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Extreme mitochondrial DNA divergence underlies genetic conflict over sex determination

 . Our study shows that genomic conflicts can trigger independent evolution of similar sex determination systems in plants and animals, and dramatically accelerate molecular evolution.

RESULTS AND DISCUSSION

Mitochondria are ancient prokaryotes integrated within eukaryotic cells [START_REF] Zimorski | Endosymbiotic theory for organelle origins[END_REF] . This association is described as mutualistic because nuclear and organelle genomes cooperate in essential functions, including oxidative phosphorylation. However, mitochondrial genomes are generally inherited through one sex (usually females), unlike nuclear genomes, which are transmitted by both sexes [START_REF] Havird | Selfish Mitonuclear Conflict[END_REF] , leading to conflicts over sexual reproduction. In animals, including humans, mitochondrial mutations impairing male fertility, but neutral in females, persist in populations because selection on maternally-inherited genes cannot operate in males -a phenomenon termed the "mother's curse" [START_REF] Frank | Mitochondria and male disease[END_REF][START_REF] Gemmell | Mother's curse: the effect of mtDNA on individual fitness and population viability[END_REF][START_REF] Innocenti | Experimental evidence supports a sex-specific selective sieve in mitochondrial genome evolution[END_REF] . In some plants, some mitochondrial lineages induce CMS, turning hermaphrodites into functional females [START_REF] Cosmides | Cytoplasmic inheritance and intragenomic conflict[END_REF][START_REF] Delph | Merging theory and mechanism in studies of gynodioecy[END_REF] . Indeed, plant mitogenomes are large, rich in noncoding, repetitive sequences, and prone to structural rearrangements [START_REF] Havird | Selfish Mitonuclear Conflict[END_REF][START_REF] Perlman | Maternal transmission, sex ratio distortion, and mitochondria[END_REF][START_REF] Galtier | The intriguing evolutionary dynamics of plant mitochondrial DNA[END_REF] that occasionally give rise to novel genes that suppress the male function [START_REF] Chase | Cytoplasmic male sterility: a window to the world of plant mitochondrial--nuclear interactions[END_REF][START_REF] Touzet | Cytoplasmic male sterility and mitochondrial metabolism in plants[END_REF] . Surprisingly, similar systems have never been detected in the many animal phyla that contain hermaphrodites [START_REF] Weeks | The role of androdioecy and gynodioecy in mediating evolutionary transitions between dioecy and hermaphroditism in the Animalia[END_REF][START_REF] Vellnow | No evidence for strong cytonuclear conflict over sex allocation in a simultaneously hermaphroditic flatworm[END_REF][START_REF] Havird | Selfish Mitonuclear Conflict[END_REF][START_REF] Perlman | Maternal transmission, sex ratio distortion, and mitochondria[END_REF] in sea anemones, female and hermaphroditic conspecifics coexist within populations, but they likely represent successive stages in sexual development rather than genetic morphs [START_REF] Dunn | Gynodioecy in an animal[END_REF] . One proposed explanation for missing animal examples of CMS is that the mitochondrial DNA (mtDNA) in bilaterian animals is more compact and structurally stable than in plants; thus, despite higher point mutation rates (relative to plants), CMS mutants may rarely appear in animals [START_REF] Weeks | The role of androdioecy and gynodioecy in mediating evolutionary transitions between dioecy and hermaphroditism in the Animalia[END_REF][START_REF] Vellnow | No evidence for strong cytonuclear conflict over sex allocation in a simultaneously hermaphroditic flatworm[END_REF][START_REF] Boore | Animal mitochondrial genomes[END_REF][START_REF] Schärer | Tests of sex allocation theory in simultaneously hermaphroditic animals[END_REF] . However, occasionally, animal mitogenomes seem to escape from their usual conservatism. For example, in book lice, a gonochoristic insect (with males and females), highly rearranged, mutated and structurally unstable mitogenomes occur in some lineages characterized by the inability to produce males -and therefore depending on males from other lineages for fertilization [START_REF] Perlman | Maternal transmission, sex ratio distortion, and mitochondria[END_REF][START_REF] Feng | The highly divergent mitochondrial genomes indicate that the booklouse, Liposcelis bostrychophila (Psocoptera: Liposcelididae) is a cryptic species. G3 Genes, Genomes[END_REF] . One would therefore expect CMS to be possible in some hermaphroditic animals. Here we relate the discovery of the first example of animal CMS in the hermaphroditic freshwater snail Physa acuta. In agreement with our expectation, male sterility is associated with a mitochondrial lineage that diverged extremely fast from other lineages within this species, illustrating the power of intra-organism conflict as an accelerator of evolution.

Two extremely divergent mitogenomes coexist within snail populations Diverged mtDNA was first discovered in P. acuta during a survey of COI, a mitochondrial gene commonly used in phylogeography. In a population near Lyon (France) five individuals shared a COI sequence (called mitotype D, for "divergent") with divergence of 24.7% (±0.3%SD) from the remaining 29 individuals (collectively called mitotype N, for "normal", among which average divergence was 0.9±0.8%). Mitotype D is more than 20% divergent from all published COI sequences (from P. acuta [START_REF] Ebbs | Phylogeography and genetics of the globally invasive snail Physa acuta Draparnaud 1805, and its potential to serve as an intermediate host to larval digenetic trematodes[END_REF] , or any other animal species present in the GenBank repository), while N sequences from Lyon appeared within the expected range of divergence from other P. acuta. The divergence between D and N matches that of snail clades separated hundreds of millions of years ago (Figure 1A). acuta. Colors indicate whether the second individual belongs to P. acuta mitotype N, or to P. acuta mitotype D, or to another species within Physidae, or to another family within Hygrophila, and so on with higher clades. The approximate age of the common ancestor of each clade is indicated (based on references [START_REF] Medina | Crawling through time: transition of snails to slugs dating back to the Paleozoic, based on mitochondrial phylogenomics[END_REF][START_REF] Dayrat | Phylogenetic relationships and evolution of pulmonate gastropods (Mollusca): new insights from increased taxon sampling[END_REF][START_REF] Gray | Evolution of the freshwater ecosystem: the fossil record[END_REF] ) in million years (My). Data include 304 sequences from Genbank (Data S1A) as well as 34 new sequences of P. acuta (5 D + 29 N) from Lyon. B) Snail phylogeny based on complete protein-coding mitochondrial sequences (colored according to taxonomical position as in Figure 1A). Nucleotidic distance with the top P. acuta individual (N mitotype), taken as reference, is indicated for 11 mitochondrial protein-coding genes (with median and quartiles). Data include four new complete mitogenomes of P. acuta (3 N + 1 D) from Lyon (one representative of each of the four subtypes found among 21 sequenced individuals), and 30 published gastropod sequences (Data S1B), including two P. acuta (N type, USA). The Patellogastropod Lottia digitalis is used as outgroup. C) Amino-acid conservation between D-and N-mitotypes of P. acuta (% of identical amino acids) as a function of conservation in Gastropoda (estimated at all codon positions as the frequency of the most common amino acid across all taxa from Figure 1B, and then pooled in 20 equidistant classes). The positive correlation shows that aminoacid changes between D and N lineages are rarer at phylogenetically conservative sites (those with high frequency of most common amino acid). Circle diameter is proportional to sample size (N=848 sites for the largest circle). See also Data S1, Table S1 and Figures S1,S2.

Similar results were obtained for another mitochondrial gene, encoding the 16S rRNA (see Figure 2A). We then sequenced and assembled complete mitogenomes of 21 P. acuta individuals from Lyon and confirmed that abnormal D-N divergence was not restricted to these two genes. All mitochondrial coding sequences were affected, with a startling median divergence, between the D and N haplotypes, of 44.4% for nucleotides (range 28.6-53.2%) and 45.2% for amino acids (17.1-68.1%) (Figure 1B). This exceeds previous estimates of intraspecific mtDNA divergence not only in P. acuta (up to 11.5% [START_REF] Ebbs | Phylogeography and genetics of the globally invasive snail Physa acuta Draparnaud 1805, and its potential to serve as an intermediate host to larval digenetic trematodes[END_REF][START_REF] Nolan | Physella acuta: atypical mitochondrial gene order among panpulmonates (Gastropoda)[END_REF] ), but also in any other metazoan we know of (Table 1). Furthermore, although D and N mitogenomes have similar lengths (14.4 Mb), they differ by a four-gene inversion (Figure S1, Table S1). Smaller structural variants also occurred among N mitotypes (unsurprisingly since P. acuta mtDNA is known to be highly rearranged compared to related snails [START_REF] Nolan | Physella acuta: atypical mitochondrial gene order among panpulmonates (Gastropoda)[END_REF] ).

Mitogenome-wide increase in mutation rates in the divergent lineage Several hypotheses could potentially explain exceptional sequence divergence. First, divergent mtDNAs might coexist within individuals, e.g. due to transmissible cancers [START_REF] Metzger | Widespread transmission of independent cancer lineages within multiple bivalve species[END_REF] , or coexistence of paternally and maternally transmitted mitochondria, as in some bivalves [START_REF] Zouros | Biparental inheritance through uniparental transmission: the doubly uniparental inheritance (DUI) of mitochondrial DNA[END_REF] . However, a single mitotype was retrieved per individual, ruling out such heteroplasmy. Moreover, PCR tests on 108 laboratory-reared snails confirmed maternal inheritance, as maternal sibs always had identical mitotypes. Alternatively, the D mitotype could have been captured from a distant species by introgression. However, based on 29 available gastropod mitogenomes, including two Physidae, the D mitotype grouped with other P. acuta (Figure 1B), indicating a recent origin. Phylogenies based on COI and 16S sequences (which are available in many more Physidae) also placed the D mitotype within the Physa genus (Figure S2). Its exceptional divergence therefore results from an mtDNA-wide acceleration of substitution rates rather than from an extremely old age. The number of substitutions accumulated in proteincoding genes in the branch leading to the D mitotype, estimated using the YN98 model of codon evolution, was 4.5 times that of the N branch (Table S2; more complex models, incorporating non-stationary codon frequencies and variable selection among sites, return values of 4.87 to 8.71). The actual ratio may be higher if acceleration started after the N-D split.

High DNA substitution rates can result from elevated mutation rates or from more frequent selective fixation of adaptive mutations. Selection should leave a "footprint" of high ratios of non-synonymous to synonymous substitutions (dN/dS). However, dN/dS was low in both D and N (0.047 vs. 0.046), and so were ratios of radical/conservative amino-acid changes (Kr/Kc) (0.767 vs. 0.749) (Table S2). Hot-and cold-spots of non-synonymous changes in the D mitotype were the same as in 28 gastropod species (Figure 1C). Substitution rates in nuclear sequences encoding mitochondrial proteins, retrieved from 21 individual transcriptomes, were also low, similar to those of other nuclear genes (median nucleotide divergence: 0.58% vs. 0.57%; amino-acid dissimilarity: 0.12% vs. 0.30%; Figure 2B). Overall, this suggests that divergence in D mitogenomes reflects an elevated mitochondrial mutation rate rather than selection on mitochondrial functions. S2 and Figure S3.

Divergent snails are sexually compatible with congeners but male-sterile We sequenced a nuclear gene (28S) in our original sample of 34 snails, and obtained many nuclear coding sequences from a set of 21 transcriptomes. Unlike mitochondrial sequences, nuclear sequences did not form separate clusters of D and N individuals, nor did they show unusual divergence (Figures 2A and2B). Genetic differentiation at hypervariable nuclear microsatellite markers between D and N individuals from Lyon was small and nonsignificant (Fst = 0.004, P = 0.096) and microsatellite-based genetic clusters (using the STRUCTURE algorithm) did not separate N and D groups (Figure 2C). These data suggest free genetic exchange between the nuclear backgrounds of D and N.

We tested whether D and N individuals could interbreed by pair-mating each of 103 first-generation snails from Lyon with a reference P. acuta individual from an albino laboratory culture from Montpellier (300 km South of Lyon). Albinism, a monogenic recessive trait, served as marker of snail origin, and all albino individuals had the N mitotype. In these assays, N snails from Lyon frequently copulated with their mates, taking both male and female roles. Subsequently, both partners laid eggs and nearly all hatchlings from albino mothers were pigmented (sired by the pigmented Lyon individual), while hatchlings from N Lyon mothers were sired by albinos (all were heterozygous, as revealed by back-crossing three offspring per mother with albinos, which invariably produced mixed albino and pigmented progeny). In contrast, D snails exhibited much reduced male activity, often none at all (Figure 3A). Out of 50 albinos paired with D snails, 46 laid no eggs, or produced only albino (self-fertilized) hatchlings (Figure 3C). However, female behavior and fertility of D snails were normal (Figures 3B,3D), and they produced many offspring sired by albino mates (the heterozygous status of offspring was checked by backcrossing, as previously). Overall, although D and N individuals appeared sexually compatible and fertile as females, the male functions of D individuals were defective. D snails indeed had small seminal vesicles containing very little or no sperm (Figures 3E,3F, Data S2F). Apart from this, dissections did not reveal any striking difference in reproductive anatomy : in both D and N snails reproductive organs were all placed as in the Physa acuta reference description [START_REF] Paraense | Physa acuta Draparnaud, 1805 (Gastropoda: Physidae): a study of topotypic specimens[END_REF] .

Defective expression of male behavioral and fitness traits was not restricted to the context of the experiment, as it was confirmed by additional assays (Data S2) in various contexts: (i) pair-crosses with non-virgin mates, a situation where male copulations and paternities are harder to obtain, but more representative of natural settings, where multiple mating and sperm competition are frequent (Data S2A, S2C); (ii) pair-crosses of individuals from Lyon with one another, thus excluding any sexual incompatibility due to allopatric divergence between Lyon and Montpellier (Data S2B, S2D); (iii) isolated snails, showing that D individuals not only lacked the ability to fertilize partners, but also to self-fertilize their own eggs (Figures 3G,3H, Data S2E). In summary, the D mitotype is associated with near-complete male sterility, and D snails depend on N partners to fertilize their eggs. Both mitotypes coexist in Lyon (14% D vs. 86% N), indicating that D individuals can readily find N partners in nature.

Figure 3│The D mitotype is associated with male-sterility. A, B) Distributions of time spent in male and female behavior by D and N individuals, paired with virgin partners, in 45-mn assays. Drawings illustrate mating positions of focal individual (dark) and mate (light), viewed from below (top snail acts as male, with penis introduced under the partner's shell; each snail is approximately 1 cm long). C) Male fitness (number of juveniles produced by partner and sired by focal snails). D) Female fitness (juveniles produced by focals). E) Size of the seminal vesicle (sperm storage organ) and F), sperm counts (1/1000 of the total seminal vesicle content) in adult, virgin individuals. P-values are from linear models testing the mitotype effect (D vs N) (reported in full in Data S2). G) Reproductive traits of isolated virgin snails of N and D types: Numbers of individuals (N ind) that produced live (self-fertilized) offspring, laid egg capsules that failed to produce live offspring, or died before laying eggs (we waited for each individual to either lay eggs or die, those that died first were usually very old, i.e. they had survived without laying eggs for a long time). H) proportions of eggs laid by isolated D and N snails reaching given developmental stages, 14 days after egg collection (+/-SEM based on 121 clutches from N snails and 74 clutches from D snails). 'Hatched and lived' are free-moving hatchlings alive, 'hatched and died' were dead shells found in the bottom of boxes (probably underestimated, as some may have been lost), 'unhatched embryo' were found dead in the egg envelope while presenting a distinctive body plan, 'morula' stopped developing at a stage with several cells but morphogenesis had not begun, 'one-cell' eggs looked initially normal (with visible nucleus) but did not undergo cleavage, and 'empty eggs' were laid without visible nucleus at all (i.e. egg envelopes without visible cell content). See also Data S2. Table 1│Cases of high within-species mtDNA divergence in metazoans. Overview of studies reporting a large divergence of mitochondrial genes within animal species, either within or among populations. We report the reproductive system (hermaphroditic or gonochoric) and the divergence (uncorrected p-distance in %) at COI, 16S and cytochrome b genes, and/or for the entire mitogenome, depending on availability. Note that 16S data are difficult to compare, as studies bear on different sub-parts of the gene, of various lengths (in brackets), often difficult to align. For P. acuta (this study), we provide two estimates for 16S: one based on an easily aligned part used for the phylogeny (420 bp; likely to be an underestimate as very divergent parts are the hardest to align); the other on 915 bp aligned from the complete genomes in the transcriptomes (likely an overestimate). a In these studies, structural rearrangements in mitogenomes are also reported. b In this species, some genotypes perpetuate themselves as clonal females, paternal genetic material being eliminated before meiosis (not transmitted). c mtDNA fragments COI and ATP6 were concatenated. Fast mitogenome evolution and genomic conflicts over male reproduction The D mitotype in P. acuta is the first example of CMS in hermaphroditic animals. It coincides with an extreme intraspecific divergence of the mitogenome, due to an elevated mutation rate, and structural rearrangements. This association is unlikely to be fortuitous. In plants, although most known male-sterility genes arise by de novo structural rearrangements in the mtDNA [START_REF] Havird | Selfish Mitonuclear Conflict[END_REF][START_REF] Perlman | Maternal transmission, sex ratio distortion, and mitochondria[END_REF][START_REF] Chen | Plant Mitochondrial Genome Evolution and Cytoplasmic Male Sterility[END_REF] , increases in mtDNA mutation rates occasionally accompany CMS. Clades in the Plantaginaceae and Caryophyllaceae, where CMS is frequent, underwent spectacular increases in mitogenome substitution rates [START_REF] Cho | Mitochondrial substitution rates are extraordinarily elevated and variable in a genus of flowering plants[END_REF][START_REF] Mower | Extensive variation in synonymous substitution rates in mitochondrial genes of seed plants[END_REF][START_REF] Sloan | Rapid evolution of enormous, multichromosomal genomes in flowering plant mitochondria with exceptionally high mutation rates[END_REF][START_REF] Choi | Extensive variation in nucleotide substitution rate and gene/intron loss in mitochondrial genomes of Pelargonium[END_REF] , and very divergent mitochondrial haplotypes often coexist in species showing CMS [START_REF] Sloan | Intraspecific variation in mitochondrial genome sequence, structure, and gene content in Silene vulgaris, an angiosperm with pervasive cytoplasmic male sterility[END_REF][START_REF] Darracq | Structural and content diversity of mitochondrial genome in beet: a comparative genomic analysis[END_REF][START_REF] Bergero | Arms races with mitochondrial genome soft sweeps in a gynodioecious plant, Plantago lanceolata[END_REF] . Although CMS in plants may not initially arise by point mutation, high substitution rates may help it persist over evolutionary time, as male-sterile mitotypes have to keep up with the constant evolution of nuclear genes restoring male fertility [START_REF] Touzet | Unveiling the molecular arms race between two conflicting genomes in cytoplasmic male sterility?[END_REF][START_REF] Touzet | Cytoplasmic male sterility and mitochondrial metabolism in plants[END_REF] . The main family of plant restorer genes, encoding post-transcriptional regulators of mtDNA expression, bears traces of such an arms-race situation [START_REF] Fujii | Selection patterns on restorer-like genes reveal a conflict between nuclear and mitochondrial genomes throughout angiosperm evolution[END_REF] . A similar process may occur in hermaphroditic animals, with nuclear genes quickly neutralizing mitochondrial CMS mutations, unless the mtDNA evolves fast enough to escape restoration.

Species

Support for this hypothesis comes from studies showing that in animals, many mutations in mitochondrial genes of the OXPHOS system are deleterious to male fertility (especially sperm viability and motility), but neutral [START_REF] Patel | A mitochondrial DNA hypomorph of cytochrome oxidase specifically impairs male fertility in Drosophila melanogaster[END_REF] (or sometimes beneficial [START_REF] Camus | Mitochondrial genetic effects on reproductive success: signatures of positive intrasexual, but negative intersexual pleiotropy[END_REF] ) to females. The high energetic needs of spermatogenesis, and low number of mitochondria per sperm, may make male gametogenesis particularly sensitive to alterations in mitochondrial metabolism [START_REF] Havird | Selfish Mitonuclear Conflict[END_REF][START_REF] Chen | Plant Mitochondrial Genome Evolution and Cytoplasmic Male Sterility[END_REF][START_REF] Patel | A mitochondrial DNA hypomorph of cytochrome oxidase specifically impairs male fertility in Drosophila melanogaster[END_REF] . Male-harming mutations can invade populations by genetic drift (if neutral to females) or under selection, if they benefit females. Preservation of male fertility then depends on compensatory evolution of nuclear genes [START_REF] Patel | A mitochondrial DNA hypomorph of cytochrome oxidase specifically impairs male fertility in Drosophila melanogaster[END_REF] . This process could explain why interspecific hybridization often generates cyto-nuclear incompatibilities and male sterility 36 and why highly mutated, structurally instable mitogenomes co-occur with nuclear genomes transmitted only via females, in book lice [START_REF] Feng | The highly divergent mitochondrial genomes indicate that the booklouse, Liposcelis bostrychophila (Psocoptera: Liposcelididae) is a cryptic species. G3 Genes, Genomes[END_REF] (note that in these insects, males are required to fertilize females' eggs but paternal chromosomes are excluded from females' germlines [START_REF] Hamilton | Genetics and genomics of an unusual selfish sex ratio distortion in an insect[END_REF] ).

In hermaphroditic animals, such as P. acuta, each individual carries both sexual functions, and male-suppressing mutations may increase female fitness more often than in gonochoristic species. First, male sterility prevents self-fertilization, thus avoiding the potential cost of inbreeding depression [START_REF] Charlesworth | A model for the evolution of dioecy and gynodioecy[END_REF] (which is is very high in P. acuta [START_REF] Jarne | The influence of self-fertilization and grouping on fitness attributes in the freshwater snail Physa acuta: Population and individual inbreeding depression[END_REF] ). Second, stopping sperm production may directly free resources for growth or egg production [START_REF] Schärer | Tests of sex allocation theory in simultaneously hermaphroditic animals[END_REF][START_REF] Dufay | How much better are females? The occurrence of female advantage, its proximal causes and its variation within and among gynodioecious species[END_REF] . In our experiments, male-sterile snails were heavier than male-fertile ones (P = 0.002, Data S2G). They also produced ~10% more eggs and offspring, but owing to large individual variance this difference was not significant (P>0.05; Data S2B, S2D). Models of CMS evolution show that even tiny female advantages allow mitochondrial male-sterilizing alleles to increase in frequency [START_REF] Cosmides | Cytoplasmic inheritance and intragenomic conflict[END_REF][START_REF] Delph | Merging theory and mechanism in studies of gynodioecy[END_REF] . In plants, such advantages are generally present [START_REF] Dufay | How much better are females? The occurrence of female advantage, its proximal causes and its variation within and among gynodioecious species[END_REF] , although environment-dependent and often hard to detect. Further experiments may find conditions in which they are detectable in P. acuta too. More generally, a complete comparison of quantitative anatomy, histology, and gene expression between N and D snails will be needed to fully characterize the extent of phenotypic differences associated with male-sterility in Physa acuta. In particular, an intriguing result we obtained is that a few snails within a D family were not totally male-sterile. These snails were too few to claim that nuclear restoration of male fertility exists in this species, but their belonging to the same family is certainly suggestive of this possibility.

Non-synonymous to synonymous substitution ratios provide no evidence for positive selection in the P. acuta D haplotype. Purifying selection (acting on survival or female reproduction) seems to have preserved the essential mitochondrial functions during divergence, as none of the mitochondrial genes has degenerated and conserved sites have been maintained. However, as mitogenomes do not recombine, favorable mutations, including male-sterility ones, may go undetected among many neutral mutations captured within the successful mtDNA lineages. The very low diversity found within the D haplotype is consistent with such selective sweeps. Currently, the high number of non-synonymous substitutions makes it impossible to pinpoint individual mutations affecting male function, especially as multiple mutations may have accumulated over time. In addition, as in most known examples of CMS, the coincidence of mitochondrial mutations and male-sterility does not demonstrate direct causality. The existence of male-sterilizing mutations somewhere in the D mitogenome is however, for now, the most parsimonious explanation, given that such mutations have been functionally characterized in mitochondrial genes of plant taxa and gonochoric animals, and that we currently know of no other maternally-transmitted element that might cause both CMS and fast mitochondrial evolution.

In summary, it is unlikely to be chance that CMS is discovered in hermaphroditic animals more than a century after it was in plants. Detecting male-sterility is not easy in animals, as sperm-producing organs, unlike plant stamens, are concealed within the body and sterility assessment requires dissection or paternity analysis. However the difference between animals and plants may reflect more than ease of detection. CMS may also genuinely be rare in animals if only exceptional conditions allow animal mitogenomes to escape their usual conservatism, enabling them to produce many male-harming mutations and sustain the arms race with nuclear genes. An increase in mtDNA mutability provides such a condition, and, in P. acuta, has resulted in an extreme degree of intrapopulation haplotype divergence. Cases of high mitochondrial variation have been reported in other animal hermaphrodites (in snails [START_REF] Thomaz | Extreme divergence of mitochondrial DNA within species of pulmonate land snails[END_REF] , earthworms [START_REF] Giska | Deeply divergent sympatric mitochondrial lineages of the earthworm Lumbricus rubellus are not reproductively isolated[END_REF] and chaetognaths [START_REF] Marletaz | Extreme Mitogenomic variation in natural populations of Chaetognaths[END_REF] ) and are worth testing for CMS. Our study shows that intragenomic conflicts can be powerful accelerators of molecular evolution. Exploring the mechanisms by which conflicts between mitochondria and nuclear genes impact sexual reproduction, will be a fascinating research avenue. breeding experiments. A.J. performed sperm counts and seminal vesicle measurements. P.D., C.D. and E.L. wrote the manuscript with additional input from all other co-authors.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed and will be fulfilled by the lead contact, Patrice David (patrice.david@cefe.cnrs.fr)

Materials availability

This study did not generate new unique reagents.

Snail strains used in this study are maintained in CEFE, Montpellier and available upon request to the lead contact.

Data and Code availability

All sequences, RNA-seq data and assembled mitogenomes generated in this study have been deposited in the ncbi repositories Genbank and BioProject, and are publicly available as of the date of publication. Accession numbers are listed in the Key Resources Table . All other data reported in this paper are available from the lead contact upon request. This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Thirty-eight Physa acuta G0 individuals were sampled in March 2015 in a backwater from the Rhone River in Lyon, France (N 45°48'05.3", E 4°55'26.1"), kept overnight in a 10 L-aquarium, then isolated in separate boxes (75 mL), where they layed egg capsules for one week. After egg hatching, we collected and raised individually ca. 10 G1 offspring from each G0 mother. Within each maternal family (hereafter, matriline), some offspring were frozen to extract DNA for molecular analyses and others were kept alive. We later collected additional G0 individuals in the same site, in September 2016 (N=108) and in February 2017 (N=29), and used them to found new matrilines (see below). 21 such matrilines, each derived from a single G0 ancestor, have been propagated by maternal descent to this day, using albino individuals from Montpellier as sperm donors at each passage of generation.

We also used a laboratory albino population of Physa acuta, maintained as a large outbred population for over 50 generations, and initially derived from a mix of ten natural populations from Montpellier [START_REF] Noël | Reduced mate availability leads to evolution of self-fertilization and purging of inbreeding depression in a hermaphrodite[END_REF] . Albinism is due to a single recessive allele. It was initially observed in a few individuals in the mixed population, which we multiplied; the resulting albino population was then re-introgressed four successive times by >50 parents of the mixed population to ensure a large genetic variability. Since then the albino population has been maintained in large numbers (>200).

METHOD DETAILS

COI, 16S and 28S sequences

The mitochondrial genes COI and 16S, and the nuclear 28S, were amplified (primers in key resource table) and Sanger-sequenced in one second-generation offspring of each of 34 matrilines, out of the 38 obtained in 2015. A COI dataset was assembled using our sequences and 304 additional COI sequences retrieved from GenBank, of P. acuta and other snails along a gradient of phylogenetic distance from P. acuta (Data S1A). Uncorrected nucleotidic pdistances between all pairs of sequences were computed to generate Figure 1a, in which we represented the distribution as a smoothed-density function using R-package ggplot2 3.3.5 [START_REF] Wickham | ggplot2[END_REF] geom_density() function with bandwidth 0.005, vertical scale adjusted to fit the highest peak. Ages of clades in Million years (My) were obtained from references [START_REF] Medina | Crawling through time: transition of snails to slugs dating back to the Paleozoic, based on mitochondrial phylogenomics[END_REF][START_REF] Dayrat | Phylogenetic relationships and evolution of pulmonate gastropods (Mollusca): new insights from increased taxon sampling[END_REF][START_REF] Gray | Evolution of the freshwater ecosystem: the fossil record[END_REF] . We then generated phylogenetic trees for each of the three genes with our 34 sequences, using Physa fontinalis (GenBank accessions: COI: FJ373018; 16S: AY651227; 28S: AF327540) as outgroup (Figure 2A). We retrieved 103 additional COI and 16S sequences of the Physidae family (when both were available for the same accession), as well as outgroups in the Hygrophila clade from the GenBank repository (Data S1). The two genes were concatenated, and we built a phylogenetic tree, based on our sequences and those from GenBank (Figure S2). Phylogenetic trees were made using PhyloBayes [START_REF] Lartillot | PhyloBayes 3: A Bayesian software package for phylogenetic reconstruction and molecular dating[END_REF] under the CAT-GTR+G+I model.

PCR test to distinguish D and N mitotypes

The divergence in COI sequence between D and N mitotypes allowed us to design primers specific to each of the two mitotypes (see key resources table), within the 705 bp fragment amplified using the classical "Folmer" primers [START_REF] Folmer | DNA primers for amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates[END_REF] . We designed a simple PCR mitotype diagnostic as follows (see Figure S3). Each sample was amplified with two separate PCR mixes. The first mix combined the Folmer primers and the D-specific internal primer, and amplified a long fragment (705 bp) in N individuals and a short one (604 bp) in D individuals (in which the amplification of the long fragment was blocked by the internal primer). The second mix combined the Folmer primers and the N-specific internal primer and produced the opposite pattern (long fragment in D and short fragment in N individuals). The PCR products of the two mixes were run side by side on standard agarose gels to identify mitotypes based on band patterns (short-long versus long-short). This test was performed on at least one individual of each matriline obtained in 2015-2017 from the Lyon population, including all the parents used in phenotypic assays (see below) and two to five of their maternal sibs (maternal sibs always showed identical patterns). We also used it to check that individuals of the albino laboratory population were all of type N (30 individuals tested).

Analysis of population structure with microsatellite markers

We genotyped 83 G1 individuals (of which 18 came from five D-mitotype matrilines, and 65 from 33 N-mitotype matrilines, obtained in 2015 and genotyped by the above-mentioned PCR test and/or COI sequencing) using seven microsatellite (nuclear) markers (AF108762, AF108764, Pac1, Pac2, Pasu1-11, Pasu1-2, Pasu1-0) developed in P. acuta [START_REF] Monsutti | Dinucleotide microsatellite loci reveal a high selfing rate in the freshwater snail Physa acuta[END_REF][START_REF] Sourrouille | Microsatellite variation in the freshwater snail Physa acuta[END_REF] . We estimated population differentiation between the two groups using the Hierfstat package in R [START_REF] Goudet | Hierfstat, a package for R to compute and test hierarchical Fstatistics[END_REF] . Because of the matriline structure within each mitotype, the differentiation between the two mitotypes was estimated as the among-mitotype component of molecular variance in a hierarchical model with three levels: mitotype, matriline within mitotype, and individual within matriline. We also used the clustering algorithm STRUCTURE [START_REF] Pritchard | Inference of population structure using multilocus genotype data[END_REF] with K = 2 and no prior information on mitotype, in order to check whether microsatellite data formed two genetically distinct clusters matching the D and N mitotypes.

Complete mtDNA sequences

A subset of 21 G1 matrilines from the Lyon population were used to obtain whole-body transcriptomes from which we assembled complete mtDNA sequences. Based on PCR tests, we chose 11 D matrilines (1, 7 and 3 from the 2015, 2016 and 2017 samples respectively), and 10 N matrilines (7 and 3 from 2016 and 2017 respectively), and analyzed one adult individual per matriline. In most bilaterian animals, including P. acuta, the mtDNA molecule is circular and transcribed in long polycistronic RNA, a characteristic that facilitates genome assembly based on transcriptomes. Total RNA was isolated using TRI reagent (Molecular Research Center). Extraction quality was checked on a Bioanalyser RNA chip (Agilent Technologies), and RNA concentrations were estimated using a Qubit fluorometer (Thermo Fisher Scientific). The first Illumina library was prepared from 600 ng total RNA using the TruSeq™ RNA Sample Prep Kit, the following 20 librairies with the NEBNext Ultra II RNA Library Prep Kit together with the NEBNext Poly(A) mRNA Magnetic Isolation Module. Libraries were pairedend sequenced on a HiSeq2 sequencer (Illumina) using 100 cycles at the Genomeast plateform IGBMC (Illkirch, France) or on a MiSeq sequencer using 150 cycles at Biofidal, (Vaulx-en-Velin, France). Adapters were clipped from the sequence, low-quality read ends were trimmed (phred score < 30), and low-quality reads were discarded (mean phred score < 25 or remaining length < 19 bp) using fastq-mcf of the ea-utils package [START_REF] Aronesty | Comparison of sequencing utility programs[END_REF] . Transcriptome was de novo assembled using Trinity [START_REF] Grabherr | Trinity: reconstructing a full-length transcriptome without a genome from RNA-Seq data[END_REF] . Open reading frames (ORF) were identified with TransDecoder (http://transdecoder.github.io/). For each assembled component, only the longest ORF was retained. Additional published transcriptomes from the freshwater snails P. acuta, Physa gyrina and Biomphalaria glabrata [START_REF] Burgarella | Molecular evolution of freshwater snails with contrasting mating systems[END_REF] were used to determine gene families and compared with transcriptomes of Lyon individuals. Gene families were delimited using all against all BLASTP 58 and SiLiX [START_REF] Miele | Ultra-fast sequence clustering from similarity networks with SiLiX[END_REF] . SiLiX parameters were set to maximize the number of 1-to-1 orthologous gene families (i = 0.5 and r = 0.6). Protein sequences and CDS were aligned using Prank [START_REF] Loytynoja | From The Cover: An algorithm for progressive multiple alignment of sequences with insertions[END_REF] and pairwise similarities (uncorrected p-distance) were assessed using the phangorn v2.4.0 [START_REF] Schliep | phangorn: phylogenetic analysis in R[END_REF] and ape 62 packages in R.

Mitogenome assembly and comparison among gastropods

Long mitochondrial DNA sequences were assembled using MITObim 63 from pairedend transcriptome reads and known mitochondrial genes from P. acuta as seed (NC_023253.1).

The reconstruction of the entire mitogenome was realized by assembling these long sequences using Seaview. MITOS webserver [START_REF] Bernt | MITOS: improved de novo metazoan mitochondrial genome annotation[END_REF] was used to annotate mitochondrial protein coding genes, ribosomal and transfer RNA. We assembled the mitogenome of P. gyrina with the same procedure using published RNA-seq reads (SRA database on NCBI, accession SRX565294). The absence of N-mitotype reads in D-mitotype transcriptomes of P. acuta (i.e. absence of heteroplasmy) was checked using BLASTP [START_REF] Altschul | Basic local alignment search tool[END_REF] . An additional N-mitotype individual (sampled in a population near Lyon, Vorla (N 45°48'46.6, E 4°57'53.6"; 2020/09/08) was later sequenced with Nanopore technology which provides longer fragments (facilitating the assembly). We included it to provide a comparison with assembly from transcriptomes -a consistent length and gene order between transcriptome-and Nanopore-based sequences would confirm that assembly is not subject to some form of methodological bias. The nanopore-sequenced individual was flash-frozen with liquid nitrogen, crushed with a pestle then ground twice for 45 sec using a ball mill grinder (Retsch MM-200). DNA was extracted using the Qiagen Blood & Cell Culture DNA Kit (Genomic-tip 20/G #13323), following the manufacturer specifications, including a 30 min RNAse step and a 2 hr protease step. Short DNA fragments were depleted using the Circulomics Short Read Eliminator Kit (#SS-100-101-01). Starting from 2.7 µg DNA, the MinION library was prepared following Nanopore specifications using a SQK-LSK109 Ligation Sequencing Kit, and run on a MinION flowcell (R9). This run produced 1.3 Gb of data with a N50 of 20 kb. The basecalling was done with Guppy (version 4.0.15) and reads were assembled with Flye version 2.8.1-b1676 [START_REF] Kolmogorov | Assembly of long, errorprone reads using repeat graphs[END_REF] . One contig was identified as the mtDNA sequence, as it was circular, of length 15405, contained all the mitochondrial genes, and was syntenous to previous RNA-seq assemblies.

We retrieved the mitochondrial genomes of 26 more gastropod species available in GenBank (including 22 Heterobranchia, the sub-class to which P. acuta belongs, and four other species from more distant groups). As ATP8 and NAD4L were not available in all species, the analysis was restricted to 11 coding sequences (CDS), which were aligned using Prank software [START_REF] Loytynoja | From The Cover: An algorithm for progressive multiple alignment of sequences with insertions[END_REF] . All sequences were compared to the N mitotype of P. acuta in a pairwise fashion using the ape [START_REF] Paradis | APE: analyses of phylogenetics and evolution in R language[END_REF] and seqinR 66 packages in R. Sites ambiguously aligned were removed with Gblocks 67 and the CDS were concatenated and used in phylogenetic analysis. Phylogenetic trees were built with PhyloBayes 49 under a CAT-GTR+G+I model. Two independent chains were run, and were stopped after checking for convergence with the tracecomp program included in PhyloBayes (effective sample size > 50 and discrepancy between chains < 0.3 for all statistics). Chains were stopped after 98755 generations (40000 generations were excluded as burn-in) and sampled each 10 generations, resulting in 11750 trees. To ensure no polytomies a threshold of 10% was set to obtain the majority consensus tree. FigTree v1.4.2 [START_REF] Rambaut | FigTree. Version 1.4. 0[END_REF] was used to edit the phylogenetic tree.

A subpart of this tree, keeping only P. acuta, P. gyrina (the closest available outgroup to P. acuta) and Biomphalaria glabrata (used as outgroup) was used to estimate nonsynonymous (dN) and synonymous (dS) substitution rates, as well as, among nonsynonymous substitutions, the ratio of radical to conservative amino-acid changes (Kr/Kc) in the branches leading to the D and N mitotypes from their common ancestor, under the YN98 codon model. The parameters of the YN98 model were estimated with bioppml [START_REF] Guéguen | Bio++: Efficient Extensible Libraries and Tools for Computational Molecular Evolution[END_REF] , and the dN, dS, dN/dS, and Kr/Kc were estimated using substitution mapping with mapNH 70 (newlik branch). This was done both for each of the 11 CDS separately and for a concatenation of them all.

Morphological comparison between individuals with D and N mitotypes

The internal anatomy (especially the morphology of the reproductive apparatus) is the main criterion for delimitating species in freshwater snails. The anatomical description serving as reference for P. acuta has been made based on topotypic specimens [START_REF] Paraense | Physa acuta Draparnaud, 1805 (Gastropoda: Physidae): a study of topotypic specimens[END_REF] . We asked one of the authors of this description (J.-P. Pointier) to examine and dissect 24 N and D individuals, each from a different matriline (without prior knowledge of mitotype). He classified all specimens as standard P. acuta without noticing any anomaly in the reproductive apparatus (see below however, for quantitative differences in sperm production and seminal vesicle size, that could not be detected visually).

Behavioral and reproductive traits of individuals with D and N mitotypes : overview

We measured behavioral and fitness traits on first-and second-generation descendants of snails of the 2017 sample from Lyon. These individuals belonged to 22 matrilines, 11 of each mitotype. The mitotypes were first identified in one G1 offspring per matriline using the PCR assay, and then re-checked in the G2 individuals. No variation in mitotype was detected within matrilines. Experimental individuals, once sexually mature, were paired with partners and sexual behavior was recorded in each pair. After pairing, eggs and juveniles produced by the focal snail were counted to quantify female fitness, while male fitness was estimated based on juveniles produced by the partner and sired by the focal snail. Difference in traits between mitotypes were estimated through (generalized) linear models using lme4 [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF] (see details below). We evaluated behavior and fitness in various conditions, expected to have contrasted effects on the expression of reproductive potential (detailed below), by varying the origin and the mating history of focal snails and their partners. The first pairing took place between virgin snails from Lyon (all pigmented) and virgin albino partners-and is reported in the main text (Figure 3)-the rest in Data S2. After the first pairing, we checked that the juveniles hatched from eggs laid by each focal snail were heterozygous (hence sired by the albino mate) by raising three of them per matriline to adulthood, and then backcrossing them with the albino strain: the offspring produced in these crosses were always a mixture of albino and pigmented, as expected from heterozygous mothers.

Behavioral and reproductive traits of individuals with D and N mitotypes : full report. Experiments were performed using three sets of snails (hereafter G1-1, G1-2, G2-1), all derived from the same wild-caught (G0) ancestors from Lyon. The first set (G1-1) comprises 103 first-generation (G1) individuals (53 N and 50 D) obtained from 22 G0 mothers (11 N and 11 D). Figures 3A-3D (main text) are based on this first set. A second set (G1-2) comprises 74 individuals (42 N + 32 D), mostly sibs of the G1-1 individuals, from 21 G0 mothers (12 N, 9 D). A third set (G2-1) comprised 256 individuals (134 N, 122 D) obtained from two sources: (i) eggs laid by the G1-1 after they were inseminated by partners from the albino population; (ii) offspring of pair-crosses among G1-2 individuals. As a result, all G2-1 are from Lyon by maternal descent (i.e. they inherited their mtDNA from a N or D wild-caught individual from Lyon), but their nuclear genome is either a mix of the Lyon and albino populations ("heterozygous") or 100% from Lyon ("homozygous"). We defined a "matriline" as the set of all individuals having the same maternal ancestor in the G0 Lyon population, hence the same mtDNA -there were 23 such matrilines (12 N + 11 D) in total, some of them missing in some experiments.

Behavior was recorded (by the same observer, blind with respect to snail mitotype (PD)) in sessions of 45 mn, in which encounters took place between two previously isolated individuals. Individuals were distinguished by either body pigmentation or colored paint marks on the shell, and all sexual interactions were recorded and timed, including sexual attempts (male-acting individual climbs and sits on top of female-acting individual) and copulations (male-acting individual inserts its penis under the shell of the female-acting individual -it is however not possible to ascertain that sperm transfer actually occurs). Note that a marked decrease in sexual activity is commonly observed in experienced, mated snails compared to virgin, inexperienced snails (P.D., pers. obs.).

Observations took place during the first 45mn after the two snails were put together, they were then left together (unobserved) for three days, and re-isolated for three more days to lay eggs in separate boxes in order to measure fitness traits. We then removed the mother snail, counted eggs, let them develop for 14 days, then counted the number of live juveniles and recorded their morph (albino or pigmented). Thus, female fitness traits included the number of eggs and the number of juveniles (called "female fitness") produced in 3 days by the focal individual. Male fitness traits included the number of eggs laid by the focal's partner and the number of juveniles hatched from these eggs and sired by the focal individual (male fitness). Siring success could only be ascertained when the partner was albino (the hatchlings sired by focal individuals were, in this case, pigmented). G1-1 individuals. Each G1-1 individual was paired three times. First time: the focal individual was virgin (having been isolated since the juvenile stage) and paired with a virgin albino, and we obtained behavioral and fitness data in each pair. Virgin individuals are usually very eager to mate in both roles, and there was no male-male competition as each individual had a single partner -these conditions normally maximize male fitness. Results of this session are reported in main text Figures 3A-3D. Second time: the focal was mated with an albino that had been previously inseminated by other albinos and had stored their sperm (albino mates had been put together in large groups for one week, before the experiment): we recorded only male fitnessthe behavior was not assessed for lack of time and manpower. These conditions were more challenging, because of the presence of male-male competition. Indeed, the albino partners had stored sperm from other albinos, with which the focal individual's sperm had to compete for fertilization -male fitness is usually much reduced and more variable in such conditions [START_REF] Janicke | Sex-Specific inbreeding depression depends on the strength of male-male competition[END_REF][START_REF] Bonel | Asymmetric evolutionary responses to sex-specific selection in a hermaphrodite[END_REF] . Third time: the focal individuals (from Lyon) were paired with one another, avoiding sib pairs. In this case we monitored behavioral traits only (both partners being nonvirgin and pigmented, there was no way to assess paternities). The aim of this third assay was to check whether behavioral differences observed in the first assay (when individuals were virgin and presumably very eager to mate) (i) persisted in nonvirgin individuals (less eager to mate) (ii) were not specific to interactions between allopatric snails (Montpellier-Lyon) and persisted in sympatric (Lyon-Lyon) pairs. Indeed, as the D mitotype is not known to be present in Montpellier, one could envisage that N and D individuals from Lyon, historically in contact, would have evolved to interact in a way not shared by evolutionarily naive N individuals from Montpellier. G1-2 individuals. These individuals were paired twice successively. First time: virgin focals were paired with one another, avoiding sib pairs. Both behavior and fitness data were collected. This allowed us to test sympatric pairs of virgin individuals (a combination not tested in previous assays). Paternity could not be inferred (both parents being pigmented), but as there was no male-male competition, we assumed all eggs laid by one individual to be sired by the other. Previous studies have shown that although P. acuta is capable of self-fertilization, individuals outcross nearly all their eggs as soon as they are inseminated [START_REF] Pélissié | Sexual selection without sexual dimorphism: Bateman gradients in a simultaneous hermaphrodite[END_REF][START_REF] Noël | Experimental Evidence for the Negative Effects of Self-Fertilization on the Adaptive Potential of Populations[END_REF] . In addition individuals not inseminated usually refuse to lay eggs for 2-3 weeks [START_REF] Tsitrone | Delayed selfing and resource reallocations in relation to mate availability in the freshwater snail Physa acuta[END_REF][START_REF] Escobar | Correlated evolution of mating strategy and inbreeding depression within and among populations of the hermaphroditic snail physa acuta[END_REF] . We were therefore expecting that if an individual failed to inseminate its partner, the latter would not lay eggs. Second time: the focals were paired with a non-virgin albino and only the behavior was recorded. This assay was performed to compensate the lack of behavioral data from pairs of nonvirgin individuals of Lyon and Montpellier (see G1-1 individuals, second time). G2-1 individuals. Each G2-1 individual was raised entirely in isolation to assess its selffertilization capacity. As mentioned above, the typical behavior of isolated P. acuta is to delay the onset of egg-laying for around 2-3 weeks compared to individuals with access to partners [START_REF] Tsitrone | Delayed selfing and resource reallocations in relation to mate availability in the freshwater snail Physa acuta[END_REF][START_REF] Escobar | Correlated evolution of mating strategy and inbreeding depression within and among populations of the hermaphroditic snail physa acuta[END_REF] . They then lay self-fertilized clutches that have a reduced hatching and survival rate compared to outcrossed clutches (inbreeding depression at this stage is around 50% [START_REF] Jarne | The influence of self-fertilization and grouping on fitness attributes in the freshwater snail Physa acuta: Population and individual inbreeding depression[END_REF][START_REF] Escobar | The different sources of variation in inbreeding depression, heterosis and outbreeding depression in a metapopulation of Physa acuta[END_REF] ). In our protocol, we waited until each individual either died or started to lay, and when they laid eggs, collected the clutches produced during the first week, then discarded the parent. The collected eggs were then let develop for 14 days, at which point we checked the progeny. We counted how many juveniles were alive at 14 days, how many had hatched and died (dead empty shells), how many had not hatched with development arrested at various stages (one-cell, morula stage, later embryo stage) as well as the number of "empty eggs" (eggs without a visible nucleus at all). These data are reported in the main text Figures 3G,3H.

The full results of all experiments are reported in Data S2. Overall, these data confirm a strong reduction (though not a complete suppression) of all male behavioral and fitness traits in individuals of mitotype D compared to their N-type counterparts, while female traits did not differ between types, in all conditions tested. A few exceptions have to be mentioned, i.e. two N individuals had 0% paternity while four D individuals obtained paternities (see Figure 3C and Data S2A). Interestingly, all four had been observed copulating as males, and came from a single matriline (D53), which we double-checked by PCR was indeed of mitotype D (a fifth individual from that family had 0% paternity). Seven other D individuals had been observed apparently copulating as males, but still did not get any paternity.

Sperm production

The 22 Lyon matrilines (N and D) used for phenotypic measurements were kept on the long term in the laboratory, propagating them by maternal descent using individuals from the albino stock as sperm donors at each generation. Sixty-four individuals from generation 15 were raised individually (32 individuals of 11 matrilines within both D and N mitotypes, re-checked using the PCR test described above) and sacrificed at age 50 days, without having been mated. Each snail was dissected after being anaesthetized with menthol. The seminal vesicle was extracted, gently squeezed to constant thickness (0.15 mm) between two microscope glass slides, and photographed from above using a camera mounted on a microscope. Its area (mm²), was estimated from the pictures using IMAGEJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] , and used as a proxy for its volume (as thickness is constant). The vesicle was then homogenized and vortexed in 100 µl of water, and sperm counts were made on two independent 0.1 µl aliquots of each extract at 400X magnification, using a hemocytometer.

Quantification and Statistical Analysis

We analysed behavioral and fitness data using Generalized Linear Mixed Models (GLMM) (Poisson or Binomial variables) and Linear Mixed Models (LMM) (continuous variables) implemented in the lme4 package in R [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF] . We used Poisson distributions for count variables, binomial distributions for binary or proportion variables, and Gaussian models for quantitative variables. A 'matriline' random factor was added to account for relatedness among individuals, as well as an 'individual' random factor to account for possible overdispersion in GLMMs. In addition, when two focals were paired, the potential correlation between them was modelled by adding a 'pair' random factor. All tests of fixed effects (mitotype of focal, and when appropriate, mitotype of partner and interaction) were performed using model comparison by Likelihood-ratio (LRT), confirmed by permutation tests for LMMs when heteroscedasticity was suspected (cases with many values near zero). Trait distributions were represented in Figure 3 using ggplot2 v.3.3.5 geom_density() function with default bandwidth except for fitness estimates (Figures 3C,3D) in which we reduced bandwith to 1, as the default value did not correctly represent the bimodal distribution of male fitness (i. e. the existence of a few individuals with nonzero male fitness among D snails).

Seminal vesicle size and sperm counts were analysed using linear mixed models in the lme4 package in R [START_REF] Bates | Fitting linear mixed-effects models using lme4[END_REF] , with mitotype as a fixed factor and matriline as a random factor. For sperm counts, the error distribution was Poisson, an "individual" random factor was added to account for the non-independence of the two counts per individual, and an "observation" random factor (nested within individual) to account for overdispersion. Distributions in Figures 3E,3F were made with the ggplot2 geom_density() function with default bandwidth. ) and is also of mitotype N. For easier reading, the mitogenomes are represented in linear form, tRNA genes are omitted, boxes are represented above or below the line depending on whether the coding sequence is on the "+" or "-" strand, and zones with changes in gene order, compared to the JQ380525 reference, are framed in a blue dotted line. The details of annotations are represented in Table S1.
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Figure S2

. Position of the divergent D mitotype of P. acuta within the Physidae phylogeny (based on 137 concatenated mitochondrial COI and 16S sequences). Related to Figure 1. The very long branch (in red) leading to D sequences makes the exact branching point uncertain (in phylogenetic reconstruction, long branches tend to be attracted to each other). However, the origin of the D branch is definitely within the genus Physa. The phylogeny was obtained using Phylobayes using the CAT-GTR+G+I model. The Ancyloplanorbidae and Lymnaeidae have been used as outgroups. Bayesian posterior probabilities (in %) are indicated at species-level and deeper nodes, only when they were >50%. All haplotypes P. acuta other than the D lineage are collectively called "N". All sequences of P. acuta D, as well as the sequences of P. acuta N highlighted in deep purple, were obtained from the present study (individuals from the Lyon population, France). Other sequences were retrieved from GenBank (accessions in Data S1C). Note that the taxonomy of P. acuta and allies (as for many freshwater snails) has been historically burdened by an abundance of dubious species names. Here the delimitation of P. acuta follows the taxonomic revision in refs S2-S4 who synonymized several names under P. acuta based on tests of interbreeding ability in the laboratory. Samples named P. spelunca branch within the P. acuta clade, so this taxon has also been considered a synonym of P. acuta (otherwise the set of interbreeding populations P. acuta would be paraphyletic), although interbreeding was never tested. The status of P. zionis as distinct from P. acuta has not been checked by interbreeding tests, and is still open to question, while the sister clade P. carolinae is reproductively isolated from P. acuta S4 . Similarly, we adopted a broad definition of "Physa" as a monophyletic genus and did not use genus names (Haitia, Physella, Petrophysa) that lead to paraphyly. ) and one of two internal specific primers (GGAACATCTCTTGTACTRTTGGA for N and GGGACAACTAGGGTCTTAACTAC for D mitotypes, blue and red respectively). Each internal primer blocks the amplification of the long fragment in its specific mitotype. PCR products were run side by side on an agarose gel (2%), giving a typical pattern of short-long (N) or long-short (D) fragments (an example of gel with individuals from three maternal lines of each mitotype is given). Short and long fragments span 604 and 705 bp respectively. Amplifications were carried out in 20 µL reaction volume comprising 2 µL 10X standard buffer (Eurobio), 0.17 µL dNTP mix (20mM), 0.4 µL of each primer (10µM), 0.2 µL 100X BSA, 0.6 µL 50mM MgCl2, 0.17 µL EurobioTaq DNA polymerase (5U/µL, Eurobio) and 2µL DNA extract. The PCR conditions were as follows: 5 min at 94 ˚C, followed by 40 cycles of denaturation for 30 s at 94 ˚C, annealing for 30 s at 50 ˚C and extension for 40 s at 72 ˚C completed with a final extension (72 ˚C, 18 min).

Table S1. Positions of all annotated genes in the complete mitogenome sequences. Related to Figure 1 S2. Substitution patterns in the D and N mitotypes. Related to Figure 1. A phylogeny was made using an alignment of all 11 concatenated protein-coding genes available in the mtDNA. We included one individual of mitotype D (all D individuals had identical sequences), six individuals of mitotype N representative of the available diversity, and one outgroup (P. gyrina). The rates of synonymous (dS), nonsynonymous (dN), radical (Kr) and conservative (Kc) substitutions were estimated separately, under the YN98 codon model, for each gene, in two branches: the branch from the common ancestor of all P. acuta to the D mitotype, and the branch from the common ancestor to the N mitotype (in that case, estimates were averaged over the six individuals). "All" refers to estimates obtained using the concatenation of all 11 genes. dS(D) = estimated rate of synonymous substitutions in the D branch -values above 1 occur when several synonymous substitutions have taken place successively in the same site. dS(D)/dS(N) = estimated ratio of synonymous substitution rates between the D and N branches. dN/dS = ratio of nonsynonymous to synonymous substitutions (given for D and N branches separately). Kr/Kc, ratio of radical to conservative amino-acid substitutions (idem).

fitness of one snail equals male fitness of the other). Note that most partners of D snails did not lay eggs at all, confirming that D snails failed to stimulate egg-laying in virgin snails of their own population, as they did with virgin albino snails. E) Fitness traits of isolated, virgin individuals (obligate self-fertilization). Note that individuals that died without reproducing were on average very old (age of death 132.5 ± 6.5 days in D, 110.8 ± 11.8 in N; sexual maturity is usually reached at 45-50 days). Note also that self-fertilization sterility in D snails was not total, as a few juveniles were finally produced by 14 of the 122 D individuals. F) Sperm production traits in virgin individuals. As D snails were significantly bigger than N snails in this experiment (body weight D: 139.5+/-4.2 mg versus N : 122.7 +/-3.0 mg, ²=9.54, P=0.002), and body weight had a significant effect on the traits analysed, we kept body weight as a covariate in the models. Throughout Data S2, traits highlighted in yellow are those represented in Figure 3 (main text). The "status" column refers to previous mating history of the individual ("virgin" for individuals encountering mates for the first time, "experienced" or "nonvirgin" otherwise). Performances of N and D mitotypes are reported either as trait means and SE (for quantitative traits) or as successes / failures (success = at least one copulation observed, or at least one egg or juvenile produced, failure = no copulation, egg or juvenile). Likelihood-ratio tests are reported for fixed effects (P-values < 0.05 are in bold characters). The last columns indicate the random effects included in the model and the distribution of the variable. Blue: male traits, red: female traits, purple: male and female traits (selfing individuals are both father and mother of their offspring).

Figure 1 │

 1 Figure1│ The D mitotype in P. acuta is exceptionally divergent from conspecific individuals. A) Distributions of pairwise DNA distances (fraction of non-identical nucleotides) at the COI mitochondrial gene in snails. All pairs include one individual of the N mitotype of P. acuta. Colors indicate whether the second individual belongs to P. acuta mitotype N, or to P. acuta mitotype D, or to another species within Physidae, or to another family within Hygrophila, and so on with higher clades. The approximate age of the common ancestor of each clade is indicated (based on references[START_REF] Medina | Crawling through time: transition of snails to slugs dating back to the Paleozoic, based on mitochondrial phylogenomics[END_REF][START_REF] Dayrat | Phylogenetic relationships and evolution of pulmonate gastropods (Mollusca): new insights from increased taxon sampling[END_REF][START_REF] Gray | Evolution of the freshwater ecosystem: the fossil record[END_REF] ) in million years (My). Data include 304 sequences from Genbank (Data S1A) as well as 34 new sequences of P. acuta (5 D + 29 N) from Lyon. B) Snail phylogeny based on complete protein-coding mitochondrial sequences (colored according to taxonomical position as in Figure1A). Nucleotidic distance with the top P. acuta individual (N mitotype), taken as reference, is indicated for 11 mitochondrial protein-coding genes (with median and quartiles). Data include four new complete mitogenomes of P. acuta (3 N + 1 D) from Lyon (one representative of each of the four subtypes found among 21 sequenced individuals), and 30 published gastropod sequences (Data S1B), including two P. acuta (N type, USA). The Patellogastropod Lottia digitalis is used as outgroup. C) Amino-acid conservation between D-and N-mitotypes of P. acuta (% of identical amino acids) as a function of conservation in Gastropoda (estimated at all codon positions as the frequency of the most common amino acid across all taxa from Figure1B, and then pooled in 20 equidistant classes). The positive correlation shows that aminoacid changes between D and N lineages are rarer at phylogenetically conservative sites (those with high frequency of most common amino acid). Circle diameter is proportional to sample size (N=848 sites for the largest circle). See also Data S1, TableS1and FiguresS1, S2.
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 S1 Figure S1. Structural variants in the assembled mitogenomes of D and N individuals of P. acuta. Related to Figure 1. Gene orders are displayed for 20 reassembled mtDNA sequences from transcriptomes of the Lyon population, falling into four structural variants: one for the D mitotype (10 individuals) and three for the N mitotype (4, 3 and 3 individuals of type 1, 2 and 3 respectively). We also represent the mtDNA of another N individual collected in a natural population near Lyon (see Methods) obtained from a MinION long-fragment sequencer ("Minion") -its similarity with other N individuals rules out any strong bias specific to transciptome-based assembly. The JQ380525 sample (referred by its Genbank accession number) is isolate A from New Mexico (USA S1) and is also of mitotype N. For easier reading, the mitogenomes are represented in linear form, tRNA genes are omitted, boxes are represented above or below the line depending on whether the coding sequence is on the "+" or "-" strand, and zones with changes in gene order, compared to the JQ380525 reference, are framed in a blue dotted line. The details of annotations are represented in TableS1.

Figure S3 .

 S3 Figure S3. Mitotype identification by PCR. Related to STAR Methods. Two PCRs were performed per individual using three primers per PCR, the two external, universal COI "Folmer" primers (black; sequences in Key resources Table)and one of two internal specific primers (GGAACATCTCTTGTACTRTTGGA for N and GGGACAACTAGGGTCTTAACTAC for D mitotypes, blue and red respectively). Each internal primer blocks the amplification of the long fragment in its specific mitotype. PCR products were run side by side on an agarose gel (2%), giving a typical pattern of short-long (N) or long-short (D) fragments (an example of gel with individuals from three maternal lines of each mitotype is given). Short and long fragments span 604 and 705 bp respectively. Amplifications were carried out in 20 µL reaction volume comprising 2 µL 10X standard buffer (Eurobio), 0.17 µL dNTP mix (20mM), 0.4 µL of each primer (10µM), 0.2 µL 100X BSA, 0.6 µL 50mM MgCl2, 0.17 µL EurobioTaq DNA polymerase (5U/µL, Eurobio) and 2µL DNA extract. The PCR conditions were as follows: 5 min at 94 ˚C, followed by 40 cycles of denaturation for 30 s at 94 ˚C, annealing for 30 s at 50 ˚C and extension for 40 s at 72 ˚C completed with a final extension (72 ˚C, 18 min).

  

TABLE Reagent

 Reagent 

	or Resource	Source	Identifier
	Biological Samples		
	Physa acuta snails, collected in the Lyon (France)	This study	NA
	population, and their descendants		
	Physa acuta snails, albino laboratory stock	47	NA
	Critical commercial assays		
	Short Read Eliminator Kit	Circulomics	#SS-100-101-01
	TruSeq™ RNA Sample Prep Kit	Illumina	RS-122-2001
	NEBNext Ultra II RNA Preparation Kit	New England	#E7775
		Biolabs inc.	
	Qiagen Blood & Cell Culture DNA Kit	Qiagen	#13323
	Deposited Data		
	Raw sequence reads, 21 transcriptomes of Physa	This study	https://www.ncbi.nlm.nih.gov/bi
	acuta		oproject/PRJEB50799
	MinIon Raw sequences of Physa acuta, genomic	This study	https://www.ncbi.nlm.nih.gov/bi
	DNA		oproject/PRJEB50799
	Sanger sequences of 30 Physa acuta, COI	This study	https://www.ncbi.nlm.nih.gov/g
			enbank accessions OM667356 -
			OM667389
	Sanger sequences of 30 Physa acuta, 16S	This study	https://www.ncbi.nlm.nih.gov/g
			enbank accessions OM666692 -
			OM666725
	Sanger sequences of 30 Physa acuta, 28S	This study	https://www.ncbi.nlm.nih.gov/g
			enbank accessions OM666658 -
			OM666691
	Oligonucleotides		
	COI-F: GGTCAACAAATCATAAAGATATTGG		

  and Figure S1.

	Gene	dS(D)	dS(D)/dS(N) dN/dS (N) dN/dS (D) Kr/Kc (N) Kr/Kc (D)
	ATP6	7.824	4.54	0.033	0.04	0.897	0.734
	COX1	7.682	4.657	0.006	0.025	0.313	0.601
	COX2	7.617	3.931	0.067	0.046	1.021	0.677
		7.832	4.746	0.027	0.052	1.036	0.827
	CYTB	7.618	4.577	0.031	0.045	0.645	0.775
	NAD1	7.685	4.118	0.063	0.049	0.653	0.772
	NAD2	7.847	4.496	0.082	0.064	0.869	0.821
	NAD3	7.783	4.301	0.072	0.05	0.483	1.07
	NAD4	7.745	4.805	0.051	0.049	0.593	0.684
	NAD5	7.873	4.55	0.072	0.055	0.788	0.879
	NAD6	7.821	4.772	0.077	0.06	0.815	0.686
	All	7.748	4.508	0.047	0.046	0.749	0.767
	Table						
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Nolan, J. R., Bergthorsson, U. and Adema, C. M. Physella acuta: atypical mitochondrial gene order among panpulmonates (Gastropoda). J. Molluscan Stud. LEGENDS FOR SUPPLEMENTARY DATA Data S1. Accessions of mitochondrial sequences used in this study. Related to STAR Methods and Figure 1. A) Genbank accessions of mitochondrial Cytochrome oxydase subunit I (COI) sequences in various gastropods, used in combination with our own sequences of P. acuta from Lyon to generate Figure 1A. For each sample, taxonomic groupings are provided (from lower to higher: family, clade_2, clade-1, and subclass). The column "distance" refers to the different categories in figure 1a: 0 = P. acuta; 1 = other Physidae; 2 = other Hygrophila; 3 = other Panpulmonata; 4 = other Gastropods. B) Accessions of complete mtDNA sequences used in Figure 1B, in combination with our own sequences of P. acuta from Lyon. For each sample, taxonomical groupings are provided (from lower to higher: family, clade 2, clade 1). For Physa gyrina, we reassembled the mtDNA from the available transcriptome reads; the accession provided is that of the reads in the SRA database. C) GenBank accessions of COI and 16S sequences of Physidae and other Hygrophila, that were used, in conjunction with our own COI and 16S sequences of 34 Physa acuta from the Lyon population (5 of mitotype D+29 of mitotype N), to generate Figure S2. Because of taxonomical revisions posterior to submission to GenBank, our taxon names, indicated in the "Taxon (1)" column, sometimes differ from the original names in GenBank ("Taxon (2)"). All Physa acuta sequences in the three sections (A, B and C) belong to the N mitotype. Data S2. Results of linear models on behavioral and fitness traits of Physa acuta N and D individuals. Related to STAR methods and Figure 3. A) Sexual behavior of N and D snails from Lyon paired with N partners from the albino reference population. B) Sexual behavior of N and D snails from Lyon paired with each other (idem). Only male traits are displayed (female traits of focals equal male traits of partner, so the female table would be identical, with partner and focal swapped). Effects of focal type and partner type are included, as well as their interaction (when significant, the partner type effect is tested within each focal type, and reciprocally). Note that an effect of mitotype on female behavior would result in an effect of partner type on male traits in this analysis. Thus, the significant interaction between own type and partner type on male time reflects the fact that, in pairs of nonvirgin snails, N individuals tend to spend less time acting as males with a N partner than they do with a D partner -suggesting that D individuals may be more attractive as females in some circumstances. C) fitness traits of N and D snails paired with partners from the albino reference population. Note that D snails paired with virgin albino often did not stimulate egg-laying in their partner, and most of the clutches laid by partners of D snails turned out to be self-fertilized (100% albino juveniles recovered, or 0% paternity rate for the focal individual). In contrast, egg production by nonvirgin albino mates was the same, irrespective of whether they were paired with D or N focal snails-this is because once inseminated, snails store sperm and are no longer dependent on sperm receipt to start laying eggs. Nonvirgin albino mates usually produced either 100% albino or mixed albino-pigmented progeny, reflecting sperm competition between the focal's allosperm and the previously stored "albino" allosperm. D) fitness traits of virgin N and D