independence of our estimates. To do so, we ran linear mixed effect models by using the rma.mv function from the 'metafor' R package [START_REF] Viechtbauer | Conducting meta-analyses in R with the metafor package[END_REF]. We tested if the shift in the different categories of traits differed significantly among neo-and established tetraploids using two models, one in which only a random-effect 'Species' is specified, and in the other, the phylogenetic correlation matrix is also included as an additional random factor.

We tested if the above-mentioned phylogenetic matrix explained the data significantly by performing Likelihood Ratio Tests (LRT) between the models in which the matrix is used or not, for all the categories of traits.

Meta-analysis-

We performed our meta-analysis using R Statistical Software (R Core Team, 2016). We standardized interploidy trait differences by the corresponding diploid values and used the resulting log response ratio (lnRR = ln(meantetraploids / meandiploids)) as the effect size measure to compare trait differences after immediate and long-term genome doubling, as done in [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF]. When at least two traits were reported, we estimated the coefficient of variation of the response ratio within a study (CV = √ 𝑉𝑎𝑟 𝑅𝑅 𝑀𝑒𝑎𝑛 𝑅𝑅 ² ), to compare how variable the effect of WGD is on trait values in the short-and long-term.

We tested if the diploid trait values are a good predictor of established tetraploid values, using linear models. The genetic similarity is known among diploids and synthetic tetraploids, but less is known between the relationship of established tetraploids and their diploid counterparts.

We did not detect a significant effect of including the phylogenetic correlation matrix in our models, in the main text we only presented the models with a single random effect "species". This corresponds to what was done in previous meta-analyses to capture the variance due to divergence among species [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][START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF].

We found that the lnRR significantly varied among trait categories. We thus tested if the log response ratio differed significantly in neo-and established tetraploids for the four defined categories. As the "macroscopic traits" category was generalist, we divided this category into sub-categories: (1) vegetative traits, (2) phenological traits and (3) floral traits, and tested if the lnRR differed significantly among these sub-categories. The significance of the effects was tested by using likelihood ratio tests between a null model for which the mean lnRR is constrained to be the same among categories (neo-vs established tetraploids for example), and the above-mentioned models allowing differences among categories.

As a last step, we tested if the lnRR was more or less uniform in neo-compared to established tetraploids, by testing if the coefficient of variation of the log response ratio differed significantly among tetraploid categories. The significance of tetraploid categories was tested using non-parametric Wilcoxon-Mann-Whitney rank-sum tests.

RESULTS

Overview of the dataset-

Our dataset is composed of 531 estimates (diploid-tetraploid relative comparisons for a particular trait), with 366 and 165 estimates respectively for neo-and established tetraploids (Table 1). These estimations were extracted from 64 articles, representing 51 angiosperm species from 27 families. The distributions of families, and their representation within neo-and established categories are available in Appendix S4 and S5.

Analyses on log response ratio-

In analyses involving all the different trait categories, adding a phylogenetic correlation matrix to the linear model did not significantly improve the likelihood of the models (Appendix S6). Thus, we present results of the simpler models, taking a species as a random factor, hereafter.

We found that diploid values are extremely good predictors of established tetraploid values (Macroscopic: F1,121 = 6206, P < 10 -15 , R² = 0.98; Cellularsize: F1,10 = 406.2, P < 10 - 8 , R² = 0.97; Cellularnumber: F1,6 = 213, P < 10 -5 , R² = 0.97; Fitness: F1,20 = 11660, P < 10 - 15 , R² = 0.99).

In both neo-and established tetraploids, the relative difference in trait values between diploids and tetraploids, quantified as the log response ratio, differed significantly among trait categories (Fig. 1, neo-tetraploids: χ² = 141.5, d.f. = 3, P < 10 -15 ; established tetraploids: χ² = 19.2, d.f. = 3, P < 10 -3 ). For all categories, the lnRR went in the same direction for neo-and established tetraploids (Fig. 1). Macroscopic and cellular size traits were on average significantly larger in tetraploids than in diploids, independently of the stage of polyploid establishment (Fig. 1). Within those categories, neo-and established tetraploids did not differ significantly for macroscopic traits (Fig. 1, χ² = 1.123, d.f. = 1, P = 0.289), but did for cell size related traits (Fig. 1, χ² = 5.694, d.f. = 1, P = 0.017), with established tetraploids having smaller cell sizes than neo-tetraploids. Cell number and fitness related traits showed smaller values in tetraploids than in diploids, but the establishment stage of lineages also had an important effect (Fig. 1). Neo-tetraploids had significantly fewer cells, and were less fit, on average, than their diploid progenitors (Fig. 1), but established tetraploids were not significantly different from their diploid ancestors (Fig. 1). When compared to each other, neo-and established tetraploids did not differ significantly for traits related to cell number (Fig. 1, χ² = 1.154, d.f. = 1, P = 0.283), but did for fitness traits, with neo-tetraploids being less fit than established tetraploids (Fig. 1, χ² = 5.852, d.f. = 1, P = 0.016).

Within macroscopic traits, the lnRR did not differ among subcategories of these traits (Figure 2, χ² = 3.333, d.f. = 2, P = 0.189). For all the three subcategories, tetraploids were on average bigger than diploids (Fig. 2). Neo-and established tetraploids never differed significantly from each other (P > 0.290 in all cases). Neo-tetraploids were significantly larger than their diploid counterparts only for vegetative traits, while established tetraploids were significantly larger for vegetative and floral traits (Fig. 2).

Analyses on coefficient of variation of log response ratio-

No patterns emerged from the analyses of variability of the lnRR among traits and tetraploid types (Fig. 3). The variability around mean lnRR value was itself quite variable, the CV(RR) varying between 0.081 and 0.345 (Fig. 3). Overall, established tetraploids were always as variable as neo-tetraploids (Fig. 3, P > 0.144 in all cases).

DISCUSSION

In this study, we have shown that the effect of WGD depends on the category of traits considered, and also partly on the establishment stage of autotetraploid lineages. For neotetraploids, we observed an increase in size of macroscopic traits compared to their diploid ancestors, a phenomenon called "gigas effect" [START_REF] Müntzing | The evolutionary significance of autopolyploidy[END_REF]. In addition, we found that neo-tetraploids have fewer, but bigger cells compared to diploids, and that WGD is associated with a fitness decrease in the short-term. Innovatively, our meta-analysis also provided a comparison between neo-and established tetraploids, allowing to dissect the evolution of WGD effects after polyploid establishment. As expected, not all traits evolved in the same direction.

We showed that macroscopic traits remain larger in established tetraploids compared to their diploid counterparts, and that they remain similar to that in neo-tetraploids. Cellular (size and number) and fitness components return, or tend to return, to diploid values.

The gigas effect after the establishment of tetraploids-

The fact that the gigas effect is maintained after the establishment of tetraploid lineages has three possible explanations. First, and as mentioned in the methods section, we probably mixed established populations of different ages. Studies reporting macroscopic traits may have been focused on younger populations in which traits had not had time to reach diploid-like values. Nevertheless, 40% of the studies on established populations reported both macroscopic and at least one other category of traits, limiting this potential bias in the sampling of the age of populations. On the other hand, the larger morphology of tetraploids may have no effect on establishment, as it is just a side effect of genome doubling that does not constrain individuals.

The fact that we found the gigas effect varying to a similar extent both in neo-and established lineages could support this idea. We could expect that if WGD represents a constraint on some traits, they should return to diploid-like values, while potentially selected traits should maintain their increased size, leading to a higher variability of the gigas effect in established tetraploids.

The third possibility is that increased organ size could provide an advantage for tetraploid lineages to persist through time. [START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF] have shown theoretically that environmental changes can promote the establishment of tetraploid individuals. When the phenotypic change associated with WGD is large, and of the same order of magnitude as the environmental change, neo-tetraploids become immediately adapted, and outcompete their diploid progenitors [START_REF] Oswald | A unified model of autopolyploid establishment and evolution[END_REF]. As an empirical support, increase in size of autotetraploids is known to interact with local environments and promote tetraploid establishment in higher competitive niches (Čertner et al., 2019).

Among other factors allowing tetraploids escaping from minority cytotype exclusion, prezygotic barriers between diploids and tetraploids are considered as essential [START_REF] Husband | Constraints on polyploid evolution: a test of the minority cytotype exclusion principle[END_REF]. A change in floral morphology can affect pollinator behavior, and can lead to assortative mating within cytotypes [START_REF] Segraves | The effects of genome duplications in a community context[END_REF]. Though [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF] found that neopolyploids differ from diploids in their floral traits, such a pattern is less evident in our dataset.

Although floral traits are on average larger in neo-tetraploid individuals, they are not significantly different from diploid values. This fits with paucity of confirmed interploidy differences in floral morphology and absent or very subtle assortative mating among cytotypes [START_REF] Jersáková | Absence of pollinator-mediated premating barriers in mixed-ploidy populations of Gymnadenia conopsea sl (Orchidaceae)[END_REF][START_REF] Segraves | The effects of genome duplications in a community context[END_REF][START_REF] Castro | The role of multiple reproductive barriers: strong post-pollination interactions govern cytotype isolation in a tetraploid-octoploid contact zone[END_REF][START_REF] Porturas | Whole genome duplication does not promote common modes of reproductive isolation in Trifolium pratense[END_REF]. We nevertheless find significantly larger floral organs in established tetraploids compared to their diploid progenitors. Finally, delayed phenology could also isolate the different cytotypes [START_REF] Ramsey | Neopolyploidy in flowering plants[END_REF]. It seems that individual observations confirm that it is a likely process [START_REF] Husband | Reproductive isolation and their diploid autotetraploids Chamerion progenitors in fireweed, Chamerion angustifolium (Onagraceae)[END_REF][START_REF] Jersáková | Absence of pollinator-mediated premating barriers in mixed-ploidy populations of Gymnadenia conopsea sl (Orchidaceae)[END_REF][START_REF] Roccaforte | Hybridization and reproductive isolation between diploid Erythronium mesochoreum and its tetraploid congener E. albidum (Liliaceae)[END_REF], however our meta-analysis and that of [START_REF] Porturas | A metaanalysis of whole genome duplication and the effects on flowering traits in plants[END_REF] congruently failed to confirm it at a larger scale. The few estimates available avoid validation or rejection of the hypothesis, but it is likely that phenological traits suffer from publication bias, as studies reporting no effects of WGD on the phenology of a species are more likely to not be published.

Constraints associated with WGD-

We also found that cellular traits and fitness are impacted by WGD in the short-term, but these trends disappear after establishment. Alteration of cell size and number, and their underlying mechanisms and functional consequences are well described in the literature (Doyle andCoate, 2019, 2020;[START_REF] Bomblies | When everything changes at once: finding a new normal after genome duplication[END_REF], and it is expected to have a deep impact on a lot of processes. For example, stomatal size and density are both involved in CO2 uptake in plants, and the rate of evapotranspiration [START_REF] Brodribb | From reproduction to production, stomata are the master regulators[END_REF]. Reduced stomatal density can lead to lower gas exchange rates, and alter photosynthetic activity [START_REF] Büssis | Stomatal aperture can compensate altered stomatal density in Arabidopsis thaliana at growth light conditions[END_REF], while larger stomatal size can increase the dehydration risk [START_REF] Drake | Smaller, faster stomata: scaling of stomatal size, rate of response, and stomatal conductance[END_REF]. Nevertheless, there is often an inverse relationship between cell size and density [START_REF] Allario | Large changes in anatomy and physiology between diploid Rangpur lime (Citrus limonia) and its autotetraploid are not associated with large changes in leaf gene expression[END_REF][START_REF] Robinson | Ploidy and size at multiple scales in the Arabidopsis sepal[END_REF], which may compensate for the effect of either of these changes in polyploid plants. Increased cell size also influences transcription regulation and cellular activity in general (see Doyle and Coate, 2019 for an extensive review). In sum, it is likely that WGD-related changes in cell-size and/or density are usually maladaptive and thus a return to diploid-like values should be favored [START_REF] Bomblies | When everything changes at once: finding a new normal after genome duplication[END_REF].

The fitness cost associated with polyploidization also seems to disappear in established autotetraploids. If solving the cellular challenges could partly explain the restoration of fitness, there are probably other mechanisms involved in order to maximize establishment probability.

It is remarkable that the loss of fitness in neo-tetraploids is observed in controlled conditions.

It is known that under stressful conditions, autotetraploid individuals outperform their diploid counterparts [START_REF] Chao | Polyploids exhibit higher potassium uptake and salinity tolerance in Arabidopsis[END_REF][START_REF] Corneillie | Polyploidy affects plant growth and alters cell wall composition[END_REF]. This capacity of performing well in stressful environments (at least relatively to diploids), despite the above-mentioned constraints, provides a potential explanation for polyploid establishment and is supported by simulations [START_REF] Yao | Using digital organisms to study the evolutionary consequences of whole genome duplication and polyploidy[END_REF].

CONCLUSIONS

In this paper, we investigated both the short-and long-term consequences of WGD on a large set of plant characteristics. Our main conclusions are that all plant traits do not respond equally on the long-term. Morphological traits seem to maintain their increased value through time. This could play a role in the establishment of tetraploid lineages, by potentially allowing a more rapid response to environmental changes than for diploid individuals. Cellular traits tend to return to diploid-like values, and fitness is restored over time, suggesting that WGD is also associated with physiological constraints that need to be solved by nascent polyploids in order to successfully establish and spread, potentially explaining the high extinction rate associated with young polyploid lineages [START_REF] Levin | Why polyploid exceptionalism is not accompanied by reduced extinction rates[END_REF].

Our findings thus pose further interesting questions. How does the gigas effect promote the establishment of lineages? How have tetraploids solved mechanistic problems associated with polyploidization? Is this a step-by-step process, or a rapid event caused by macromutations that quickly restore cellular activity? The former questions could be answered by linking phenotypic differences to their ecological roles in nature. The latter questions would require comparing cellular traits and transcription activities in neo-and established tetraploids, as well as studying genetic diversity associated with the processes among polyploid lineages of different ages. 
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 2 Figure 2. Log response ratio (lnRR = ln(meantetraploids / meandiploids)) for the different subcategories of macroscopic traits, as a function of the stage of establishment of the tetraploid lineages (Neo -4x stands for neo-tetraploids, and Est -4x stands for established tetraploids). Numbers of observations are within brackets. Error bars stand for 95% confidence intervals, horizontal dashed line denotes diploid value to which the tetraploid was standardized.

Figure 3 .

 3 Figure 3. Coefficient of variation of the response ratio (CV = √ 𝑉𝑎𝑟 𝑅𝑅 𝑀𝑒𝑎𝑛 𝑅𝑅 ² ) for the different categories of traits, as a function of the stage of establishment of the tetraploid lineages (Neo -4x stands for neo-tetraploids, and Est -4x stands for established tetraploids). Numbers of observations are within brackets. Error bars stand for standard deviations, horizontal dashed line denotes no variations in the effect of WGD among traits.

Table 1 .

 1 Summary of the number of estimates for the different category of traits, for neo-and established tetraploids plants. horizontal dashed line denotes diploid value to which the tetraploid was standardized. * indicates p < 0.05.

	Category	Macroscopic	Cellular -size Cellular -number	Fitness	Total
	Neo-tetraploids	243	67	24	32	366
	Established tetraploids	123	12	8	22	165
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