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As reflected by the two rules of speciation (Haldane's rule and the large X/Z-effect), sex

chromosomes are expected to behave like supergenes of speciation: they recombine only in one sex 10 (XX females or ZZ males), recruit sexually antagonistic genes and evolve faster than autosomes,

which can all contribute to pre-zygotic and post-zygotic isolation. While this has been mainly studied 12 in organisms with conserved sex-determining systems and highly-differentiated (heteromorphic) sex 13 chromosomes like mammals, birds and some insects, these expectations are less clear in organismal 14 groups where sex chromosomes repeatedly change and remain mostly homomorphic, like amphibians.

15

In this article, we review the proposed roles of sex-linked genes in isolating nascent lineages 16 throughout the speciation continuum, and discuss their support in amphibians given current 17 knowledge of sex-chromosome evolution and speciation modes. Given their frequent recombination 18 and lack of differentiation, we argue that amphibian sex-chromosomes are not expected to become 19 supergenes of speciation, which is reflected by the rarity of empirical studies consistent with a "large 20 sex-chromosome-effect" in frogs and toads. The diversity of sex-chromosome systems in amphibians 21 have a high potential to disentangle the evolutionary mechanisms responsible for the emergence of 22 sex-linked speciation genes in other organisms.

Reproductive isolation is the cornerstone of species formation, and the crucial role played by sex famous rules of speciation [START_REF] Coyne | Two rules of speciation[END_REF]: Haldane's rule [START_REF] Haldane | Sex ratio and unisexual sterility in hybrid animals[END_REF] -the preferential sterility or inviability of hybrids of 29 the heterogametic sex -and the Large X/Z-effect -the observation that X and Z chromosomes 30 accumulate more incompatibilities than autosomes [START_REF] Presgraves | Sex chromosomes and speciation in Drosophila[END_REF]. These rules trace back to the work of Darwin,

31
who noted that the fitness of hybrids in interspecific crosses was often asymmetric (Darwin's 32 corollary [START_REF]On the origin of species by means of natural selection or the preservation of 599 favoured races in the struggle for life[END_REF]), which was later linked to uniparentally transmitted elements like mtDNA or Y 33 chromosomes [START_REF] Turelli | The dominance theory of Haldane's rule[END_REF][START_REF] Turelli | Asymmetric postmating isolation: Darwin's corollary to Haldane's 602 rule[END_REF].

34

A wealth of studies on mammals, birds and some insects have provided empirical support for 35 both rules of speciation [START_REF] Schilthuizen | Haldane's rule in the 21st century[END_REF][START_REF] Delph | Haldane's rule: genetic bases and their empirical support[END_REF]. Accordingly, their strongly heteromorphic and partly non-

36
recombining sex chromosomes are often considered as supergenes of speciation [START_REF] Darlington | Elements of Genetics[END_REF][14]. In contrast, 37 many animal groups do not feature stable sex-determining systems, but instead evolved diverse sex-38 chromosomes where gametologs (X/Y, Z/W) have remained undifferentiated and homomorphic [15].

39

Whether such sex chromosomes also qualify as supergenes of speciation yet remains an open yet key 40 empirical question [START_REF] Presgraves | Haldane's rule in taxa lacking a hemizygous X[END_REF].

41

Many hypotheses have been proposed to explain why sex chromosomes should be hotspots of 
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favoring the tight linkage of sex-antagonistic genes with the sex-determining locus [START_REF] Beukeboom | The evolution of sex determination[END_REF][START_REF] Rice | The accumulation of sexually antagonistic genes as a selection agent promoting 618 the evolution of reduced recombination between primitive sex chromosomes[END_REF][START_REF] Charlesworth | The degeneration of Y chromosomes[END_REF]. For 64 instance, in an XY species (e.g. mammals), there is a selective advantage to keep male-beneficial 65 alleles linked to the sex-determining locus (and suppress XY recombination in males), thus increasing 66 the chance for these alleles to be transmitted to sons rather than daughters. Although widely accepted,

67

this classical model has received little empirical support [START_REF] Perrin | Sex-chromosome evolution in frogs: what role for sex-antagonistic genes? Phil. 623[END_REF], and alternative hypotheses have been

68
recently proposed to account for the recombination arrest of sex chromosomes (reviewed by [START_REF] Ponnikas | Why do sex chromosomes stop 625 recombining?[END_REF][START_REF] Kratochvíl | Expanding the classical paradigm: what we have learnt from vertebrates 627 about sex chromosome evolution[END_REF]), 69 such as early emergence of dosage compensation by regulatory X-Y divergence [START_REF] Lenormand | Y recombination arrest and degeneration in the absence of sexual 629 dimorphism[END_REF] or neutral 70 accumulation of sequence divergence near the sex-determiner [START_REF] Jeffries | A neutral model for the loss of 631 recombination on sex chromosomes[END_REF].

71

When recombination stops, the Y/W non-recombining segment is expected to accumulate a 72 high mutation load due to the combined effects of drift (four times higher than autosomes), selective 73 sweeps (hitchhiking of deleterious mutations), and Müller's ratchet [START_REF] Charlesworth | The degeneration of Y chromosomes[END_REF][START_REF] Bachtrog | Y-chromosome evolution: emerging insights into processes of Y-chromosome 634 degeneration[END_REF]. This load cannot be 74 purged, as Y/W recessive mutations are never expressed due to their permanent state of 75 heterozygosity. Over time, and potentially combined with X-Y/Z-W divergence caused by regulatory 76 evolution [28], the Y/W chromosomes may lose most of their functional genes and degenerate. In 77 parallel, hemizygosity facilitates positive selection on the X/Z chromosomes, which, combined with 78 the enhanced drift resulting from their reduced effective population size (3/4 of autosomes), tends to 79 make them evolve faster than the rest of the genome, both in terms of sequence divergence and 80 divergence in gene expression [29][START_REF] Vicoso | Evolution on the X chromosome: unusual patterns and processes. 640[END_REF][START_REF] Vicoso | Effective population size and the faster-X effect: an extended 642 model[END_REF][START_REF] Mank | Effective population size and the Faster-X 644 effect: empirical results and their interpretation[END_REF][START_REF] Charlesworth | Faster-X evolution: Theory and evidence from 646 Drosophila[END_REF]. These processes are collectively known as the faster X-and 81 faster Z-effects.

82

To sum up, the hemizygosity of sex-chromosomes conveys specific characteristics that are 83 expected to bolster their role in speciation compared to autosomes [START_REF] Qvarnström | Speciation through the evolution of sex-linked genes[END_REF][START_REF] Payseur | Sex chromosomes and speciation[END_REF]: faster rates of evolution, 84 strong linkage disequilibrium, potential for sex-antagonistic genes, and exposure of incompatible 85 recessive alleles in hybrids. As we outline below, these features are theoretically expected to attract 86 genes and supergenes that may play a key role in reproductive isolation along the continuum of 87 divergence from populations to species. Early in the speciation process, diverging populations may adapt to distinct environments [34-91 35]. The genes involved in ecological differentiation are not expected to be disproportionally sex-92 linked, as disruptive selection is equivalent between sexes. Accordingly, the few genes underpinning 93 ecological adaptations that have been identified so far in birds [START_REF] Abzhanov | Bmp4 and morphological variation 652 of beaks in Darwin's finches[END_REF][START_REF] Abzhanov | The calmodulin pathway 654 and evolution of elongated beak morphology in Darwin's finches[END_REF], mammals [START_REF] Nachman | The genetic basis of adaptive melanism in 656 pocket mice[END_REF], and fishes [START_REF] Colosimo | Wide-spread parallel evolution in sticklebacks by repeated fixation of 658 Ectodysplasin alleles[END_REF] F o r R e v i e w O n l y 94 are autosomal. As they evolve faster, sex chromosomes may indeed diverge and fix new mutations 95 more rapidly than autosomes, but the initial adaptation process may also depend on standing variation 96 rather than novel mutations [START_REF] Cayuela | Shared ancestral polymorphisms and chromosomal rearrangements as 660 potential drivers of local adaptation in a marine fish[END_REF], in which case sex-linked genes should not be particularly involved.

97

Sex chromosomes have been proposed to play a prominent role in rapid sexual isolation [1, 98 41] if they attract genes with sex-specific effects and sex-biased expressions, like those coding for 99 primary (e.g. sexual organs, sperm-egg interaction proteins) or secondary sexual characters (e.g. 100 ornaments, courtships) [START_REF] Coyne | Speciation[END_REF]. The evolution of these characters may be partly driven by sex-101 antagonistic arms races between males and females [43][START_REF] Panhuis | Rapid evolution of reproductive proteins in abalone 667 and Drosophila[END_REF], which should be resolved more 102 efficiently on the sex chromosomes [START_REF] Ellegren | The evolution of sex-biased genes and sex-biased gene expression. 669[END_REF]. For instance, recessive and dominant alleles at genes coding 103 for, or cis-regulating, male traits are expected to accumulate on the X and Z chromosomes, where they 104 will spend less and more time in males, respectively [START_REF] Rice | Sex chromosomes and the evolution of sexual dimorphism[END_REF]. Sex-antagonistic gene conflicts are thus 105 expected to favor sex-linkage, and reciprocally, sex-antagonistic loci are predicted to recruit sex-106 determining genes [START_REF] Van Doorn | Turnover of sex chromosomes induced by sexual conflict[END_REF]. Recently, Irwin [START_REF] Irwin | Sex chromosomes and speciation in birds and other ZW systems[END_REF] also highlighted that the elevated divergence on the Z 107 chromosome of birds (due to faster-Z effects) should bolster positive selection for mutations involved 108 in mating preferences.

109 Despite these assumptions, there is so far little empirical support that genes involved in pre-110 zygotic isolation accumulate on the sex chromosomes. Some meta-analyses found that sexually-111 selected genes are non-randomly sex-linked [START_REF] Reinhold | Sex linkage among genes controlling sexually selected traits[END_REF], especially in fish [START_REF] Lindholm | Sex chromosomes and sexual selection in poeciliid fishes[END_REF], while others did not [START_REF] Fitzpatrick | Pleiotropy and the genomic location of sexually selected genes[END_REF].

112

The genes responsible for mating discrimination (pheromones, courtship dances) between nascent [START_REF] Presgraves | Sex chromosomes and speciation in Drosophila[END_REF][START_REF] Sánchez-Ramírez | Widespread misregulation of inter-711 species hybrid transcriptomes due to sex-specific and sex-chromosome regulatory evolution[END_REF], or even activation of W-linked endogenous retroviruses [START_REF] Peona | The avian W chromosome is a refugium for endogenous retroviruses with 714 likely effects on female-biased mutational load and genetic incompatibilities[END_REF].

141 Intrinsic post-zygotic incompatibilities have also been linked to the faster male hypothesis 142 [START_REF] Wu | Evolution of postmating reproductive isolation: The composite nature of 717 Haldane's rule and its genetic bases[END_REF], which implies more incompatibilities affecting males than females, because male reproductive 143 traits evolve faster than their female counterparts [START_REF] Parsch | The evolutionary causes and consequences of sex-biased gene 719 expression[END_REF]. Reasons include more intense reproductive 144 competition in males, and more sensitive spermatogenesis compared to oogenesis. In both cases, it 145 naturally leads to stronger selection and faster divergence of male traits, many of which can be 146 involved in reproductive isolation [START_REF] Wu | Evolution of postmating reproductive isolation: The composite nature of 717 Haldane's rule and its genetic bases[END_REF][START_REF] Wu | Haldane's rule and its legacy: Why are there so many 721 sterile males?[END_REF]. However, there is little empirical support that the genes 147 coding for male-specific traits involved in post-zygotic isolation are disproportionally sex-linked [START_REF] Malone | Physiological sex predicts hybrid sterility regardless of genotype[END_REF]. 
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177

In the animal kingdom, mate recognition may encompass visual, acoustic or olfactory cues, and 178 implies the co-evolution of genes coding for species-specific traits, and preferences for these traits.

179

Hence, the genes controlling these traits are expected to build around the genes causing low hybrid 180 fitness, to limit the cost of interbreeding [START_REF] Lemmon | Reinforcement and the genetics of hybrid incompatibilities[END_REF][START_REF] Ortiz-Barrientos | The genetics and ecology of reinforcement[END_REF][START_REF] Servedio | Speciation as a positive feedback loop between postzygotic and 752 prezygotic barriers to gene flow[END_REF].

181

Since they facilitate sex-antagonistic selection, recombine less than the rest of the genome 182 and are disproportionally responsible for hybrid sterility and inviability (see 2.c), sex chromosomes 183 thus make suitable hosts for species-recognition complexes, by offering linkage between the genes 184 coding for preferences, traits, and hybrid incompatibilities. In turn, theoretical models suggest that 185 sex-linkage of the traits driving both pre-and post-zygotic isolation may promote adaptive speciation 186 [START_REF] Lemmon | Reinforcement and the genetics of hybrid incompatibilities[END_REF][START_REF] Servedio | Speciation as a positive feedback loop between postzygotic and 752 prezygotic barriers to gene flow[END_REF], and such associations were even demonstrated in a few female heterogametic organisms, 187 including insects [START_REF] Ritchie | frogs brings water to the fountain-of-youth[END_REF] and birds [85].

188

Sex chromosomes may thus also be involved in later stages of the speciation process, as restoring it as an autosome [START_REF] Blaser | Sex-chromosome turnovers: the hot-potato model[END_REF]. Moreover, the studies suggested that the pattern of male-211 heterogamety was generally conserved throughout the transitions, presumably due to a strong 212 heterochiasmy (males generally recombine far less than females [START_REF] Dufresnes | When sex chromosomes only recombine in the 770 heterogametic sex: heterochiasmy and heterogamety in Hyla tree frogs[END_REF][START_REF] Brelsford | High-density sex-specific linkage maps of a European 778 tree frog (Hyla arborea) identify the sex chromosome without information on offspring sex[END_REF][START_REF] Brelsford | High-density linkage maps fail to detect any genetic 781 component to sex determination in a Rana temporaria family[END_REF]) that may facilitate the 213 spread of new sex chromosomes [START_REF] Jeffries | A rapid rate of sex-chromosome turnover and non-random transitions in 766 true frogs[END_REF]. Nevertheless, changes in heterogamety (from XY to ZW and 214 vice-versa) are still frequently observed between sister lineages [START_REF] Dufresnes | Sex-chromosome homomorphy in Palearctic tree frogs results from both 768 turnovers and X-Y recombination[END_REF][START_REF] Dufresnes | When sex chromosomes only recombine in the 770 heterogametic sex: heterochiasmy and heterogamety in Hyla tree frogs[END_REF][START_REF] Dufresnes | Hybridization and introgression between toads with different sex chromosome 784 systems[END_REF].

216 (b) Amphibian sex chromosomes frequently recombine 217

The reduced male recombination in amphibians does not spare their sex chromosomes. In 218 frogs, high-density linkage mapping has shown that X and Y chromosomes only recombine at the tips 219 in males, which is necessary for proper meiotic segregation [START_REF] Brelsford | High-density linkage maps fail to detect any genetic 781 component to sex determination in a Rana temporaria family[END_REF][START_REF] Dufresnes | Hybridization and introgression between toads with different sex chromosome 784 systems[END_REF]. However, there is ample 220 phylogenetic and phylogeographic evidence that sex chromosomes occasionally recombine, to the 221 extent that gametologs do not strongly differentiate.

222

In male-heterogametic systems, phylogenetic studies on Hylidae and Bufonidae highlighted 223 that for markers distributed at various places along the sex chromosomes, alleles cluster by species 224 rather than by gametologs [START_REF] Dufresnes | Sex-chromosome homomorphy in Palearctic tree frogs results from both 768 turnovers and X-Y recombination[END_REF]99]. This implies some gene flow between the X and Y chromosomes, 
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42 reproductive barriers at

  various stages of the speciation continuum. However, the two rules of 43 speciation are composite phenomena, resulting from different causes in different contexts, which 44 cannot be disentangled with heteromorphic sex chromosomes. To assess the generality of the role of 45 sex-linked genes in reproductive isolation, and to understand the mechanisms generating the rules of has long explained the arrest of recombination by sex-antagonistic selection,
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189 selection against hybrids 3 .

 3 directly leads to the evolution of fine-tuned species recognition systems in 190 sympatry, where the relevant traits are sheltered from recombination. 191 192 The peculiar sex chromosome evolution of amphibians 193 (a) Amphibian sex chromosomes change frequently 194 Unlike mammals, birds, and other famous speciation models (Drosophila, Orthoptera), 195 amphibians (as many fishes and reptiles) rarely exhibit strongly-differentiated sex chromosomes [15].

  to be nascent, i.e. in their early stages of differentiation. In fact, the absence of 200 strong karyotypic and genetic differences between the amphibian X and Y, or Z and W, have long201precluded their identification in many species groups [15]. 202 Over the past decade, extensive research on a few families (notably Hylidae and Ranidae) has 203 identified the sex-determining system of several taxa and characterized putative mechanisms that 204 prevent Y-and W-chromosome decay. These studies found recurrent transitions of sex chromosomes, 205 with remarkable differences among closely related species (sometimes even populations of the same 206 species) [90-93]. The shifts are not always random: the same few chromosome pairs have been 207 regularly co-opted, presumably as they carry genes on top of the conserved sex-determination cascade 208 of vertebrates [91, 93-94]. Recurrent changes of the sex chromosome systems would then allow to 209 purge the mutation load that accumulates on the Y/W during periods of non-recombination, by 210

  Muller model implies that most incompatibilities are recessive. Due to dominance 130 effects, for the same number of incompatible alleles, genes that are sex-linked trigger more problems 131 in hybrids (through epistatic interactions with other loci) as they are exposed to natural selection in

	128	effects), they should accumulate more incompatibilities than autosomes [33]. Moreover, the
	129 Dobzhansky-132 hemizygous X/Z chromosomes.
	133	An array of additional mechanisms of intrinsic post-zygotic isolation generated by genomic
	134	conflicts involving sex chromosomes has been proposed [12] (Table 1). This includes rapid co-
	135	evolutionary arms races between X/Z-linked sex-ratio distorters and their autosomal suppressors
	136	("meiotic drive theory" [58-60]), incompatibilities between interacting X-Y or Z-W genes necessary
	137	for proper meiotic segregation and sexual differentiation of the heterogametic sex ("faster-
	138	heterogametic sex theory"; [61-62]), failure of epigenetic inactivation of sex chromosomes during
	139	F meiosis [63-64], disruption of gene regulatory networks as necessary for dosage compensation in
	140	hybrids	r o
			R
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			O
			n l
			y
	120	many organisms.	
	121		
	122	(c) Sex-chromosomes and post-zygotic isolation
	123	As initially suggested by Dobzhansky [56] and Muller [57], intrinsic post-zygotic isolation is
	124	generally determined by genetic incompatibilities that reduce hybrid fertility and viability, resulting
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species of Drosophila are found throughout the genome

[START_REF] Wu | Sexual isolation in Drosophila 679 melanogaster: a possible case of incipient speciation[END_REF][START_REF] Ting | Incipient speciation by sexual isolation in Drosophila: 681 Concurrent evolution at multiple loci[END_REF][START_REF] Moehring | 683 Quantitative trait loci for sexual isolation between Drosophila simulans and D. mauritiana[END_REF][START_REF] Moehring | The genetic basis of prezygotic 686 reproductive isolation between Drosophila santomea and D. yakuba due to mating preference[END_REF][START_REF] Michalak | Gene expression polymorphism in 689 Drosophila populations[END_REF]

. Similarly, in the Hawaiian cricket 114 genus Laupala, song divergence and mating preferences are determined by multiple sex-linked and 115 autosomal factors with small individual effects

[START_REF] Shaw | QTL analysis of a rapidly evolving speciation 691 phenotype in the Hawaiian cricket Laupala[END_REF]

.

116 Therefore, sex chromosomes are expected to play a minor role in early stages of divergence, 117 but this role may increase if sexual conflicts promote sex-linkage of sexual traits via sex-antagonistic 118 selection. Clear empirical support for the latter hypothesis is still lacking though, especially as 119 potential pre-mating genes, such as sexually-selected genes, appear to be under autosomal control in 125 from the loss of complementary alleles at interacting genes as these underwent distinct evolutionary 126 histories in diverging parental backgrounds. The stronger the divergence, the more genes become 127 incompatible. Because sex chromosomes evolve faster than the rest of the genome (faster X-and Z-
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  it is in other animals (e.g. insects), since fertilization is external in the vast majority of species. Gamete recognition genes are among the fastest-evolving genes of the genome, and have been307proposed to explain the rapid diversification of marine species groups with external fertilization[114].308In mammals, the pair of key genes involved in sperm-egg recognition are located on autosomes[115].309In amphibians, sperm-incompatibility interactions have never been studied in a speciation context, so 310 the genetic factors involved, including their chromosomal locations, remain entirely unknown.

	404	amphibian mate selection [136-137] have remained mostly overlooked in the context of speciation
	405	chromosomes free of deleterious mutations [102]. [138].
	233 406	How can X and Y chromosomes recombine if the males that carry them do not? Because Overall, the available research indicate that amphibian sex chromosomes generally remain To conclude, even if reinforcement was more common than currently suggested by the
	234 269 407	amphibian sex determination is not always strictly genetic, but still partially depends on poorly differentiated, due to high ZW female recombination in female-heterogametic species and autosomes (faster X-/Z-effects), nor did they evolve dosage compensation and sheltered genes with genes to explain Haldane's rule [131]. In ZW Xenopus frogs, an elegant experimental design literature, we would not expect it to involve sex chromosomes more than autosomes, since there is contribute to speciation by altering sex determination in hybrids. Yet, it remains unclear to which
	235 270 303 338 373 408 442	environmental and random factors, X-Y individuals may sometimes develop into females under occasional XY recombination in male-heterogametic species. Instead, post-mating pre-zygotic isolation may mainly involve sperm-egg incompatibilities. sex-specific effects (see 3.b and 3.c). Hence, several of the hypotheses invoked to explain the rules of involving sex-reversal and interspecific crosses revealed that hybrid incompatibilities neither empirical evidence nor theoretical predictions that genes coding for species-specific traits or extent the changes of sex chromosomes contribute to reproductive barriers, since species boundaries
	236 237 238 304 339 374 409 443 271 272 305 340 375 306 341 376 410 444	particular conditions (notably temperature) or sex-linked genotypes (weakly-masculinizing Y alleles), in which case sex chromosomes are free to recombine as in regular X-X females [103-104]. Empirical evidences of these hypotheses come from the common frog Rana temporaria, where sex-reversed X-Experimental studies in frogs found female variation in egg protein composition affecting sperm speciation do not apply for the undifferentiated sex chromosomes of amphibians: these should not disproportionally caused sterility in phenotypic males more than in phenotypic females, irrespective preference should be overrepresented on sex chromosomes relative to autosomes in amphibians. have remained porous. (c) Amphibian sex chromosomes are not hotspots of sex-antagonistic genes disproportionally cause intrinsic post-zygotic isolation by hemizygous exposure of recessive of their genetic sex (ZZ or ZW genotypes) [70]. While opposing Haldane's pattern, these results motility, swimming velocity, capacitation and acrosome reaction, thus affecting fertilization [113]. incompatibilities (the "dominance" effect of Haldane's rule), by disrupting dosage compensation, nor demonstrate faster-male processes caused by autosomal genes [70]. Hence, Haldane's rule in
	239 240 273 342 377 411 445 274 343 378 412 446	Y individuals feature high female-like recombination rates, including at sex-linked markers [86]. Therefore, occasional sex-reversal can produce bursts of recombined Y haplotypes, hence maintaining by the accumulation of sex-antagonistic genes that may in turn cause faster-male effects (Table 1). amphibians may not be as universal as assumed across the animal kingdom, and it certainly needs (d) Contributions of sex chromosome turnovers 5. Perspectives for speciation research The specificities of the amphibian sex chromosomes highlighted above suggest no support for a role of sex-antagonistic genes in their evolutionary dynamics [22]. Amphibian sex-determination is The proportion of sex-linked vs autosomal hybrid genetic incompatibilities has rarely been substantial reevaluation. Given their lability in sex determination, closely related amphibian lineages with different sex (a) Dissecting the genomic bases of speciation
	241 275 344 379 413 447	sex chromosomes in a perpetual stage of early divergence [103]. Other forms of leaky genetic sex-leaky, sex chromosome recombination depends on the phenotypic sex (not the heterogametic sex), quantified in amphibians. Most empirical data come from the analysis of secondary contact zones Overall, the (scarce) empirical data so far available on amphibians thus suggests little role for chromosome systems may come into secondary contact. One could expect that carrying non-One way to disentangle among the many hypotheses that link sex chromosomes to speciation
	F o r R e v i e w O n l y recombining segments varied by two orders of magnitude: spanning <3cM and >200cM for the ZW determination (e.259 242 260 and XY chromosomes, respectively [93]. 261 Because most species possess homomorphic sex chromosomes that sometimes remain 262 entirely undifferentiated except near the sex determiner, frogs are not expected to have evolved F o r R e v i e w O n l y 290 Altogether, these studies suggest that sexual traits are not disproportionally controlled by sex-291 linked genes in amphibians, and that instead, genes with sex-antagonistic effects are mostly 292 autosomal. As discussed earlier, this assumption might extend to all major vertebrate clades [25-26, 293 28]. 294 295 o r R e v i e w O n l y 325 analyses suggest that speciation proceeds from genomic divergence in allopatry, generating post-326 zygotic barriers between cryptic species long before the divergence of sexual traits responsible for 327 pre-mating isolation in sympatry [126-127] (see also 4.c). Hence, speciation by the rapid buildup of 328 pre-zygotic isolation does not seem common in amphibians, and sex chromosomes are not expected to 329 play a major part in it. 330 o r R e v i e w O n l y 346 sex-linked markers via geographic cline analyses accordingly found little support for large X-effects. 359 heterogametic sex ("faster-heterogametic sex"), or incompatibilities between selfish genetic elements 360 and their suppressors ("meiotic drive"). In addition, although sex chromosomes are clearly 361 homomorphic in Hyla [129], the hybridizing species studied harbor Y haplotypes that are on a path to 362 differentiation, due to reduced X-Y recombination [106]. It is thus possible that the X chromosomes 363 have momentarily become slightly hemizygous, with the potential to have caused dominance or faster 364 X-effects in the contact zone [127]. 365 While two thirds of investigated amphibians seem to follow Haldane's rule [2], especially for o r R e v i e w O n l y 381 fitness (e.385 386 (c) Reinforcement 387 For the same reasons amphibian sex chromosomes are not predicted to harbor an excess of 388 genes involved in pre-zygotic (4.a) and intrinsic post-zygotic isolation (4.b), neither should they 389 contribute to the buildup of gene complexes underlying pre-mating barriers as a response to selection 390 against hybrids (reinforcement). Indeed, species-specific preference traits that would help escaping 391 the hybridization load should not disproportionally become sex-linked if the sex chromosomes do not 392 offer tighter linkage and more hybrid incompatibilities than autosomes. 393 Moreover, reinforcement has been rarely demonstrated in amphibians. The few convincing 394 cases involved character displacement of advertisement calls in Australian tree frogs [132], or 395 coloration in poison frogs [122] and newts [133]. In contrast, several attempts to demonstrate 396 reinforcement were inconclusive. For instance, in the classical fire-bellied toad model (Bombina), 397 ecologically and phenotypically distinct species hybridize in narrow contact zones [134], but their call 398 properties shift gradually along species transitions, without causing pre-mating isolation [135]. The 399 genetic architecture of anuran mating calls is virtually unknown, and mapping the genes involved o r R e v i e w O n l y 415 sex-chromosome systems should trigger genic conflicts in hybrids, drastically altering their sex 416 determination and gametogenesis, and thus causing intersex and sterile individuals, respectively. 422 However, we have seen that such situations are less likely in amphibians, since sexual dimorphism 423 seems to be largely under autosomal control (see 3c). 424 The best documented case of variation in sex chromosomes among closely related 425 populations is the Japanese wrinkled frog Glandirana rugosa, where geographic forms bearing 426 homologous XY and ZW chromosomes meet in secondary contacts [90, 141]. Experimentally-427 produced F1 progenies showed balanced sex ratios, as YZ and XW embryos developed into males and 428 females as expected, while "conflictual" XZ and YW genotypes alternatively developed into either 429 sex [141]. Only WW and YY genotypes obtained by backcrossing showed hybrid breakdown due to 430 the exposure of recessive deleterious mutations, proportional to their respective state of 431 differentiation. Intriguingly, the W chromosome of G. rugosa shows signs of decay, and all WW died 432 after hatching. In contrast, the Y chromosome is presumably younger and YY offspring reached 433 maturity, although fewer than in control crosses [141]. 434 A similarly promising system was recently documented in the common toads Bufo bufo (ZW) o r R e v i e w O n l y 4. F F 345 where diverging lineages admix. Comparisons in the level of introgression between autosomal and F 380 sex-linked genes in intrinsic post-zygotic isolation. Genes causing sex-specific effects on hybrid F 414 homologous sex chromosomes should enhance reproductive isolation and speciation. Mixing different F 448 (
	331	(b) Post-zygotic isolation
	332	The main tenet behind the various mechanisms involving sex-linked genes for the interpretation of

no older than the divergence of the corresponding species (otherwise the X alleles of different species
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would form one branch, while the Y alleles would form another branch). In fact, in Hyla tree frogs, 227 the only locus where X and Y alleles diverged prior to the species diversification is exon 1 of the 228 candidate sex-determining gene dmrt1, while adjacent sequences (~20kb) already showed 229 phylogenetic cues of recombination [100]. Coalescent analyses of sex-linked microsatellite markers 230 were similarly consistent with non-zero X-Y recombination rates [101], which, although low (10 5 g. developmental noise [104]) allows sex-linked genes to behave (and recombine) 243 like autosomal genes during a few generations [105]. In addition, X-Y divergence and male 244 recombination rates can show high intraspecific variation, as in H. arborea, implying that males may 245 also directly recombine their X-Y chromosomes [106]. The non-recombining Y segment can thus be 246 very short, to the point where high-throughput sequencing is required to reveal sex-linked 247 polymorphisms (e.g. Bombina, [107]). 248 Patterns of sex-chromosome differentiation with female heterogamety have been less 249 documented. These systems are less frequent across the amphibian tree of life [15, 91], and ZW 250 chromosomes are more difficult to identify, presumably because female recombination homogenizes 251 Z and W haplotypes. For instance, only a single sex-linked marker was found in the female-252 heterogametic common toad Bufo bufo, while hundreds of XY markers were identified in its male-253 heterogametic sister species B. spinosus [98]. Non-recombining segments in amphibians are usually 254 shorter in ZW compared to XY species. In Hyla, the strong heterochiasmy was conserved throughout 255 the evolution of Western Palearctic species, irrespective of the heterogametic system: X and Y 256 gametologs recombine only at chromosome tips (due to low recombination in males) while Z and W 257 gametologs recombine over the entire chromosome (due to high recombination in females), and 258 consequently remain differentiated only near the sex-determining region [93]. As such, the non-263 dosage compensation, a prediction verified by a few studies [108]. However, it was hypothesized that 264 frogs may use sex chromosome-wide facultative heterochromatin mechanisms to regulate dosage in 265 species with well-differentiated sex chromosomes. Relatively little is known on frog epigenetics, but 276 and the Y lacks divergence strata that would have been expected if recombination arrests had 277 accompanied the successive recruitment of sex-antagonistic genes alongside the sex determiner (the 278 main assumption behind the classical model of sex chromosomes evolution, section 2.a). 279 Moreover, female-heterogametic species, in which Z and W recombine intensely, seem to display 280 the same level of sexual dimorphism as male-heterogametic species, suggesting that sexual 281 dimorphism does not rely on sex-limited genes [93]. The same argument can be made from male-282 heterogametic species where individuals are polymorphic in terms of X-Y recombination and 283 differentiation, as in R. temporaria [105, 109]. If sex-antagonistic genes were sex-linked, the lower X-284 Y recombination (and higher X-Y differentiation) should increase the fitness of males and females. 285 Instead, phenotypic studies found equivalent morphological characteristics and reproductive outputs 286 between males bearing differentiated and undifferentiated Y chromosomes, which argues against the 287 fixation of male-beneficial/female-detrimental alleles on the Y [110]. Similarly, transcriptome 288 analyses revealed similar expression profiles regardless of X-Y differentiation, while the genes with 289 sex-biased expressions were uniformly distributed across the genome [111-112]. (a) Pre-zygotic isolation 297 As lineages diverge, pre-mating barriers may build up through the divergence of sexual traits, which 298 in theory could evolve rapidly on the sex chromosomes via sex-antagonistic selection (section 2.b). 311 Likewise, we know very little on the genetic architecture of traits potentially involved in pre-312 mating barriers, such as ecological differentiation and/or mate choice. Speciation driven by the rapid 313 evolution of such signals yet seems to be rare in amphibians [116]. A significant literature has 314 suggested that differences of mating calls, coloration or ecology may cause in situ speciation between 315 genetically-close species (by "magic traits" [117]), but several of these cases have more recently been 316 challenged, as the corresponding traits did not enforce strong reproductive isolation, or the species 317 primarily evolved through other processes. For instance, in Malagasy frogs, adaptive radiations may 318 have been initiated in allopatry, despite their ecological divergences that now enables sympatry [118-319 119]. In poison frogs, lineage-specific color differences proposed to prevent interbreeding [120] 320 appear insufficient to enable effective assortative mating in sympatry [121]. The high speciation rates 321 in this group nevertheless still associates with their diversity in coloration, especially the role it plays 322 in aposematic mimicry [122-123]. In fire salamanders, genetic structure between populations 323 inhabiting distinct habitats were hypothesized to reflect nascent ecological speciation [124], although 324 the pattern can be explained by isolation-by-distance [125]. In European amphibians, hybrid zone 347 In green toads (Bufotes), both types of markers behave similarly across the porous hybrid zone 348 between two B. viridis lineages in N-Italy (B. v. viridis / balearicus), as well as across the narrow 349 hybrid zone between B. viridis and B. boulengeri in Sicily [128]. In common frogs, analyses of 350 species-diagnostic SNPs mapped on a reference genome revealed a homogenous landscape of 351 introgression between the sister species R. temporaria and R. pavipalmata, with the sex-chromosomes 352 actually admixing slightly more than the average autosome [127]. Remarkably, even the loci located 353 near the presumed sex-determining gene (Dmrt1) featured similar levels of introgression as the rest of 354 the genome [127].

355

The only support for large X-effects in amphibians come from the male-heterogametic Hyla 356 tree frogs, where replicate hybrid zone studies showed significantly reduced introgression at sex-357 linked markers for two pairs of species

[START_REF] Dufresnes | Empirical evidence for large X-effects in animals with undifferentiated sex 612 chromosomes[END_REF] 127]

. Among possible mechanisms that could apply to 358 homomorphic sex chromosomes, we can hypothesize X-Y incompatibilities disrupting meiosis in the 366 inviability, this result essentially comes from a single study on Bufonidae

[130]

, where all species 367 were assumed to be female-heterogametic. We now know that this is not the case in all Bufonidae 368 genera, where male-heterogamety is also common (e.g. Bufo

[START_REF] Dufresnes | Hybridization and introgression between toads with different sex chromosome 784 systems[END_REF]

; Bufotes [99]). Moreover, g. faster-male factors) are seemingly autosomal, and the lack of hemizygosity should not 382 bolster more sex-linked compared to autosomal incompatibilities. In contrast, the curious exceptions 383 identified in Hyla could indicate that speciation genes become increasingly sex-linked under certain 384 evolutionary conditions, for instance, when X and Y start to differentiate. 400 would thus be a first step towards understanding whether they are sex-linked and if they are 401 susceptible to reinforcement. The same applies for the pre-mating behavior of urodeles (newts and 402 salamanders), which rely on courtship dances and pheromones exchanges. Cryptic factors like 403 extraspectrum coloration (including biofluorescence) and olfactive cues that may be involved in 417 Alternatively, different sex-chromosome systems may remain compatible in hybrids if one supersedes 418

the other, or if their co-contributions to sex determination ensure balanced sex-ratios and sex-specific 419 fitness. In fish, perhaps the only vertebrate group where sexually-selected traits seem to be often be 420 sex-linked

[START_REF] Lindholm | Sex chromosomes and sexual selection in poeciliid fishes[END_REF]

, the evolution of neo-sex chromosomes has driven inter-species phenotypic 421 divergence at traits responsible for reproductive isolation, in turn triggering speciation

[139][140]

.

435

and B. spinosus (XY), which form narrow hybrid zones in France maintained by intrinsic post-zygotic 436 incompatibilities

[START_REF] Dufresnes | Hybridization and introgression between toads with different sex chromosome 784 systems[END_REF]

. Moreover, the strong asymmetry in mitochondrial introgression is consistent 437 with the hypothesis that the ZW system dominates the XY system, skewing sex ratios among hybrid

Table 1 )

 1 is to quantify the effect of sex-linked genes in situations where some hypotheses should449apply, and others should not. As we have summarized, most of the isolating mechanisms involving 450 sex-linked genes stem from the high divergence between gametologs, recombination arrest between ZZ males). Hence, Haldane's and large Z-effects would imply the meiotic drive 484 and faster-heterogametic sex hypotheses, but would be inconsistent with the faster-male hypothesis.485Table2provides a key to the observations of the rules of speciation in respect to the mechanisms 486 potentially involved. Contrasting between the inviability and sterility aspects of Haldane's rule would 487 also be informative, as these may not be caused by the same genetic mechanisms[START_REF] Schilthuizen | Haldane's rule in the 21st century[END_REF]. the directionality of the initial crosses, which feeds back to the sex-ratio519and fitness of possible backcrosses, hence the evolutionary fate of the hybrid taxa [159]. This complex 520 matter was recently reviewed in a previous issue of this journal [159], and we will provide here one 521 compelling case that illustrates how the lack of sex chromosome differentiation can open the path Hyla and Glandirana will remain promising models as some lineages evolved 552 heteromorphic sex chromosomes [141, 160]. At the other end of the spectrum, the loss of genetic sex 553 determination in some Ranid populations but not others (e.g. R. temporaria [22]) could allow 554 quantifying the strength of reproductive barriers with and without sex-linked genes. High-quality genome assemblies and bioinformatic developments enabling to 568 phase sex-linked haplotypes and quantify the accumulation of repetitive elements will be decisive for 569 such studies [163-164]. Third, genome assemblies should become increasingly available in order to 570 map the loci contributing to reproductive barriers, in turn allowing to test for large sex-chromosome 571effects, which has so far been limited to few organismal groups that benefit from reference genomes.572Finally, the increased interest for amphibian sex determination and speciation will inevitably 573 lead to the discovery of more hybridizing species pairs with distinct sex chromosome systems[98, 574 141]. These peculiar cases will not only be useful to understand whether there is a link between sex-575 chromosome dynamics and speciation rates. They may also shed light on the proximate mechanisms determining cascade. Reciprocally, unravelling the sex chromosomes in closely related species will be 578 key to assess the potential role of hybridization in sex chromosome evolution. New sex-determining 579 systems were shown to emerge through Y introgression in fishes [163], a mechanism that has so far 580 been overlooked in amphibians, although it may contribute to their tremendous diversity of sex

	451	
	456	Extending beyond amphibians, for the same amount of divergence, reproductive isolation
	457	appears generally weaker without highly-differentiated sex chromosomes. In Anopheles mosquitoes,
	458	where X and Y chromosomes are highly heteromorphic, hybrid males suffer from strongly depressed
	459	sterility and viability, while in Aedes mosquitoes, where X and Y chromosomes are homomorphic,
	460	hybrid males only suffer from limited sterility [16]. A meta-analysis also corroborated the view that
	461	postzygotic incompatibilities expressed in F1 hybrids are stronger in species with heteromorphic than
	462	with homomorphic (or no) sex chromosomes [143] (but see [144]). In turn, the speciation clock may
	463	tick slower in squamate species lacking heteromorphic sex chromosomes [145]. Taken together, the
	464	literature thus indirectly pleads for the dominance and/or faster-X/Z hypotheses as the main factors
	465	behind sex-linked incompatibilities: when these factors are lacking, as in organisms with
	466	undifferentiated sex chromosomes like amphibians, post-zygotic isolation evolves slower and the
	467	large X/Z-effect is not conspicuous.
	468	Sex chromosomes may still behave like supergenes of speciation even without strongly

them, and their putative accumulation of sex-antagonistic genes -the latter assumption being 452 increasingly questioned

[START_REF] Perrin | Sex-chromosome evolution in frogs: what role for sex-antagonistic genes? Phil. 623[END_REF][START_REF] Lenormand | Y recombination arrest and degeneration in the absence of sexual 629 dimorphism[END_REF][START_REF] Jeffries | A neutral model for the loss of 631 recombination on sex chromosomes[END_REF]

. As these three properties are all ubiquitous in organisms with 453 highly differentiated sex chromosomes, clades that offer a variety of sex-determining systems and 454 degrees of sex chromosome differentiation are invaluable for a proper dissection of the mechanisms 455 prevailing behind the rules of speciation. 469 heteromorphic sex chromosomes, due the potential role of faster-heterogametic sex effects or nascent 470 dominance/faster X-effects, e.g. when Y haplotypes have not recombined for some generations as in 471 Hyla (section 4.b). Furthermore, the rapid species-specific degeneration of Y-linked genes and towards hybrid speciation, namely the hybridogenetic water frog system (genus Pelophylax). These 523 frogs are male-heterogametic [155], and the hybrid taxon P. esculentus (genomes RL) was 524 presumably formed by initial crossing between females P. ridibundus (genomes RR) and males P. 525 lessonae (genomes LL). Hence the Y chromosome is inherited with the L genome, while the X 526 chromosome is inherited with the R genome. But because it has been transmitted clonally by P. 527 esculentus individuals (which needs to mate with P. lessonae to perpetuate) in many populations, the 528 R genome accumulated deleterious mutations, so RR progenies (all XX females) obtained by inter-529 hybrid crosses are not viable. Importantly, this system can only be maintained because the XY sex 530 chromosomes of Pelophylax are undifferentiated: otherwise, P. esculentus would inherit both a clonal 538 speciation. In particular, the highly-differentiated sex chromosomes of mammals and birds may also 539 facilitate the buildup of species-recognition systems, by linking the traits involved in pre-mating 540 (sexually-selected genes) and post-mating isolation (hybrid incompatibilities). Instead, the 555 We pinpoint three major advances that would promote amphibians as a research model to 556 dissect the role of sex chromosomes as supergenes of speciation. First, because they are often 557 homomorphic, sex chromosomes have been insufficiently characterized, and basic knowledge such as 558 the heterogametic system is known in less than 5% of amphibian species [15]. Due to their large

Table 1 :

 1 List of the main genetic mechanisms proposed to involve sex-linked genes and supergenes in reproductive isolation, and whether they should or not apply in amphibians.

	Theory	Description	Requirement	Evidence in	Expectations in Amphibians
				animals	
	Pre-zygotic isolation				
	Sex-antagonistic genes	Buildup of genes and supergenes involved in	sex-linked reproductive traits	weak	not expected
		sexual isolation	and no recombination		
	Intrinsic post-zygotic isolation				
	Faster X/Z-effect	Faster divergence of X-or Z-linked loci	differentiated sex chromosomes strong	not expected
	Dominance	Hemizygosity of X-or Z-linked recessive	differentiated sex chromosomes strong	not expected
		incompatibilities in the heterogametic sex			
	Dosage compensation	Disruption of dosage compensation	differentiated sex chromosomes some	not expected
	Faster-heterogametic sex	X-Y / Z-W interactions necessary for meiotic	-	some	potentially
		segregation and development of the			
		heterogametic sex			
	Meiotic drive	Incompatibilities between sex-linked selfish	-	some	potentially
		distorters and their autosomal restorers			
	Faster male	Incompatibilities at fast-evolving male traits	sex-linked male reproductive	some but not	potentially, but not expected to be sex-linked
		(notably spermatogenesis)	traits	sex-linked	
	Conflicts between sex-	Incompatibilities (or sex-ratio biases) caused	turnover of sex-determining	rare	potentially, although the role in reproductive
	determining systems	by distinct sex-determining systems	systems		isolation is unclear
	Reinforcement				
	Co-adapted gene complexes	Evolution of supergenes for species	Linkage between sex-linked	some	not expected
		recognition to avoid the costs of hybridization	hybrid incompatibilities, male		
			traits and female preferences		

Table 2 :

 2 Potential mechanisms of genetic incompatibilities in respect to the rules of speciation (Haldane's rule: asymmetry of hybrid fitness; large sex-chromosome effect: reduced introgression at sex-linked compared to autosomal loci). Other mechanisms may include autosomal-autosomal interactions or cyto-nuclear interactions.

				Large sex-chromosome effect
				yes	no
	XY	Haldane's	yes	faster-male/faster-heterogametic sex/meiotic drive	faster-male (autosomal)
	system	rule			
			no	other	other
	ZW	Haldane's	yes	faster-heterogametic sex/ meiotic drive	other
	system	rule	no	potentially faster-male (sex-linked)	potentially faster-male (autosomal)

recombination in the heterogametic sex soon after their establishment. The classic model of sex

http://mc.manuscriptcentral.com/issue-ptrsb Submitted to Phil. Trans. R. Soc. B -Issue

instance, if male traits non-randomly build up on the sex chromosomes, selection on those traits

occasional or pervasive recombination have prevented X-Y and Z-W differentiation (see 3.b). As a

consequence, X or Z sequences are not expected to display higher rates of evolution compared to

male-heterogametic newts (Triturus) suggested cyto-nuclear incompatibilities rather than sex-linked

These rare cases emphasize how colliding sex-chromosome systems could in principle

a rapid buildup of sex-linked species-incompatibilities[START_REF] Filatov | The two "rules of speciation" in species with young sex chromosomes[END_REF]. This would account for large X-effects
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