Melania D ' Angiolo 
  
Matteo De Chiara 
  
Jia-Xing Yue 
  
Agurtzane Irizar 
  
Simon Stenberg 
  
Karl Persson 
  
G L Wrote 
  
Keywords: introgression, hybridation, levure, évolution, génome, télomères, sélection introgression, hybridization, yeast, evolution, genome, telomeres, selection

Étude des mécanismes moléculaires de l'évolution du génome chez la levure bourgeonnante Saccharomyces cerevisiae Résumé L'évolution du génome consiste en la modification progressive de ce dernier au fil du temps et résulte de la variation des gènes dans leur ensemble, des mutations, des recombinaisons et échanges génétiques entre populations. L'essor des technologies de séquençage de nouvelle génération ainsi que la réduction de leur coût ont permis d'augmenter le nombre de génomes disponibles, permettant d'élucider les mécanismes moléculaires impliqués dans leur évolution. Dans ce travail, j'ai utilisé la levure bourgeonnante Saccharomyces cerevisiae pour étudier deux aspects fondamentaux de l'évolution du génome: l'origine des introgressions inter-espèces et la diversité des télomères. Une introgression est une insertion de matériel génétique provenant d'une population dans une autre. Ce phénomène naît d'événements d'hybridation suivis de rétrocroisements répétés avec l'une des populations parentales. Dans la première partie de ma thèse, j'ai étudié une lignée de S. cerevisiae isolée à partir des eaux usées de la production d'huile d'olive (Alpechin), qui comprend d'abondantes introgressions de l'espèce soeur S. paradoxus, ainsi qu'une souche hybride S. cerevisiae/S. paradoxus caractérisée par des nombreuses régions de perte d'hétérozygotie (LOH). J'ai établi une carte génétique détaillée des LOHs dans la souche hybride et comparé leur position aux introgressions dans les souches d'Alpechin pour déterminer leurs relations. J'ai constaté que LOHs et introgressions se chevauchaient et provenaient de l'ascendance de S. paradoxus, indiquant que les introgressions dans la lignée d'Alpechin découlent directement des LOHs. J'ai proposé un modèle pour expliquer l'origine des introgressions chez la levure selon lequel les LOHs permettent aux hybrides inter-espèces de surmonter leur stérilité et j'ai validé la fiabilité de ce postulat à l'aide d'approches expérimentales et informatiques.

Dans la deuxième partie de ma thèse, j'ai caractérisé la diversité des télomères chez S. cerevisiae et l'effet d'un stress télomérique sur le fitness cellulaire. Premièrement, j'ai estimé la longueur des télomères dans plus de 900 souches isolées à travers le monde et constaté une vaste hétérogénéité, bien que les souches issues d'habitats naturels présentent des télomères plus courts que celles issues de l'agroalimentaire. J'ai ensuite réalisé une étude d'association pangénomique qui a permis d'identifier des variants génétiques susceptibles de moduler la longueur des télomères. De plus, j'ai identifié des mutations délétères dans des gènes connus pour influencer la longueur des télomères. J'ai aussi utilisé un ensemble de données phénotypiques pour déterminer si certains facteurs non génétiques sont associés à la variation de longueur des télomères, et j'ai ainsi pu constater une connexion entre le métabolisme mitochondrial et les télomères dans les souches naturelles. Deuxièmement, j'ai étudié l'effet d'un stress télomérique chronique chez des levures modifiées avec des répétitions télomériques humaines. J'ai fait évoluer ces levures «humanisées» sur plusieurs générations par le biais de lignées cellulaires non-sélectives et j'ai observé un ralentissement de la vitesse de division et de la longévité, parallèlement à une augmentation du taux de mutations. Enfin, j'ai procédé à une expérience d'évolution adaptative pour permettre l'émergence de mutations bénéfiques qui contrecarrent le déclin de fitness des levures «humanisées». Après évolution, la plupart des lignées ont retrouvé leurs caractéristiques originelles grâce à l'apparition de mutations spécifiques en lien avec la réponse aux dommages de l'ADN. Dans l'ensemble, mes travaux ont permis d'établir une nouvelle hypothèse expliquant l'origine des introgressions chez les espèces reproductivement isolées et de même ont permis de caractériser la diversité et l'instabilité des télomères à une échelle sans précédent, contribuant à l'élucidation des mécanismes moléculaires impliqués dans l'évolution des génomes.

Introduction Chapter 1

The plasticity of genome evolution: insights from the budding yeast Saccharomyces cerevisiae

1.1) What is Saccharomyces cerevisiae?

During my PhD, I used Saccharomyces cerevisiae as a model organism to investigate two important aspects of genome evolution: the origin of interspecies introgressions and telomere evolution.

Saccharomyces cerevisiae is a unicellular fungus commonly known as "baker's yeast" or "brewer's yeast", due to its wide use as levitating agent in the production of bread and as fermenting agent in the production of a large variety of beverages (D'Angiolo, 2016). Its close association with human activities has a very ancient origin, as it has been demonstrated by the discovery of remainings of alcoholic beverages on the surface of pottery jars from the early Neolithic village of Jiahu in Henan province in China, dated to more than 7000 years ago [START_REF] Mcgovern | Fermented beverages of pre-and proto-historic China[END_REF]. Saccharomyces cerevisiae is also known with the common name of "budding yeast" because daughter cells spontaneously bud from the surface of the mother cell (Figure 1).

S. cerevisiae has been the first eukariotic organism to

have its genome completely sequenced (Goffeau et al., 1996). It has long been considered as an exclusively human-associated organism and it was thought to exist only in anthropic environments, mainly associated to fermentation facilities, like breweries, distilleries and bakeries [START_REF] Vaughan-Martini | Facts, myths and legends on the prime industrial microorganism[END_REF]. However, this concept changed when S. cerevisiae was repeatedly isolated from many natural habitats (Figure 2) [START_REF] Liti | The fascinating and secret wild life of the budding yeast S. cerevisiae[END_REF]. Wild Saccharomyces yeasts are most often found in tree bark, soil and leaf surfaces (Boynton & Greig, 2014). The most frequent Saccharomyces hosts are oak trees (Quercus spp.) and other trees of the Fagaceae family, like chestnut, in the northern hemisphere, and southern beech trees (Nothofagus spp.) in the southern hemisphere [START_REF] Sampaio | Natural populations of Saccharomyces kudriavzevii in Portugal are associated with Oak bark and are sympatric with S. cerevisiae and S. paradoxus[END_REF]. Recently, S. cerevisiae has been isolated from tree bark of various native trees in Brazil, including Tapirira guianensis (Barbosa et al., 2016), and from insects [START_REF] Stefanini | Role of social wasps in Saccharomyces cerevisiae ecology and evolution[END_REF]. It can occasionally be isolated from human body niches, as an opportunistic pathogen from immuno-compromised patients, or as non-pathogenic colonizer. A surprising case of this type was recently reported from an Amerindian community living in a remote area of French Guiana (Angebault et al., 2013).

1.2) What is a genome?

As defined in the Chambers English dictionary, a genome is "the complete set of genetic material in the cell of a living organism". The term derives from the german word "genom" and it was first coined in the 1920s by the German botanist Hans Winkler (1877Winkler ( -1945)). It is thought that the word was a fusion of the terms "gene" and "chromosome", which already existed at that time [START_REF] Cristescu | The concept of genome after one century of usage[END_REF]. Despite an initial delay, the usage of the word constantly increased with time (Figure 3) [START_REF] David Goldman | What Is a Genome[END_REF]. Currently, the term does not only indicate the genetic material of a living organism, but also the complex and multilayered relations existing among its components.

The genome of a contemporary individual does not only give us information about the present phenotype of that very individual, but it also keeps traces of the evolutionary steps that led that genome to its current form. Genomes existed and kept evolving since a very long time, creating the vast array of species that currently populate our planet and shaping the tree of life. The process of progressive modification of a genome during time is defined as "genome evolution", and it can happen through multiple molecular mechanisms.

1.3) How do genomes evolve?

Genomes are the source of information that tells every individual how to function. They are composed by a long and unique combination of ATCG nucleotides that is different for every individual. The combination of nucleotides constitutes the DNA, which is in turn packed in linear molecules (the chromosomes) in eukaryotic organisms, and the chromosomes reside in the nucleus of the cell.

In humans, the complete genome sequence is only available since ~20 years and it was the result of a huge effort made by the Human Genome Sequencing Consortium and Celera Corporation that culminated with the publication of the complete sequence in 2001 [START_REF] Lander | Initial sequencing and analysis of the human genome International Human Genome Sequencing Consortium* The Sanger Centre: Beijing Genomics Institute/Human Genome Center[END_REF][START_REF] Venter | The Sequence of the Human Genome Downloaded from[END_REF]. The size of the human genome in its haploid form is over 3 billion basepairs, organized in 23 pairs of double-stranded linear chromosomes. Among these 23 pairs, 22 are autosomes while 2 are the sex chromosomes X and Y.

1.3.1) Mutation

Modifications of one or a small number of nucleotides in an organism's genome are what 3: Percentage of English books, published between 1920 and[START_REF] Bronikowski | The evolution of aging phenotypes in snakes: A review and synthesis with new data[END_REF], in which the word "genome" occurs, compared to the other terms "gene" and "chromosome". Adapted from [START_REF] David Goldman | What Is a Genome[END_REF] differentiates each individual from one another. When these modifications are rare in the population, e.g. present in less than 1% of the individuals, they are called "mutations". On the contrary, when they are more common, e.g. present in more than 1% of the individuals, they are called "polymorphisms" [START_REF] Karki | Defining "mutation" and "polymorphism" in the era of personal genomics[END_REF]. Every polymorphism initially manifested as a mutation, and spread into the population by means of genetic drift or positive selection. When mutations occur in multicellular organisms, like humans, their diffusion potential depends on the type of cell carrying the mutation: if they appear in somatic cells, mutations can only affect those specific cells and their derivatives. On the contrary, when they happen in the germ line, they can be passed on to the offspring and spread into the population.

Mutations can have variable impact on the fitness of their host depending on which position they occur (within genes or non-coding regions) and which specific nucleotide substitutions they involve. Missense (aminoacid substitutions) and non-sense (stop gain) mutations are thought to have a deeper effect on fitness, whereas synonymous mutations and mutations in non-coding regions are generally thought to have a lower impact. However, this is not always true as noncoding regions comprise regulatory elements, like promoters and enhancers, that have important functions for the cell. On the same line, synonymous mutations are not always neutral as they can induce the usage of rare tRNAs and therefore change the expression of a gene [START_REF] She | Mapping Causal Variants with Single-Nucleotide Resolution Reveals Biochemical Drivers of Phenotypic Change[END_REF].

The number of single nucleotide variants (SNV) between two individuals' genomes informs about the degree of their relatedness on an evolutionary scale. In fact, if we assume that mutations occur at a constant rate in time and selection is not acting on them, the number of pairwise nucleotide variations between two genomes is directly proportional to the chronological time passed since the individuals split from their last common ancestor (Fay & Benavides, 2005;[START_REF] Kimura | Evolutionary Rate at the Molecular Level[END_REF]Rolland & Dujon, 2011). This principle has been applied to study the evolutionary history of multiple species, including humans and yeasts. Comparative genomics studies between the human genome (Homo sapiens) and those of the great apes revealed that chimpanzees (Pan troglodytes) and bonobos (Pan paniscus) are our closest living relatives, followed by gorillas and orangutans (Figure 4) [START_REF] Wall | Great ape genomics[END_REF]).

If we compare orthologous genes, there is on average 1.2% sequence divergence between the human genome and that of chimpanzee or a bonobo. At a chronological level, humans and chimpanzees/bonobos diverged between 5 and 7 million years ago, while chimpanzees and bonobos diverged approximately two million years ago [START_REF] Prüfer | The bonobo genome compared with the chimpanzee and human genomes[END_REF]. approximately 15% with its phylogenetically closest relative S. paradoxus, and the divergence goes up to 30-35% with the more distant species of the complex: S. bayanus and S. kudriavzevii (Morales & Dujon, 2012). A recent phylogenetic study of the Saccharomycotina subphylum (comprising budding yeasts) placed the split between S. cerevisiae and its closest relative S.

paradoxus to 4.9 million years ago (Shen et al., 2018).

1.3.2) Genome content variation

Every change in genome content that ranges from 50 base pairs to whole chromosomes is defined as genome content variation (GCV) (Steenwyk & Rokas, 2018). Presence/absence of single genes or groups of genes, together with their variation in copy number (CNV), are part of the GCV.

Segmental duplications are also part of GCV. Aneuploidy and whole genome duplication are particular cases of GCV involving the gain or loss of an entire chromosome and the duplication of the entire genome, respectively. Ancient whole genome duplications have reshaped the genomes of yeasts, angiosperm plants and teleost fishes [START_REF] Levasseur | The role of duplications in the evolution of genomes highlights the need for evolutionary-based approaches in comparative genomics[END_REF][START_REF] Wolfe | Molecular evidence for an ancient duplication of the entire yeast genome[END_REF][START_REF] Wolfe | Origin of the yeast whole-genome duplication[END_REF]. GCV can derive from non-disjunction events during mitotic and/or meiotic divisions, recombination between non-homologous sequences and chromosome breakage. Telomeric dysfunction can also be a powerful driver of GCV, as it generates breakage-fusion-bridge cycles that lead to genomic instability [START_REF] O'sullivan | Telomeres: Protecting chromosomes against genome instability[END_REF].

Generally, the phenotypic impact of GCV correlates positively with the size of the involved fragment, even though this is not always true and the consequences can vary depending on many environmental and genetic factors, like the ploidy of the organism and the relative importance of the involved gene or genome fragment in the environment where the organism lives. As an example, whole genome duplications never result in living humans (but can be present in cancer cells), although they occur in fungi and plants [START_REF] Albertin | Evidence for autotetraploidy associated with reproductive isolation in Saccharomyces cerevisiae: Towards a new domesticated species[END_REF][START_REF] Albertin | Polyploidy in fungi: Evolution after whole-genome duplication[END_REF][START_REF] Otto | Polyploid incidence and evolution[END_REF], and only three cases of trisomies of autosomes can arrive to birth: the trisomy of chromosome 13 causing the Patau syndrome, the trisomy of chromosome 18 causing the Edwards syndrome and the trisomy of chromosome 21, which is responsible for the onset of the Down syndrome. Among these, only the Down syndrome is compatible with life while the other two cause the death of the individual in a few weeks (Campbell & Eichler, 2013). Instead, GCVs involving single genes are frequently observed and can sometimes be useful in the adaptation of an organism to its living environment, as this often translates in a variation of abundance of the produced protein (Iskow et al., 2012;[START_REF] Lye | Copy Number Variation in Domestication[END_REF][START_REF] Sicard | Bread, beer and wine: Yeast domestication in the Saccharomyces sensu stricto complex[END_REF]Steenwyk & Rokas, 2018).

As an example, human populations with high-starch diets carry multiple copies of AMY1, encoding a salivary amylase, resulting in an improvement of their digestion [START_REF] Perry | Diet and the evolution of human amylase gene copy number variation[END_REF]Steenwyk & Rokas, 2018).

GCV is more tolerated and more frequent at higher ploidies, where the presence of multiple copies of the same genome can buffer the loss of some of its parts [START_REF] Todd | Ploidy Variation in Fungi: Polyploidy, Aneuploidy, and Genome Evolution[END_REF]. In addition, the duplication of genetic material is better tolerated than its loss. GCV is frequent in S. cerevisiae, where it happens more extensively in subtelomeric regions, which are rich in genes involved in the interaction with the external environment (Bergstrom et al., 2014;Dunn et al., 2012), and has been associated to adaptive functions. As an example, European and Sake lineages of S.

cerevisiae acquired multiple copies of the gene CUP1 (Strope et al., 2015;[START_REF] Warringer | Trait variation in yeast is defined by population history[END_REF], encoding a cupper-binding metallothionein which confers elevated tolerance to cupper, and it has been hypothesized that this trait evolved to cope with the use of cupper sulfate in vineyards [START_REF] Almeida | A population genomics insight into the Mediterranean origins of wine yeast domestication[END_REF][START_REF] Fay | Population genetic variation in gene expression is associated with phenotypic variation in Saccharomyces cerevisiae[END_REF]Marsit & Dequin, 2015). Duplications in the MAL loci, regulating maltose utilization, have also been found in domesticated yeast strains (Duan et al., 2018;Gallone et al., 2016;[START_REF] Gonçalves | Distinct Domestication Trajectories in Top-Fermenting Beer Yeasts and Wine Yeasts[END_REF]. Other gene copy number variants have been observed both in S. cerevisiae (Gallone et al., 2016;[START_REF] Gonçalves | Distinct Domestication Trajectories in Top-Fermenting Beer Yeasts and Wine Yeasts[END_REF]Steenwyk & Rokas, 2018;Strope et al., 2015) and other species, including S. pombe [START_REF] Jeffares | The genomic and phenotypic diversity of Schizosaccharomyces pombe[END_REF].

1.3.3) Balanced structural variation

Balanced structural variation indicates every variation in the genome structure that does not involve change in copy number of genes or chromosome segments. Examples of this type of variation are inversions of a genetic fragment or translocations of a stretch of DNA within or between chromosomes. Structural variations (SV) are usually mediated by repetitive sequences, like Ty elements in yeast [START_REF] Rachidi | Multiple Ty-mediated chromosomal translocations lead to karyotype changes in a wine strain of Saccharomyces cerevisiae[END_REF].

Structural genomic variants (SVs) are ubiquitous and play a major role in adaptation and speciation.

This can happen through the generation of chimeric genes with novel functions [START_REF] Rogers | Formation and longevity of chimeric and duplicate genes in Drosophila melanogaster[END_REF], which can be either adaptive or lead to the onset of disease, as in the famous case of the Philadelphia chromosome which causes leukemia through a fusion gene between BCR and ABL1 [START_REF] Heisterkamp | Structural organization of the bcr gene and its role in the Ph' translocation[END_REF]. Rearrangements can also associate genes with stronger or weaker promoters than their native ones and change their expression level [START_REF] Stewart | Chromosomal rearrangements as a source of new gene formation in Drosophila yakuba[END_REF]. Two examples of ectopic recombination between chromosomes VIII and XVI [START_REF] García-Ríos | A new chromosomal rearrangement improves the adaptation of wine yeasts to sulfite[END_REF][START_REF] Pérez-Ortín | Molecular characterization of a chromosomal rearrangement involved in the adaptive evolution of yeast strains[END_REF], and chromosomes XV and XVI [START_REF] Zimmer | QTL dissection of lag phase in wine fermentation reveals a new translocation responsible for Saccharomyces cerevisiae adaptation to sulfite[END_REF], in wine yeasts, result in the gain of a stronger promoter by the gene SSU1, encoding a sulfite pump, which leads to a better survival during wine fermentation in the presence of sulfites (Figure 7).

SVs have been important for the evolution of the human genome and frequently occur at telomeric sites: all great apes have a diploid genome content of n=48 (Yunis & Prakash, 1982), while humans contain 46 chromosomes. Genetic studies evidenced that the human chromosome II derived from an archaic telomeric fusion of two autosomes, decreasing the global chromosome count of two units (Dreszer et al., 2007;Ijdo et al., 1991;Ventura et al., 2012).

SVs interfere with recombination and result in low gamete viability, due to the inappropriate pairing of homologous chromosomes that can trigger the onset of aneuploidies, chromosome loss and segmental duplications in the offspring. As a consequence, SVs are often at the origin of incipient speciation as they promote reproductive isolation between populations. For example, SVs led to the rapid emergence of reproductive isolation of a Saccharomyces cerevisiae subpopulation isolated from the nectar of the bertam palm in Malaysia [START_REF] Liti | The fascinating and secret wild life of the budding yeast S. cerevisiae[END_REF][START_REF] Naumov | A genetically isolated population of saccharomyces cerevisiae in Malaysia[END_REF] that carries multiple chromosomal rearrangements (Marie-Nelly et al., 2014;Yue et al., 2017). The same phenomenon is observed in the previously designated S. cariocanus species, which is in fact a S.

paradoxus South American subpopulation carrying multiple SVs (Figure 8) (Naumov et al., 2000;Yue et al., 2017). 

1.3.4) Recombination

Recombination is a pervasive source of genome evolution and the main driver of genetic variability in sexually reproducing organisms. It is a fundamental step of meiosis, where it guarantees the exchange of genetic material between chromosomes and the production of gametes with novel allelic combinations. Meiotic recombination does not always occur randomly in the genome. It has been shown that, in some genomic regions, it happens more frequently than expected by chance.

Therefore these regions constitute recombination hot-spots. [START_REF] Mancera | High-resolution mapping of meiotic crossovers and non-crossovers in yeast[END_REF]. Recombination does not only occur in meiosis, where it involves homologous chromosomes, but it can also happen during mitotic divisions, although at low frequency [START_REF] Lafave | Mitotic recombination: why? when? how? where?[END_REF]. In this case it involves sister chromatids instead of homologous chromosomes.

Novel allelic combinations can either confer advantages to the individuals who carry them, and help them adapt to the environment [START_REF] Chu | The role of recombination in evolutionary adaptation of Escherichia coli to a novel nutrient[END_REF], or they can be detrimental and lead to the death of the individual, as in the case of Dobzhansky-Muller genetic incompatibilities, which are especially Yue et al., 2017. relevant in the evolution of hybrids [START_REF] Cutter | The polymorphic prelude to Bateson-Dobzhansky-Muller incompatibilities[END_REF]. Even though recombination risks to produce deleterious combinations, it is globally advantageous [START_REF] Kondrashov | Deleterious mutations and the evolution of sexual reproduction[END_REF][START_REF] Mortimer | Evolution and variation of the yeast (Saccharomyces) genome[END_REF], and this is supported by the observation that genomic regions refractory to recombination experience a higher mutational load and eventually deteriorate (Charlesworth & Charlesworth, 2000;[START_REF] Webster | Direct and indirect consequences of meiotic recombination: Implications for genome evolution[END_REF]. In yeast, adaptive evolution experiments have shown that strains capable of sex have a higher potential of adaptation to harsh environment than axesual ones (Goddard et al., 2005). This is also supported by the observation that wild S. cerevisiae isolates retained the ability to recombine their genomes and sporulate, allowing them to survive in nutrient scarcity. On the contrary, domesticated strains lost their sporulation capacity resulting in a massive decline in their capacity to survive nutrient depletion (De Chiara et al., 2020).

1.3.5) Other mechanisms of genome evolution

Other powerful sources of genome variation and drivers of genome evolution and speciation are hybridizations, introgressions and telomere diversity. The contribution of hybridizations and introgressions to genome evolution will be treated in chapter 2 of the introduction. The evolution of telomeric sequences and their impact on the evolution of the rest of the genome will be reviewed in chapter 3 of the introduction.

1.3.6) Environmental factors and selection

All the molecular mechanisms explained above have a huge impact on the evolution of the genome.

However, their outcome is shaped mainly by their phenotypic impact and how the resulting phenotype of the carrying organism fits with the environmental condition in which it lives (Chakravarti, 1999). If the genomic changes confer some fitness advantage and make the organisms more fit to their habitat, these organisms will have higher offspring than the rest and in the long term the changes will increase in frequency in the population, possibly reaching fixation (positive selection). On the contrary, if the genomic changes have detrimental effect they will soon be purged from the population (negative selection).

The probability of new genetic variants to increase their frequency in a population and eventually reach fixation is also influenced by other parameters. Genetic drift plays an important role in modulating the destiny of new mutations. In a given population of n individuals, not all of them will reproduce and generate offspring. If only a few individuals contribute genetically to the next generation and those very individuals happen to carry a new genetic variant, that variant will increment its frequency in the next generation just by chance, even if it is phenotypically neutral or even deleterious. As a consequence, population size has a huge effect on the probability of new mutations to reach fixation, and as a general rule small populations have a higher chance of fixing new mutations just by genetic drift.

In conclusion, the evolution of a genome is ultimately the result of a complex network of interactions between the molecular mechanisms generating genomic variations, their effect on the individuals, the interaction of the individuals with their natural environment...and chance.

Chapter 2

The role of hybridization and introgression in genome evolution

2.1) What is an introgression?

An introgression is the flow of genetic material between populations or species. The term was coined by Edgar Anderson and Leslie Hubricht during their studies on the hybridization of spiderworts (Dunn et al., 2013;[START_REF] Suarez-Gonzalez | Adaptive introgression: A plant perspective[END_REF]. Genome introgressions are a pervasive source of genome evolution across the tree of life, with examples in the animal (Edelman et al., 2019), plant (Arnold et al., 2016) and fungal (Sun et al., 2012) kingdoms. Their importance in the processes of adaptation and genome evolution has been increasingly studied throughout the 20 th century and more recently [START_REF] Heliconius | Butterfly genome reveals promiscuous exchange of mimicry adaptations among species[END_REF]Edelman et al., 2019;Enard & Petrov, 2018;Huerta-Sánchez et al., 2014;Prüfer et al., 2014). Introgressions are thought to initiate from ancient hybridization events followed by repeated backcrossing to one parental population/species. They are characterized by allelic replacement, meaning that the genetic fragment which is transferred from one species/population to another will not insert in a random part of the recipient genome, but it will replace its homologous sequence.

Introgressions can often distort our perception of the evolutionary relationships among species.

These relationships are usually represented by bifurcating trees, where the branching nodes represent speciation events [START_REF] Nichols | Gene trees and species trees are not[END_REF]. Species are thought to diverge from their last common ancestor by gradually accumulating genetic mutations that subsequently translate in morphological differences.

The absence of sexual admixture between the two branching species guarantees that the genetic differences they accumulate are maintained separated.

As a consequence, the comparison of gene sequences from different species should give a correct inference of their true evolutionary history, assuming that the rate of admixture between them is very low or even absent.

However, hybridization between related species occurs frequently in nature, affecting around 25%

Figure 1: "Whole genome" versus "species" tree topologies of the Anopheles gambiae complex in Africa.

The "species tree" derives from analysis of the X chromosome only, which is refractory to inter-species gene flow. Adapted from [START_REF] Mallet | How reticulated are species?[END_REF], Fontaine et al., 2015. of flowering plants and about 10% of animals [START_REF] Mallet | How reticulated are species?[END_REF], and this can conduct to conflicting phylogenies. An example of this phenomenon can be observed in the mosquitoes of the Anopheles gambiae complex, comprising 8 species which differentiated within the last two million years. In the phylogeny derived from the comparison of the whole genome, A. arabiensis is evolutionarily closer to A. coluzzii and A. gambiae, while in reality its true sister species is A.

quadriannulatus (Figure 1) (Fontaine et al., 2015). Therefore, the true species history might be better represented by reticulated phylogenies which take into account the timing and frequency of admixture between lineages, rather than by simple bifurcating ones. This concept is known as "reticulated evolution".

2.2) The extent of introgressions across the tree of life

Introgressions are widespread across the eukaryotic tree of life and have been extensively

documented in scientific literature. Several examples of introgressions can be found in insects, plants, mammals and even among hominins.

2.2.1) Introgressions in insects

The genus Heliconius to mimic that of untasteful species [START_REF] Brower | Introgression of wing pattern alleles and speciation via homoploid hybridization in Heliconius butterflies: A review of evidence from the genome[END_REF].

Heliconius species often live in partial simpatry across South-America and can be recognized by their colour pattern, although unrelated species can occasionally show similar wing characteristics. Even

Figure 2: "Whole genome" versus "red-patterning locus" tree topologies of Heliconius butterflies. Adapted from [START_REF] Kronforst | Mimetic butterflies introgress to impress[END_REF] though these species show assortative mating based on their colours, cases of hybridization have been repeatedly isolated in the wild. Recently, it has been shown that similar colour patterns can result from introgression [START_REF] Heliconius | Butterfly genome reveals promiscuous exchange of mimicry adaptations among species[END_REF][START_REF] Kronforst | Mimetic butterflies introgress to impress[END_REF][START_REF] Martin | Recombination rate variation shapes barriers to introgression across butterfly genomes[END_REF][START_REF] Pardo-Diaz | Adaptive introgression across species boundaries in Heliconius butterflies[END_REF][START_REF] Zhang | Genome-References[END_REF]. A genomic region surrounding the gene optix, responsible for the presence of red spots on the wings, is frequently exchanged among species, and this is demonstrated by the fact the a phylogenetic tree built upon this region is different from the true species phylogeny and clusters the species based on their colour patterns (Figure 2).

2.2.2) Introgressions in plants

Introgression of adaptive genetic loci has been documented also in multiple plant species. For example, the flood-tolerant flower species Iris fulva donated genetic material to the dry-adapted Iris brevicaulis, and these regions conferred the ability to survive extreme flooding conditions [START_REF] Martin | Detecting adaptive trait introgression between Iris fulva and I. brevicaulis in highly selective field conditions[END_REF]. On the same hand, introgressions have been detected between the tree sister species Populus trichocarpa and P. balsamifera (Figure 3). P.

trichocarpa is distributed throughout the western United States and Canada, and is adapted to humid and moist conditions. P. balsamifera, instead, has a more boreal distribution and is dryand frost-resistant. Introgressed genes from P. balsamifera into P.

trichocarpa are more frequent in individuals inhabiting the northern range of P. trichocarpa geographical distribution, and confer resistance to lower temperatures and drier habitats [START_REF] Geraldes | Landscape genomics of populus trichocarpa: The role of hybridization, limited gene flow, and natural selection in shaping patterns of population structure[END_REF][START_REF] Suarez-Gonzalez | Genomic and functional approaches reveal a case of adaptive introgression from Populus balsamifera (balsam poplar) in P. trichocarpa (black cottonwood)[END_REF].

2.2.3) Introgressions in mammals

Introgression is frequent and has been documented extensively also in animals. One interesting case of introgression driving ecological adaptation can be observed in snowshoe hares (Lepus americanus). Snowshoe hares change their coat during the passage from autumn to winter. Hares living in zones with high snow cover change to a white colour coat, while the ones living in warmer regions maintain a brown coat. The colour of the coat is controlled by the Agouti gene in a Mendelian way, with the allele conferring a white colour being dominant. The promoter region of Agouti is introgressed from the black-tailed jackrabbit in individuals inhabiting warmer regions, and this causes a decrease in expression of the Agouti gene, resulting in a brown coat [START_REF] Jones | Snowshoe Hares[END_REF]. To further support that the cis-regulatory region derives from an introgression, the topology The ones descripted here are just a limited set of examples that I found particularly interesting. However, for a complete review of cases of adaptive introgressions refer to [START_REF] Hedrick | Adaptive introgression in animals: Examples and comparison to new mutation and standing variation as sources of adaptive variation[END_REF][START_REF] Taylor | Importance and Prevalence of Hybridization in Nature[END_REF].

2.3) The impact of introgressions in the evolution of the human genome

2.3.1) Distribution of archaic introgressions in human populations

Currently, the only hominid species populating the planet is Homo sapiens, that is us. However, back in the past other species of the genus Homo inhabited the earth and co-existed with anatomically modern humans, like Neanderthals and Denisovans [START_REF] Higham | The timing and spatiotemporal patterning of Neanderthal disappearance[END_REF][START_REF] Hublin | New fossils from Jebel Irhoud, Morocco and the pan-African origin of Homo sapiens[END_REF]. The lack of genomic data initially prevented to address the biological question if ancient hominins ever admixed. The advent of next generation sequencing (NGS) technologies and the improvement of techniques to extract DNA from ancient specimens opened the way to the birth of the paleogenomics field. The first draft sequences of the mitochondrial and nuclear Neanderthal genomes were published in the last 15 years [START_REF] Green | A Complete Neandertal Mitochondrial Genome Sequence Determined by High-Throughput Sequencing[END_REF]2016) immediately followed by the publication of more genomes coming from Neanderthal remains found in other parts of the world (Prüfer et al., 2014[START_REF] Prüfer | A high-coverage Neandertal genome from Vindija Cave in Croatia[END_REF]. The comparison of these genome sequences with those of present-day Homo sapiens individuals of multiple ethnicities revealed the presence of genomic regions introgressed from the Neanderthals, which were more prevalent in non-African individuals and were the long-term remains of ancient hybridization events between the two populations. This discovery was followed by the publication of the genome sequence of other ancient hominins, the Denisovans [START_REF] Meyer | A high-coverage genome sequence from an archaic Denisovan individual[END_REF][START_REF] Reich | Genetic history of an archaic hominin group from Denisova cave in Siberia[END_REF][START_REF] Slon | Pleistocene sediments[END_REF]. Analogously, the comparison of Denisovan archaic DNA with that of modern humans revealed the presence of introgressed Denisovan DNA, which is only found in modern Melanesian populations. The Neanderthal and Denisovan introgression pattern in modern humans coincides with the geographical distribution of ancient hominid populations: anatomically modern humans appeared in Africa around 200000 years ago and started to migrate out of Africa around 50000 years ago. No fossil record currently exists placing Neanderthals and Denisovans Figure 4: "Whole genome" versus "Agouti" tree topologies of snowshoe hares. Image adapted from [START_REF] Jones | Snowshoe Hares[END_REF] inside the African continent, and their geographical distribution ranges from Europe to Asia.

Neanderthals resided in the Middle East, Europe and parts of Asia and left an abundant collection of fossil and manufacture records [START_REF] Hublin | The origin of Neandertals[END_REF]. On the contrary, Denisovans are believed to have resided in parts of East and Southeast Asia, although the only fossil documenting their existence was retrieved in the Denisova cave in Siberia [START_REF] Reich | Genetic history of an archaic hominin group from Denisova cave in Siberia[END_REF]. Modern non-African and Oceanian human populations contain ~2% Neanderthal and 2-4% of Denisovan DNA, respectively.

The model which best explains these data starts with the out-of-Africa migration of modern humans to Europe, where they met the Neanderthals and interbred with them. Subsequently, a group of humans continued the migration towards South-East Asia, where it interbred with Denisovans, and finally reached Oceania [START_REF] Vattathil | Small Amounts of Archaic Admixture Provide Big Insights into Human History[END_REF]. The absence of both Neanderthal and Denisovan introgressions from African populations confirms that the admixture occurred after the out-of-Africa migration. The exclusive presence of Neanderthal introgressions in European individuals indicates that the admixture with Neanderthals occurred before the one with Denisovans, which is further supported by the presence of both Neanderthal and Denisovan introgressions in Oceanians (Figure 5) (Wolf & Akey, 2018). The outstanding recent discovery of a first-generation Neanderthal-Denisovan hybrid, resulting from the cross of a Neanderthal mother and a Denisovan father, provided a direct proof of admixture (Slon et al., 2018). Neanderthal and Denisovan sequences were progressively purged from the human genome by rounds of successive backcrossing within the human population, and are now present only in small traces. Interestingly, introgressions were not unilateral and ancient admixture left traces of modern humans also in the genome of Neanderthals, but not Denisovan individuals [START_REF] Kuhlwilm | Ancient gene flow from early modern humans into Eastern Neanderthals[END_REF].

2.3.2) The phenotypic impact of archaic introgressions in human populations

Introgressions are not evenly distributed in the human genome. As an example, Neanderthal contribution is very low on the X chromosome respect to the autosomes, and there are vast regions completely depleted of Neanderthal ancestry all across the genome [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF][START_REF] Vernot | Resurrecting surviving Neandertal lineages from modern human genomes[END_REF], which are enriched in functionally relevant genes. One explanation for this phenomenon could be the action of negative selection to purge introgressions from the genome, and is supported by the observation that introgression deserts are significantly enriched for genes which are essential for speech and language development [START_REF] Vernot | Resurrecting surviving Neandertal lineages from modern human genomes[END_REF]Wolf & Akey, 2018).

Moreover, associations of Neanderthal alleles with neurological, psychiatric, immunological, and dermatological diseases, along with height, sleeping patterns, mood, and smoking status, have been found in individuals of European ancestry (Dannemann & Kelso, 2017;[START_REF] Simonti | The phenotypic legacy of admixture between modern humans and Neandertals[END_REF]. In the middle of the 2020 world COVID19 pandemic, researchers have surprisingly discovered that a genomic region introgressed from Neanderthals constitutes the major risk factor for developing a severe form of SARS-CoV2 respiratory disease, and it is present in about 16% of the European population [START_REF] Zeberg | The major genetic risk factor for severe COVID-19 is inherited from Neandertals[END_REF].

On the other hand, Neanderthal and Denisovan introgression have also been shown to have adaptive functions and be under positive selection (Figure 5). Regions with Neanderthal ancestry are enriched in genes affecting keratin constitution, skin pigmentation (OCA2, BNC2) and immune response (OAS1/2/3, TLR1/6/10, TNFAIP3, STAT2) supporting the hypothesis that archaic admixture would provide advantageous genetic variants adapted to colder climates, lower sun exposure and endemic pathogens, which are characteristic of habitats inhabited by ancient Neanderthals (Dannemann et al., 2017;[START_REF] Gittelman | Archaic Hominin Admixture Facilitated Adaptation to Out-of-Africa Environments[END_REF]Mendez et al., 2012aMendez et al., , 2012b;;[START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF]. More recently, researchers found that Neanderthal introgressions segments in Europeans are enriched for genes encoding proteins that interact with viruses, especially the ones interacting with RNA viruses like HIV, influenza A virus and hepatitis C virus, confirming that Neanderthal DNA introgressed in modern humans helped them adapt against locally-present viruses (Enard & Petrov, 2018). Neanderthal sequences contribute to the human phenotype also at a regulatory level [START_REF] Mccoy | Impacts of Neanderthal-Introgressed Sequences on the Landscape of Human Gene Expression Neanderthal Modern Human Introgression Allele-Specific Expression Phenotypic Variation Theory Impacts of Neanderthal-Introgressed Sequences on the Landscape of Human G[END_REF].

Denisovan introgressed regions also exhibit evidence of positive selection. Tibetan individuals adapted to live at an altitude of more than 4000 meters through the fixation of a variant of the EPAS1 gene, coding for a transcription factor modulating haemoglobin concentration at high altitude. This variant is not present in other populations and recent studies showed that it was inherited from Denisovans and maintained in the Tibetan population (Huerta-Sánchez et al., 2014).

Another example of adaptive Denisovan introgression involves the genes WARS2 and TBX15, which regulate fat-tissue metabolism and body-fat distribution. These genes are at high frequency and adaptive in the Inuit population of Greenland, and they show Denisovan ancestry [START_REF] Racimo | Archaic adaptive introgression in TBX15/WARS2[END_REF]. An exhaustive list of adaptive introgressions in humans can be found in [START_REF] Racimo | Evidence for archaic adaptive introgression in humans[END_REF].

In conclusion, recent literature revealed a surprising and fascinating history of interbreeding between ancient hominins and modern humans, that left traces in the genome and can have a deep phenotypic impact also nowadays, shaping our response to rapidly-changing environments and to diseases.

2.4) The importance of reticulated evolution in yeast

2.4.1) Hybridization in yeast

The complete genome sequence of S. cerevisiae has been obtained in 1996 and it has been the first eukariotic organism to have its genome completely sequenced (Goffeau et al., 1996). Subsequently, many more strains of this species have been isolated and S. cerevisiae officially entered the population genomics era in 2009, with the first global-scale study of its population genomics (Liti et al., 2009), followed by other studies which deepened our understanding of S. cerevisiae ecology and diversity [START_REF] Almeida | A population genomics insight into the Mediterranean origins of wine yeast domestication[END_REF]Peter & Schacherer, 2016;[START_REF] Ayoub | Application of Multi Locus Sequence Typing to the analysis of the biodiversity of indigenous Saccharomyces cerevisiae wine yeasts from Lebanon[END_REF]Bergstrom et al., 2014;[START_REF] Cromie | Genomic sequence diversity and population structure of saccharomyces cerevisiae assessed by RAD-seq. G3[END_REF]Duan et al., 2018;Fay & Benavides, 2005;Gallone et al., 2016;[START_REF] Liti | The rise of yeast population genomics[END_REF]Peter et al., 2018;[START_REF] Ramazzotti | Population genomics reveals evolution and variation of Saccharomyces cerevisiae in the human and insects gut[END_REF]Bigey et al., 2020;Strope et al., 2015).

After S. cerevisiae, other species of the Saccharomyces sensu stricto complex entered the public genomic databases (Almeida et al., 2014;[START_REF] Cliften | Finding functional features in Saccharomyces genomes by phylogenetic footprinting[END_REF][START_REF] Kellis | Sequencing and comparison of yeast species to identify genes and regulatory elements[END_REF]Langdon et al., 2020;[START_REF] Libkind | Microbe domestication and the identification of the wild genetic stock of lager-brewing yeast[END_REF][START_REF] Liti | High quality de novo sequencing and assembly of the Saccharomyces arboricolus genome[END_REF]Naseeb et al., 2017;[START_REF] Nespolo | An Out-of-Patagonia migration explains the worldwide diversity and distribution of Saccharomyces eubayanus lineages[END_REF]. As many more species were sequenced and their genomes compared, it became clear that there was a remarkable degree of genetic flow among them, manifesting in the form of hybridizations and introgressions. In fact, taxa that were considered as pure species, like S. bayanus, turned out to be hybrids [START_REF] Nguyen | Deciphering the hybridisation history leading to the lager lineage based on the mosaic genomes of Saccharomyces bayanus strains NBRC1948 and CBS380 T[END_REF]. Yeast hybrids are numerous and are especially relevant in the industrial world (Figure 6). The most known hybrid is probably S. pastorianus, the main fermenting agent used in the production of lager beers. The parental origin of S. pastorianus has long been debated: while its hybrid nature was known since the 80s [START_REF] Martini | Deoxyribonucleic acid relatedness among species of the genus Saccharomyces sensu stricto[END_REF][START_REF] Vaughan Martini | Three newly delimited species of Saccharomyces sensu stricto[END_REF], the identity of its second parent (other than S. cerevisiae) was unknown until recently [START_REF] Dunn | Reconstruction of the genome origins and evolution of the hybrid lager yeast Saccharomyces pastorianus[END_REF].

The isolation and sequencing of new yeast isolates from Southern beeches in Patagonia identified a new species, S. eubayanus, as the missing parent of S. pastorianus [START_REF] Libkind | Microbe domestication and the identification of the wild genetic stock of lager-brewing yeast[END_REF]. Other researchers later identified a Tibetan S. eubayanus isolate which is even closer to the genome of S. pastorianus [START_REF] Bing | Evidence for a far east asian origin of lager beer yeast[END_REF]. Strains of S. pastorianus can be divided into 2 groups on the basis of their genome content and structure [START_REF] Dunn | Reconstruction of the genome origins and evolution of the hybrid lager yeast Saccharomyces pastorianus[END_REF]. The hybrid ancestor of group I, which includes Saaz-type bottom-fermenting yeast, was triploid, with a diploid S. eubayanus and a haploid S. cerevisiae genome content. Group II strains, which include Frohberg-type bottomfermenting yeasts, have actually arisen from the fusion of a homozygous diploid S. cerevisiae with a haploid S. eubayanus (D'Angiolo, 2016).

Other industrially relevant hybrids are those between S. cerevisiae and S. kudriavzevii and between S. cerevisiae and S. uvarum, mainly used for cider, wine and beer fermentation [START_REF] Belloch | Chimeric genomes of natural hybrids Of Saccharomyces cerevisiae and Saccharomyces kudriavzevii[END_REF][START_REF] Borneman | The genome sequence of the wine yeast VIN7 reveals an allotriploid hybrid genome with Saccharomyces cerevisiae and Saccharomyces kudriavzevii origins[END_REF][START_REF] Christine | Characterization of natural hybrids of Saccharomyces cerevisiae and Saccharomyces bayanus var. uvarum[END_REF][START_REF] González | Natural hybrids from Saccharomyces cerevisiae, Saccharomyces bayanus and Saccharomyces kudriavzevii in wine fermentations[END_REF][START_REF] Krogerus | A unique saccharomyces cerevisiae saccharomyces uvarum hybrid isolated from norwegian farmhouse beer: Characterization and reconstruction[END_REF][START_REF] Pérez-Torrado | Molecular and enological characterization of a natural Saccharomyces uvarum and Saccharomyces cerevisiae hybrid[END_REF][START_REF] Peris | Comparative genomics among Saccharomyces cerevisiae × Saccharomyces kudriavzevii natural hybrid strains isolated from wine and beer reveals different origins[END_REF]. A complete list of wine hybrids can be found in (Sipiczky 2008). Hybrids sometimes present several advantages and higher fitness and evolvability compared to their parents, a phenomenon known as "hybrid vigor" [START_REF] Bernardes | Heterosis in hybrids within and between yeast species[END_REF]Dunn et al., 2013;Gallone et al., 2019;[START_REF] Herbst | Heterosis as a consequence of regulatory incompatibility[END_REF][START_REF] Shapira | Extensive heterosis in growth of yeast hybrids is explained by a combination of genetic models[END_REF][START_REF] Stelkens | Hybridization facilitates evolutionary rescue[END_REF]. For example, S. kudriavzevii and S. uvarum are better adapted to grow at low temperatures, while S. cerevisiae is more alcohol tolerant. Hybrids between these species combine these useful traits and can thus grow under high concentrations of ethanol and at low temperature, conditions which are usually present during fermentation processes. Natural hybrids between other Saccharomyces species have been described, indicating that this process occurs in the wild and is not limited to conditions of human influence (Barbosa et al., 2016;Morales & Dujon, 2012;[START_REF] Stefanini | Social wasps are a saccharomyces mating nest[END_REF][START_REF] Zhang | Saccharomyces paradoxus and Saccharomyces cerevisiae reside on oak trees in New Zealand: Evidence for migration from Europe and interspecies hybrids[END_REF].

2.4.2) Introgressions in yeast

The high frequency of natural yeast hybrids translates into an equally abundant frequency of introgressed isolates (Figure 6). Cases of introgressions among species of the Saccharomyces sensu stricto complex have been widely documented. Introgressions from S. paradoxus to S. cerevisiae have been described in natural strains isolated in Brazil (Barbosa et al., 2016), in European strains isolated from oaks in the mediterranean region [START_REF] Almeida | Adaptive divergence in wine yeasts and their wild relatives suggests a prominent role for introgressions and rapid evolution at noncoding sites[END_REF]Barbosa et al., 2016), in strains associated with olive-related environments (Pontes et al., 2019), and in other instances (Dunn et al., 2012;[START_REF] Muller | A multispecies-based taxonomic microarray reveals interspecies hybridization and introgression in Saccharomyces cerevisiae[END_REF]. A S. paradoxus introgression on chromosome I is present in the clinical strain YJM789, isolated from a pneumonia infection in an AIDS-affected patient [START_REF] Wei | Genome sequencing and comparative analysis of Saccharomyces cerevisiae strain YJM789[END_REF], and in the strain EM93, which is an ancestor of the lab strain S288C (Esberg et al., 2011). Peter, De Chiara et al. reported the discovery of over 800 S. paradoxus introgressed ORFs in more than 1000 S. cerevisiae isolates. Some of them were shared among all the isolates, indicating a very ancient origin, while others were private to one or few phylogenetic lineages. Most of these ORFs derived from two different populations of S. paradoxus, while ORFs introgressed into a Taiwanese lineage came from a an unknown yeast (Peter et al., 2018).

Introgressions in the opposite direction, that is from S. cerevisiae to S. paradoxus, have also been Eastern and American ones (Liti et al., 2006). Frequent introgressions have been documented also between other species of the S. sensu stricto complex: introgressions from S. eubayanus (Almeida et al., 2014) and S. kudriavzevii [START_REF] Albertin | Many interspecific chromosomal introgressions are highly prevalent in Holarctic Saccharomyces uvarum strains found in human-related fermentations[END_REF] into European S. uvarum strains associated with human-driven fermentations have been reported [START_REF] Dujon | Genome diversity and evolution in the budding yeasts (Saccharomycotina)[END_REF]. Gene flow in the form of introgressions can be also detected within subpopulations of the same species: Leducq et al. reported the discovery of an introgressed population resulting from the ancient admixture of two indigenous S. paradoxus populations living in partial simpatry in North-American forests [START_REF] Leducq | Speciation driven by hybridization and chromosomal plasticity in a wild yeast[END_REF]. Introgressions are not exclusive of the nuclear genome, but can be found, although in rare instances, also in the mitochondrial genome (De Chiara et al., 2020;[START_REF] Leducq | Mitochondrial recombination and introgression during speciation by hybridization[END_REF][START_REF] Peris | Mitochondrial introgression suggests extensive ancestral hybridization events among Saccharomyces species[END_REF].

There is indication that introgressions may have a potential adaptive role, as their underlying genes are often enriched in GO terms related to metabolic processes and the interaction with the external environment, like nitrogen metabolism (Almeida et al., 2014) and transmembrane transporters (Barbosa et al., 2016;Pontes et al., 2019). Galeote et al. reported that the gene FSY1, transferred to wine yeasts from an unknown Saccharomyces species and encoding a high-affinity fructose/H+ symporter, may confer a significant advantage to S. cerevisiae during wine fermentation (Galeote et [START_REF] Dujon | Genome diversity and evolution in the budding yeasts (Saccharomycotina)[END_REF]& Louis, . al., 2010a)). However, a conclusive evidence of the adaptive role of introgressions in yeast is yet to be reported. Outside the Saccharomyces genus, a case of adaptive introgression has been reported in Kluyveromyces lactis, where the ability to ferment lactose was acquired through introgression of LAC genes from a dairy strain of K. marxianus [START_REF] Varela | Origin of Lactose Fermentation in Kluyveromyces lactis by Interspecies Transfer of a Neo-functionalized Gene Cluster during Domestication[END_REF]) (Figure 7). [START_REF] Galeote | Amplification of a Zygosaccharomyces bailii DNA segment in wine yeast genomes by extrachromosomal circular DNA formation[END_REF][START_REF] Novo | Eukaryote-to-eukaryote gene transfer events revealed by the genome sequence of the wine yeast Saccharomyces cerevisiae EC1118[END_REF],

On

Torulaspora microellipsoides (Marsit et al., 2015) and an unknown donor from the Saccharomyces genus [START_REF] Devia | Transcriptional Activity and Protein Levels of Horizontally Acquired Genes in Yeast Reveal Hallmarks of Adaptation to Fermentative Environments[END_REF][START_REF] Galeote | FSY1, a horizontally transferred gene in the Saccharomyces cerevisiae EC1118 wine yeast strain, encodes a high-affinity fructose/H+ symporter[END_REF]. The Torulasporaderived region harbors FOT genes encoding oligopeptide transporters which confer fitness advantage during fermentation through modifications in the metabolism of aminoacids (Marsit et al., 2015). Another interesting example of adaptive HGT regards S. cerevisiae strains from spontaneously fermenting milk. These isolates exchanged their native GAL pathway with one from a unknown donor close to the Saccharomyces genus. The new GAL pathway enabled them to grow using both glucose and galactose as carbon sources, and made them perfectly adapted to live in a galactose-rich substrate like milk [START_REF] Duan | Reverse Evolution of a Classic Gene Network in Yeast Offers a Competitive Advantage[END_REF]. Other examples of adaptive HGT can be found outside the Saccharomyces genus (Gonçalves & Gonçalves, 2019;[START_REF] Kominek | Eukaryotic Acquisition of a Bacterial Operon[END_REF][START_REF] Milner | Environment-dependent fitness gains can be driven by horizontal gene transfer of transporter-encoding genes[END_REF][START_REF] Ropars | Adaptive horizontal gene transfers between multiple cheese-associated fungi[END_REF].

2.5) Hybrid sterility and the paradox of the origin of yeast introgressions

As we have seen in the previous paragraphs, gene flow is widespread across the tree of life and is particularly abundant in yeasts, where we can find cases of both interspecies hybridazions and introgressions [START_REF] Dujon | Genome diversity and evolution in the budding yeasts (Saccharomycotina)[END_REF]. The classic model for the origin of introgressions starts with the formation of an initial hybrid followed by the formation of gametes and their repeated unidirectional backcrossing to one parental population/species. This mechanism is widely accepted by the scientific community and can explain the origin of introgressions in humans, or more in general, in organisms with an obligate sexual reproduction, but it relies on the assumption that the initial hybrid must be fertile and able to generate viable offspring.

As shown in the first chapter of this introduction, the Saccharomyces sensu stricto complex comprises 8 species and two hybrids. All these species have largely colinear genomes, where sinteny is only disrupted at subtelomeric sites (Yue et al., 2017). Despite of that, sequence divergence among them can be pretty high and goes up to 30-35% among the most distant species of the complex. To make a comparison with humans, in terms of aminoacid changes in orthologous proteins, the diversity present in the Saccharomyces sensu stricto complex is on the same range of that present between a human and a chicken [START_REF] Dujon | Yeasts illustrate the molecular mechanisms of eukaryotic genome evolution[END_REF][START_REF] Scannell | The awesome power of yeast evolutionary genetics: New genome sequences and strain resources for the Saccharomyces sensu stricto genus. G3: Genes, Genomes[END_REF]. We have seen before that hybrids between sensu stricto species are frequently found in nature and readily form in the laboratory when strains of opposite mating type are placed together in a tube. These hybrids are viable and are able to propagate clonally by mitotic divisions, and do not present extensive phenotypic defects relative to their parents (Greig, 2009), indicating the absence of pre-zygotic reproductive barriers. However, hybrids are generally sterile and only <1% of their spores are viable (Kao et al., 2010;Liti et al., 2006). The main mechanism causing hybrid sterility is the antirecombination activity of the mismatch repair system (MMR). During meiosis, recombination initiates with the formation of heteroduplex DNA structure between the homologous parental chromosomes of the hybrid. If these chromosomes are highly diverged, the MRR will detect the mismatches and abort recombination. The abortion of recombination results in a high rate of aneuploidies in the gametes, which eventually will be inviable (Hunter et al., 1996). The deletion of essential MMR genes like MSH2, SGS1, and PMS1 effectively results in an increase of hybrid fertility and gamete viability, confirming the preponderant role of anti-recombination in postzygotic reproductive isolation [START_REF] Greig | A role for the mismatch repair system during incipient speciation in Saccharomyces[END_REF][START_REF] Bozdag | Engineering recombination between diverged yeast species reveals genetic incompatibilities[END_REF][START_REF] Ono | Defining and Disrupting Species Boundaries in Saccharomyces[END_REF]Rogers et al., 2018). Even though hybrid sterility is mostly explained by the MMR, incompatibilities between genes from different species (Bateson-Dobzhansky-Muller incompatibilities (BDMIs) might also play a role. Currently, no dominant BDMIs have been described in yeast (Greig et al., 2002), but small effect recessive ones have been repeatedly detected (Kao et al., 2010;[START_REF] Bozdag | Engineering recombination between diverged yeast species reveals genetic incompatibilities[END_REF].

Moreover, a recessive BDMI involving a nuclear-encoded gene and a mitochondrially-encoded one has been described (Chou et al., 2010;Chou & Leu, 2010;[START_REF] Jhuang | Mitochondrial-nuclear co-evolution leads to hybrid incompatibility through pentatricopeptide repeat proteins[END_REF]Lee et al., 2008).

This observations lead to an evolutionary paradox in which, on one hand, we observe frequent hybridizations and introgressions between Saccharomyces species, but on the other hand the extensive hybrid sterility is difficult to reconcile with a model in which introgressions arise by hybridization followed by multiple backcrossings, because obviously that requires the presence of viable hybrid gametes, and it opens up the question: how do introgressions arise in reproductively isolated species, such as yeasts?

2.6) Possible mechanisms explaining the emergence of yeast introgressions

2.6.1) Mechanisms involving the passage through a sporulation stage in the initial hybrid and through a backcrossing phase

The reliability of the hybridization-backcross model to explain yeast introgressions requires that the initial hybrid overcomes the sterility barrier. This can be achieved through two main molecular mechanisms: genome instability and whole-genome duplication.

Genome instability -Genome instability refers to a group of genetic alterations which can go from point mutations to macroscopic chromosomal rearrangements [START_REF] Aguilera | Genome instability: A mechanistic view of its causes and consequences[END_REF].

For the scope of this introduction chapter, when I will refer to genome instability I will only talk about the latter category of alterations. After hybridization, hybrids undergo extensive processes of genome stabilization, including chromosomal rearrangements, gain and loss of various chromosomes and mitotic recombination resulting in the appearance of blocks of sequence homology or loss of heterozygosity (LOH) [START_REF] Gabaldón | Hybridization and the origin of new yeast lineages[END_REF]Marsit et al., 2017). The gradual acquisition of homology blocks through uniparental chromosome loss and resynthesis or LOH formation creates sites where the local sequence divergence is lower than in the rest of the genome, resulting in a buffering of the anti-recombination effect of the mismatch-repair system. This could eventually lead to an increased recombination rate, decreased aneuploidy rate and higher spore viability, therefore neutralizing the sterility barrier in the hybrid. Genome instability progressively accumulates by mitotic recombination in artificial intra-and interspecific hybrids propagating clonally in laboratory conditions [START_REF] Pankajam | Loss of heterozygosity and base mutation rates vary among Saccharomyces cerevisiae hybrid strains. G3: Genes, Genomes[END_REF]Smukowski Heil et al., 2017;Tattini et al., 2019), and it could explain the recovery of fertility, but currently no study estimated spore viability before and after LOH onset to assess whether there is a change in hybrid fertility.

Whole genome duplication -A second mechanism to recover fertility is whole genome duplication (WGD). Hybrid sterility derives from the absence of recombination between homologous chromosomes that further results in high aneuploidy rate and death of the spores. This can be avoided through the endoreduplication of the genome, which guarantees the presence of a suitable partner for recombination in each chromosome. WGD can occur rapidly and spontaneously during experimental evolution, as observed in Saccharomyces hybrids (Charron et al., 2019;[START_REF] Marsit | The rate of whole-genome duplication can be accelerated by hybridization[END_REF] and also in Zygosaccharomyces parabailii [START_REF] Ortiz-Merino | Evolutionary restoration of fertility in an interspecies hybrid yeast, by whole-genome duplication after a failed mating-type switch[END_REF] and results as expected in a full recovery of fertility.

The clonal expansion of the hybrid and its sporulation at the population level can also constitute a mean to overcome hybrid sterility, as the massive parallel sporulation of millions of cells increments the number of viable spores obtained.

Proven that hybrids can restore fertility and generate viable offspring, the gametes have to be able to backcross with one of their parents. The unidirectional and repeated backcross seems unlikely given the frequency of sexual reproduction of yeasts in nature, which is estimated in 0.1%, that is one sporulation every 1000 mitotic generations (Hittinger, 2013). Among the spores resulting from meiosis, the majority mates with partners inside the same tetrad, while only 1% performs outcrossing with an unrelated partner (Hittinger, 2013b;Tsai et al., 2008). However, spore viability in hybrids is very low, meaning that the majority of the tetrads will contain a single viable spore. In this type of scenario, outcrossing will be favoured. Recent studies point out that the rate of outcrossing in nature might be underestimated [START_REF] Murphy | Yeast sex: Surprisingly high rates of outcrossing between asci[END_REF], since strain heterozygosity is high [START_REF] Kelly | Saccharomyces cerevisiae: A sexy yeast with a prion problem[END_REF]Magwene et al., 2011). The explanation for this phenomenon might be that some ecological niches, like insect guts, favour outcrossing [START_REF] Reuter | Increased outbreeding in yeast in response to dispersal by an insect vector[END_REF][START_REF] Stefanini | Social wasps are a saccharomyces mating nest[END_REF], or the variation in germination and mating timing [START_REF] Maclean | Prezygotic reproductive isolation between Saccharomyces cerevisiae and Saccharomyces paradoxus[END_REF]McClure et al., 2018;[START_REF] Miller | Spore germination determines yeast inbreeding according to fitness in the local environment[END_REF][START_REF] Murphy | Prezygotic isolation between saccharomyces cerevisiae and saccharomyces paradoxus through differences in mating speed and germination timing[END_REF][START_REF] Stelkens | Asynchronous spore germination in isogenic natural isolates of Saccharomyces paradoxus[END_REF].

2.6.2) Mechanisms involving the passage through a sporulation stage in the initial hybrid but not involving a backcrossing phase

Other alternative models for the origin of introgressions have been proposed, which do not involve the backcrossing phase. One of them is the segregation of rare spores with a genome composition strongly biased towards one species. This would greatly reduce the number of backcrosses needed to resect the remaining genome contribution from the other species (Morales & Dujon, 2012) uvarum chromosomes from the hybrid could also result in a S. cerevisiae strain containing introgressed S. uvarum segments (Dunn et al., 2013). Both mechanisms would not require the hybrid to recover fertility and could therefore be more rapid as the first only needs one sporulation step, and the second does not even need to pass through sporulation. A retention of a specific set of chromosomes in hybrids has been observed also in other evolution experiments with the same type of hybrids [START_REF] Antunovics | Gradual genome stabilisation by progressive reduction of the Saccharomyces uvarum genome in an interspecific hybrid with Saccharomyces cerevisiae[END_REF][START_REF] Piotrowski | Different selective pressures lead to different genomic outcomes as newly-formed hybrid yeasts evolve[END_REF] and it is possible that selection and environmental conditions might also play a role in guiding hybrid genome evolution.

2.6.3) Mechanisms not involving the passage through a sporulation stage in the initial hybrid

Finally, the homogenization of hybrid genomes can not only result from directional loss of one subgenome, but might also derive from the accumulation of LOH events in one species direction.

The final result of this process would be an almost completely homozygous genome, with some small introgressed fragments. Assuming that the LOH onset is gradual and constant, this would require an extensive number of generations since the LOH rate is estimated to be ~250 bp per generation in intraspecific hybrids and ~50 bp in interspecific ones (Tattini et al., 2019).

However, other experimental evolution studies report that LOH rate can be significantly higher in some lines (Dutta et al., 2017;[START_REF] Pankajam | Loss of heterozygosity and base mutation rates vary among Saccharomyces cerevisiae hybrid strains. G3: Genes, Genomes[END_REF], suggesting that LOH accumulation might not follow a linear model, but LOH could appear in bursts [START_REF] Langdon | and Domesticated Yeasts[END_REF].

A possible mechanism explaining LOH bursts could be the ability of Saccharomyces strains to exit from meiosis and re-enter into mitosis, a process called "Return to Growth (RTG)", which results is an extensive map of LOH across the genome (Laureau et al., 2016;[START_REF] Mozzachiodi | Aborting meiosis overcomes hybrid sterility[END_REF]. As said before, it is possible that selection and environmental conditions might also play a role in determining the direction and tempo of LOH appearance, as it has been demonstrated in several studies [START_REF] Lancaster | Fitness benefits of loss of heterozygosity in Saccharomyces hybrids[END_REF]Smukowski Heil et al., 2017).

2.7) Conclusion

All along the last paragraph, I have described many routes that can bring from hybrids to pure strains with introgressions. However, these routes do not reciprocally exclude each other and they can be sometimes intertwined. It is possible that the "true" mechanism of origin of introgressions is a mixture of all these routes and involves all of them at different times, or maybe it does not even exist a "true" mechanism, and introgressions arise following different paths depending on the environmental conditions and the species considered. It is clear that additional research needs to be conducted to clarify how and to what extent each of these possible paths contributes to the emergence of yeast genomic introgressions.

wide introgression among distantly related Heliconius butterfly species. Genome Biology,17(1). https://doi.org/10.1186/s13059-016-0889-0

Chapter 3

The role of telomere diversity in genome evolution and the role of evolution in shaping telomeres

3.1) What are telomeres?

Telomeres are ribonucleoprotein structures situated at the end of chromosomes (Figure 1).

Their DNA structure was first described in 1978 by Elizabeth Blackburn and Joseph Gall in the model organism Tetrahymena thermophila (Blackburn & Gall, 1978). They are constituted by tandem repeats of a DNA sequence whose motif and length varies across species. Their essential functions are to stabilize chromosomes, to distinguish chromosome-ends from doublestranded breaks (DSBs), as well as to guarantee the correct segregation of chromosomes at the opposite poles during cell divisions. The presence of telomeres is an effective solution to solve the so-called "end replication problem" (Watson, 1972;Olovnikov, 1973). In fact, at each cell division the conventional DNA replication machinery fails to completely duplicate the parental DNA extremities . This results in the progressive loss of terminal repeats. Telomeres act as a sort of buffer preventing internal genes to be deleted as a result of the chromosome end resection. Moreover, they provide a protective cap to linear chromosomes, and consequently chromosomes with dysfunctional telomeres are highly unstable and tend to be lost (Lundblad & Szostak, 1989;[START_REF] Shampay | Maintained in Yeast[END_REF][START_REF] Szostak | Cloning yeast telomeres on linear plasmid vectors[END_REF].

In the yeast S. cerevisiae, telomeres are constituted by the tandem repetition of the degenerate sequence C1-3A/TG1-3 and have a length of approximately 300+-75 bp (Wellinger & Zakian, 2012).

Telomeres are double-stranded for most of their length, but they terminate with a single-stranded 3' G-rich tail, which is only 12 to 15 nucleotides long [START_REF] Larrivée | The generation of proper constitutive G-tails on yeast telomeres is dependent on the MRX complex[END_REF]. As a ribonucleoprotein structure, telomeres are constituted by DNA, RNA and a series of associated proteins providing a peculiar chromatin structure protecting the chromosome ends from unwanted DNA damage response and serving as initiating sites for heterochromatin formation (Figure 2). The telomereassociated proteins can be subdivided in two groups according to the regions in which they bind: the proteins binding to the double-stranded area or the ones binding to the G tail. 

Double-stranded area proteins -

The most important protein of the double-stranded area is Rap1p.

Rap1p binding sites are found more or less every 20 bp and we expect to have one bound Rap1p molecule every 18+-4 bp [START_REF] Gilson | Distortion of the DNA double helix by RAP1 at silencers and multiple telomeric binding sites[END_REF]. Rap1p has very high affinity for telomeric sequences [START_REF] Conrad | RAP1 protein interacts with yeast telomeres in vivo: Overproduction alters telomere structure and decreases chromosome stability[END_REF][START_REF] Lustig | Involvement of the silencer and UAS binding protein RAP1 in regulation of telomere length[END_REF] and the number of Rap1p molecules present at telomeric sites at a given time (together with Rif1/Rif2) functions as a sort of "counting machinery" to regulate the homeostasis of telomere length (Marcand et al., 1997). Rap1p binding sites are not only found at telomeres but are distributed across the whole genome and are quite heterogeneous in sequence. Around 300 genomic loci are thought to be bound by Rap1p [START_REF] Lieb | Promoter-specific binding of Rap1 revealed by genome-wide maps of protein-DNA association[END_REF]. In addition to its telomeric functions, Rap1p acts as an activator and a repressor of gene expression [START_REF] Shore | Purification and cloning of a DNA binding protein from yeast that binds to both silencer and activator elements[END_REF]. Interestingly, Rap1p regulates the expression of a network of genes involved in metabolism, translation and stress response (Ye et al., 2014) and behaves as a stress response factor by coordinating its spectrum of regulated genes to starvation, genotoxic exposure and telomere shortening [START_REF] Buck | Transcription Factor Targets[END_REF]Platt et al., 2013;[START_REF] Tomar | Yeast Rap1 contributes to genomic integrity by activating DNA damage repair genes[END_REF]. Partial inactivation of Rap1p results in telomere shortening and chromosome fusions [START_REF] Conrad | RAP1 protein interacts with yeast telomeres in vivo: Overproduction alters telomere structure and decreases chromosome stability[END_REF][START_REF] Lustig | Involvement of the silencer and UAS binding protein RAP1 in regulation of telomere length[END_REF][START_REF] Marcand | Multiple pathways inhibit NHEJ at telomeres[END_REF]. Rap1p functions as a hub to recruit other important proteins to telomeres, which are not directly bound to the telomeric DNA: Rif proteins, the Yku complex and the Sir complex.

Rif1 and Rif2 associate directly with the Rap1 C-terminal domain (RCT). Rif1 and Rif2 prevent telomeres from being erroneously recognized as DSBs and contribute to telomerase regulation.

Together with Rap1p, Rif1 and Rif2 assure that telomeres maintain a regulated equilibrium size and their deletion results in telomere lengthening. The double mutant rif1/rif2 exhibits additional telomere lengthening than the single mutants, indicating that the two proteins are part of two separate telomere length regulation pathways [START_REF] Wotton | A novel Rap1p-interacting factor, Rif2p, cooperates with Rif1p to regulate telomere length in Saccharomyces cerevisiae[END_REF]. Rif2, but not Rif1, inhibits the non-homologous end joining pathway (NHEJ) and the access of the Tel1/MRX complex to telomeres. Instead, Rif1 is needed to maintain cells viable in the absence of other important telomere-associated proteins, like the CST complex (Kupiec, 2014).

The Yku complex is composed of Yku70 and Yku80. Both proteins are involved in the DNA repair pathway of non-homologous end joining [START_REF] Gilson | Distortion of the DNA double helix by RAP1 at silencers and multiple telomeric binding sites[END_REF][START_REF] Palladino | SIR3 and SIR4 proteins are required for the positioning and integrity of yeast telomeres[END_REF], but counterintuitively, their presence at telomeric sites is essential for telomere maintenance and the tethering of telomeres to the nuclear envelope (Laroche et al., 1998). The Yku complex is recruited at telomeres indirectly through the association with other telomere-binding proteins, but is also directly bound to telomeric DNA (Martin et al., 1999;[START_REF] Roy | Separation-offunction Mutants of Yeast Ku80 Reveal a Yku80p-Sir4p Interaction Involved in Telomeric Silencing[END_REF]. The separate roles of the Yku complex in NHEJ and telomere maintenance were established by separation of function mutations [START_REF] Lopez | Ku must load directly onto the chromosome end in order to mediate its telomeric functions[END_REF][START_REF] Ribes-Zamora | Distinct faces of the Ku heterodimer mediate DNA repair and telomeric functions[END_REF]. The correct interaction between Yku70 and Yku80 is essential for their role, as it has been observed that some allelic combinations do not perform well together and result in very short telomeres (Liti et al., 2009).

The Sir complex comprises three proteins: Sir2, Sir3 and Sir4. Among them, Sir2 is a NADdependent histone deacetylase.. The Sir complex is recruited to telomeres by interactions with Rap1

where it is responsible for the initiation and spreading of heterochromatin in subtelomeres. This results in the transcriptional repression of genes found up to 15 kb from the telomere ends [START_REF] Pryde | Limitations of silencing at native yeast telomeres[END_REF], a phenomenon called "telomere position effect" (TPE) [START_REF] Gottschling | Position effect at S. cerevisiae telomeres: Reversible repression of Pol II transcription[END_REF]. In addition to its silencing role, the Sir complex is also involved in the spatial organization of telomeres within the nucleus through the interaction with nuclear envelope proteins [START_REF] Hediger | Live Imaging of Telomeres[END_REF].

Single-stranded G-tail proteins -

The single-stranded G-tail is bound by the CST complex, composed of three proteins: Cdc13, Stn1 and Ten1. This complex is structurally similar to the Replication Protein A complex (RPA), which is also a single-stranded DNA binder. However, RPA is involved in DNA replication and DNA repair and its function at telomeres is unknown, although it can be detected there during DNA replication [START_REF] Grandin | RPA provides checkpoint-independent cell cycle arrest and prevents recombination at uncapped telomeres of Saccharomyces cerevisiae[END_REF][START_REF] Luciano | RPA facilitates telomerase activity at chromosome ends in budding and fission yeasts[END_REF][START_REF] Schramke | RPA regulates telomerase action by providing Est1p access to chromosome ends[END_REF]. Functional subdomains can be readily interchanged between the RPA and CST complex without any phenotypic effect [START_REF] Gao | RPA-like proteins mediate yeast telomere function[END_REF][START_REF] Gelinas | Telomere capping proteins are structurally related to RPA with an additional telomerespecific domain[END_REF].

Inactivation of Cdc13 results in cell-cycle arrest and cell death, but overexpression of the other subunits, Stn1 and Ten1, can rescue this phenotype [START_REF] Petreaca | Chromosome end protection plasticity revealed by Stn1p and Ten1p bypass of Cdc13p[END_REF][START_REF] Sun | Stn1-Ten1 is an Rpa2-Rpa3-like complex at telomeres[END_REF].

Interestingly, Cdc13 can also be recruited at internal DSB sites and promote the addition of telomeric repeats there [START_REF] Mandell | Sequence-specific binding to telomeric DNA is not a conserved property of the Cdc13 DNA binding domain[END_REF]. 

3.2) Telomere maintenance and replication

Most telomeric DNA is replicated by the classical DNA replication machinery and telomeres are replicated very late during the S phase of the cell cycle, probably due to the late activation of replication origins (ARS) near telomeres [START_REF] Ferguson | A position effect on the time of replication origin activation in yeast[END_REF]. The late activation is not a consequence of the sequence of the ARS, as it is demonstrated by the fact that placing an early activating ARS near a telomere results in its late activation, but rather of the telomere exerting a position effect on the activation timing [START_REF] Ferguson | A position effect on the time of replication origin activation in yeast[END_REF][START_REF] Wellinger | Saccharomyces Telomeres Acquire Single-Strand TG 1-3 Tails in Lat S Phase[END_REF]Wellinger & Zakian, 2012). The timing of firing is also influenced by the length of the telomere, in fact ARS associated to short telomeres fire earlier than the ones associated to long telomeres [START_REF] Bianchi | Early Replication of Short Telomeres in Budding Yeast[END_REF].

DNA replication is carried out by DNA polymerases, which can synthesize DNA only in the 5'-3' direction and require a RNA primer to start the synthesis. The RNA primer is usually 8-12 nt long and needs to be removed once the replication is over. This leads to the loss of 8-12 nt at the terminus of the DNA molecule at each DNA replication, and was initially dubbed as the "end replication problem" (Watson, 1972;Olovnikov, 1973). The discovery of the 3' overhang natural structure of chromosomal DNA ends implied to revisit this lagging strand problem into a leading strand end replication problem due to the inability of the DNA polymerase to reproduce on the leading strand the 3' overhang of the parental DNA [START_REF] Lingner | gXA ; 5[END_REF]. However, nature invented an interesting mechanism to circumvent this issue: the specialised enzyme telomerase. Telomerase was first discovered in the ciliate Tetrahymena by Elizabeth Blackburn and Carol Greider (Greider & Blackburn, 1985, 1987). Thanks to this discovery, Blackburn, Greider and Jack Szostak were awarded the 2009 Nobel Prize in Medicine. Telomerase is a reverse transcriptase which uses a RNA moiety as template. The RNA template's sequence is complementary to the G-tail of telomeres, and binds to that. After that, telomerase extends the G-tail and then conventional DNA polymerases fill in the gap by synthetizing the complementary DNA (Greider & Blackburn, 1989).

Telomerase is a protein complex composed by three subunits (EST1, EST2, and EST3) plus the template RNA TLC1 (Figure 3).

EST2 is the catalytic reverse transcriptase and the central core of the complex. Its function is highly dependent on its basic Nterminal domain (TEN) which mediates interaction with the other subunits and with the RNA template [START_REF] Friedman | Essential functions of amino-terminal domains in the yeast telomerase catalytic subunit revealed by selection for viable mutants[END_REF]Friedman et al., 2003;[START_REF] Talley | Stimulation of yeast telomerase activity by the ever shorter telomere 3 (Est3) subunit is dependent on direct interaction with the catalytic protein Est2[END_REF], 2011). EST1 is a subunit that mediates the interaction between the enzymatic subunit (EST2) and the telomere. It is shown in fact that EST1 is able to bind both RNA and single-stranded TG1-3 sequences in vitro [START_REF] Dezwaan | The conserved Est1 protein stimulates telomerase DNA extension activity[END_REF][START_REF] Virta-Pearlman | Estl has the properties of a[END_REF]. EST1 is not essential, as it has been shown that fusion proteins between CDC13 and EST2 can guarantee the extension of telomeres without the need of EST1, and suggests that its function is to bring the enzymatic subunit to its target [START_REF] Evans | Estl and Cdc13 act as comediators of telomerase access[END_REF]. In addition, the same study also evidenced that EST1 stimulates the activity of telomerase, as the strains carrying the fusion protein had abnormally elongated telomeres, probably due to the constant presence of telomerase at chromosome ends [START_REF] Evans | Estl and Cdc13 act as comediators of telomerase access[END_REF]. The function of EST3 in the holoenzyme is not completely clear,

but it has probably a regulatory activity on telomerase. EST3 is only present in budding yeast, but not in mammals, and its role in telomere homeostasis is essential in vivo but not in vitro [START_REF] Lendvay | Senescence mutants of Saccharomyces cerevisiae with a defect in telomere replication identify three additional EST genes[END_REF][START_REF] Lingner | Reverse transcriptase motifs in the catalytic subunit of telomerase[END_REF].

The last component of the telomerase holoenzyme is the RNA template, which is encoded by the gene TLC1. Its transcription is carried out by RNA polymerase II and generates two types of transcripts: a polyadenylated one and a non-polyadenylated one. The non-polyadenylated version is the one present in telomerase [START_REF] Bosoy | Conserved N-terminal motifs of telomerase reverse transcriptase required for ribonucleoprotein assembly in vivo[END_REF][START_REF] Chapon | Polyadenylation of telomerase RNA in budding yeast[END_REF]. Yeast TLC1 RNA is very long (>1000 nt) but the template region used by telomerase is much shorter (only 16 nt), and, however, it has been shown that a RNA of 1/3 of the total length is sufficient to guarantee the maintenance of telomeres, suggesting that most of the RNA is not essential [START_REF] Singer | TLC1: Template RNA component of Saccharomyces cerevisiae telomerase[END_REF][START_REF] Zappulla | A miniature yeast telomerase RNA functions in vivo and reconstitutes activity in vitro[END_REF].

Telomerase activity is regulated by the cell cycle and by telomere length itself (Marcand et al., 1997). Short telomeres, in fact, are preferentially elongated by telomerase [START_REF] Marcand | Progressive cis-inhibition of telomerase upon telomere elongation[END_REF].

Experiments carried out in yeast diploid cells showed that telomerase does not act at every telomere at every cell cycle, but its probability of elongating a telomere increases as the telomere gets shorter [START_REF] Teixeira | Telomere Length Homeostasis Is Achieved via a Switch between Telomerase-Extendible and-Nonextendible States[END_REF]. Overall, the regulated mean telomere length of dividing yeast cells results from a similar rate between telomere shortening and lengthening. During the return to regulated length of an abnormally shortened telomere, the probability of telomerase to act at telomeres decreases progressively with increasing telomere length while during the return to the regulated length of abnormally lengthened telomeres, the probability of telomerase to act at telomeres increases progressively with decreasing telomere length.

3.3) Telomere length is a complex trait

Telomere length is a complex and quantitative trait, that is shaped by the combination of both genetic and environmental determinants. Its rate of genetic heritability is estimated between 34% and 50% in humans. The first telomere length genes to be identified were the subunits of the telomerase holoenzyme: EST [START_REF] Lendvay | Senescence mutants of Saccharomyces cerevisiae with a defect in telomere replication identify three additional EST genes[END_REF]Lundblad & Szostak, 1989). Their name derives from the phenotype of their deletion mutants. EST stands for "Ever Shorter Telomeres" and was coined because EST mutants are viable but have extremely short telomeres and chromosomal instability, and most of them die within 50-100 generations unless they are able to lengthen their telomeres through alternative mechanisms.

The yeast genome contains around 6000 genes, among which 4700 are non-essential and can be deleted without causing the death of the organism. This deletion collection (YKOC -Yeast KnockOut Collection) was used by two independent studies to find genes involved in telomere length maintenance (TLM) [START_REF] Askree | A genome-wide screen for Saccharomyces cerevisiae deletion mutants that affect telomere length[END_REF][START_REF] Gatbonton | Telomere length as a quantitative trait: Genome-wide survey and genetic mapping of telomere length-control genes in yeast[END_REF]. In these studies, DNA was extracted from the mutants and submitted to Southern blot using the restriction enzyme XhoI, which cuts in a fixed site at the end of a Y' subtelomeric repetitive element and generates a telomeric restriction fragment (TRF). All genes which caused a shift in the migration of the TRF (reflecting a change in telomere length) were annotated as TLM genes. All together, these studies identified more than 270 genes involved in TLM. Among these, some of them shorten telomeres while others lengthen them. The collection of TLM genes comprises almost every cellular pathway, including DNA, RNA and chromatin metabolism, cellular trafficking, protein turnover and organelles functions, indicating that telomere biology is at the very center of the cellular life [START_REF] Harari | Genome-wide studies of telomere biology in budding yeast[END_REF]. Interestingly, some genes did not affect telomere length directly, but their action resulted from the perturbation of the expression of a neighboring gene. This has been observed by complementation assays in which the reinsertion of the knocked-out gene through a plasmid did not rescue the phenotype, but the insertion of its neighbor brough back the telomere length to its normal state [START_REF] Ben-Shitrit | Systematic identification of gene annotation errors in the widely used yeast mutation collections[END_REF]. In addition, some genes exerted their effect by modulating the level of the RNA template [START_REF] Mozdy | Multiple Yeast Genes, Including Paf1 Complex Genes, Affect Telomere Length via Telomerase RNA Abundance[END_REF].

The YKOC was later amplified to contain a subset of essential genes which had been made hypomorphic, and the screening of these genes revealed additional 87 TLM genes [START_REF] Ungar | A genome-wide screen for essential yeast genes that affect telomere length maintenance[END_REF]. More recently, new methods have been set up which allow an estimation of telomere length from whole-genome sequencing data (Ding et al., 2014;[START_REF] Farmery | Telomerecat: A ploidy-agnostic method for estimating telomere length from whole genome sequencing data[END_REF][START_REF] Feuerbach | TelomereHunter: telomere content estimation and characterization from whole genome sequencing data[END_REF]Lee et al., 2017;Nersisyan & Arakelyan, 2015). These methods all rely on the assumption that a higher number of telomeric-repeat-containing reads translates into longer telomeres. The comparison of the number of these reads among strains can therefore give an estimate of their telomere length. The complete YKOC was sequenced by NGS technologies in 2019 and this study identified new TLM genes, further validated by traditional Southern blot (Puddu et al., 2020). Even though these studies have provided invaluable knowledge about the nature of the cellular processes influencing telomere length, their power is limited due to the inability to assess the effect of combinations of multiple gene deletions/inactivations. Moreover, the deletion of an entire gene limits the resolution of these studies, as it does not tell us anything about the effect of single polymorphisms inside the gene itself.

Telomere length is not only controlled by genes, but is determined also by environmental factors. In yeast, it is known that starvation shortens telomeres, and a similar phenotype is observed treating cells with the TORC1 inhibitor rapamycin. This effect is mediated by the Yku complex [START_REF] Ungar | Tor complex 1 controls telomere length by affecting the level of Ku[END_REF]. Other environmental factors can have contrasting effects on telomeres. For instance, ethanol and acetic acid elongate telomeres, while caffeine and heat shorten them (Romano et al., 2013). The effect of ethanol is mediated by Rif1 and the Nonsense mediated decay pathway (NMD), which regulates the amount of Stn1 and other RNA molecules in the cell. The effect of caffeine instead is mediated by the Tel1/Mec1 DNA-damage response pathway.

3.4) The structure of subtelomeres in yeast

Subtelomeres are chromosomal regions which are rich in repetitive sequences called TAS (telomere-associated sequences). These include the X and Y' elements, which differ in terms of position and frequency at chromosome-ends. The X element is present in the majority of telomeres and is centromere-proximal to the Y'. The X element is very heterogeneous in sequence, although it contains a conserved sequence called the "core X", which is about 475 bp long. Its size ranges from 300 bp to 3 kb. The Y' element is located next to the telomeric repeats and its sequence is much more conserved than that of the X element. It is present in about 70% of the telomeres and can be found as a single copy or as tandem repeats of multiple copies. The identity of telomeres lacking Y' element can vary from strain to strain [START_REF] Horowitz | Rearrangements of highly polymorphic regions near telomeres of Saccharomyces cerevisiae[END_REF]. The Y' elements are divided in two types depending on their size: Y'-short (5.2 kb) and Y' long (6.7 kb). The two types differ by the presence of insertions/deletions in their sequence [START_REF] Chan | Organization of DNA sequences and replication origins at yeast telomeres[END_REF][START_REF] Louis | The structure and evolution of subtelomeric Y' repeats in Saccharomyces cerevisiae[END_REF].

The paradigm of the yeast subtelomeric structure composed by one X element present at all chromosomal ends and possibly one or more Y' elements has been recently revised. The complete genome assembly of 12 Saccharomyces strains revealed the existence of unusual subtelomeric structures deprived of the usual X element or containing more than one copy of it (Yue et al., 2017).

Subtelomeres in nature are therefore more variable than what we thought (Figure 4).

Both X and Y' sequences contain binding sites for transcription factors [START_REF] Mak | Dynamic reprogramming of transcription factors to and from the subtelomere[END_REF] and can act as insulators which block the spreading of heterochromatin and as silencing relays (protosilencers) regulating the spreading extend of the heterochromatin emanating from telomeres [START_REF] Fourel | Cohabitation of insulators and silencing elements in yeast subtelomeric regions[END_REF]. Most of the subtelomeric DNA is organized in nucleosomes, while the core X is depleted of histones and is transcriptionally repressed. On the contrary, the Y' element contains histones and is actively expressed [START_REF] Zhu | Distinct differences in chromatin structure at subtelomeric X and Y′ elements in budding yeast[END_REF]. Thus, the transcriptional profile of a strain can change depending on its subtelomeric repeat content which regulates the expression of nearby genes.

The regions between the X and Y' elements can contain interstitial telomeric sequences (ITS) [START_REF] Claussin | The many facets of homologous recombination at telomeres[END_REF]. These are stretches of telomeric repeats which are virtually indistinguishable from the actual telomeres, except for their position [START_REF] Walmsley | Erratum: Unusual DNA sequences associated with the ends of yeast chromosomes[END_REF]. ITS are always associated and immediately preceding a Y' element. It has been observed that ITS are very prone to expand and retract, they constitute fragile sites in the genome and can promote chromosomal rearrangements and other types of structural variations [START_REF] Aksenova | Genome rearrangements caused by interstitial telomeric sequences in yeast[END_REF][START_REF] Aksenova | Expansion of Interstitial Telomeric Sequences in Yeast[END_REF].

In addition, they are able to interact with telomeres to generate intrachromosomal recombinations and can modulate the expression of nearby genes through the recruitment of telomere-bound proteins (reviewed in [START_REF] Aksenova | At the beginning of the end and in the middle of the beginning: Structure and maintenance of telomeric dna repeats and interstitial telomeric sequences[END_REF]). ITS are eager to expand/retract and their expansion, accompanied by that of Y' elements, is used as an alternative pathway to compensate for the lack of telomerase. Alternative lengthening of telomeres (ALT) is a mechanism widely used from yeasts to mammals to overcome the absence of an active telomerase enzyme, and it relies on recombination. The existence of such mechanisms was first postulated when rare est1 KO cells escaped death (Figure 5). These rare cells were called survivors and analysis of their genome revealed that they could be of two possible types: type I and type II survivors (Lundblad & Blackburn, 1993;Teng & Zakian, 1999). Type I survivors contain multiple tandem Y' sequences intertwined by ITS, but their telomeres are very short [START_REF] Larrivée | Telomerase-and capping-independent yeast survivors with alternate telomere states[END_REF]Lundblad & Blackburn, 1993). The appearance of type I survivors is strictly dependent upon recombination pathways, and therefore cannot happen when RAD genes are inactivated [START_REF] Chen | Two Survivor Pathways That Allow Growth in the Absence of Telomerase Are Generated by Distinct Telomere Recombination Events[END_REF][START_REF] Le | RAD50 and RAD51 define two pathways that collaborate to maintain telomeres in the absence of telomerase[END_REF].

Type II survivors do not contain amplifications of subtelomeric elements and ITS but can have both very short and extremely long telomeres in the same cell, which can arrive up to 12 kb (Teng & Zakian, 1999;Teng et al., 2000). These survivors contain extrachromosomal circles of telomeric DNA, and their unstable telomeres are maintained by rolling circle replication [START_REF] Larrivée | Telomerase-and capping-independent yeast survivors with alternate telomere states[END_REF][START_REF] Lin | Extrachromosomal telomeric circles contribute to Rad52-, Rad50-, and polymerase δ-mediated telomere-telomere recombination in Saccharomyces cerevisiae[END_REF]. These circles could be generated by intrachromosomal recombinations between telomeric sequences [START_REF] Lustig | Clues to catastrophic telomere loss in mammals from yeast telomere rapid deletion[END_REF]. The onset of this type of survivors is dependent on the MRX complex, RAD59 and SGS1 [START_REF] Chen | Two Survivor Pathways That Allow Growth in the Absence of Telomerase Are Generated by Distinct Telomere Recombination Events[END_REF][START_REF] Huang | SGS1 is required for telomere elongation in the absence of telomerase[END_REF]Johnson et al., 2001;[START_REF] Le | RAD50 and RAD51 define two pathways that collaborate to maintain telomeres in the absence of telomerase[END_REF]Teng et al., 2000;Wellinger & Zakian, 2012).

Although the pattern of ITS distribution is extremely variable in yeast strains, nothing is currently known about the genes and environmental factors which contribute to this diversity. 

3.5) The evolutionary contribution of telomere dynamics

Telomeres are extremely variable among taxa. Species typically have very different average telomere lengths, and even among the same species, telomere length can vary among individuals and populations. However, telomeres are not only different in terms of length, but also in terms of sequence, and a great diversity of telomeric DNA motifs was reported among organisms. For the rest of this chapter, I will illustrate the contribution of telomere diversity to evolution, focusing first on telomere length diversity and then on telomere sequence diversity.

Telomeres are ribonucleoprotein structures located at the end of linear chromosomes, and, as such, are an integrative part of the genome and coevolve with it under the action of the same selective pressures. In parallel, it is also true that modifications of the sequence, length and structure of telomeres can have profound consequences on the rest of the genome. In this sense, the contribution of telomere dynamics to genome evolution can be seen by two different angles. On one side we can consider telomeres as whatever other part of the genome and describe the factors that lead to their modification in space and time: in this sense telomeres are the objects on which selection acts upon.

On another side, the state of telomeres, and in particular their dysfunction, is known to provoke other genomic alterations: in this other sense telomeres are the drivers of genome evolution.

3.5.1)

The evolutionary contribution of telomere length dynamics

3.5.1.1) Telomeres as objects of evolution

In many adult vertebrates, in contrast to the embryonic life, telomerase expression is low in somatic cells with a notable higher expression in stem cells that is, nevertheless, insufficient to fully replenish telomere length during cell division but can extend the proliferative capacities of these cells. As a consequence, at each cell division mammalian telomeres get progressively shortened and, as soon as telomere length reaches a critical threshold, the cell perceives the presence of an uncapped chromosome and activates the DNA damage response, which results in the permanent block of the cell cycle, a state known as "replicative senescence" [START_REF] Bodnar | Extension of life-span by introduction of telomerase into normal human cells[END_REF]. The progressive shortening of telomeres at each cell division acts as a "molecular clock" to count how many divisions a cell has undergone, and therefore how big is its mutational burden, and it is thought to have evolved as a barrier against the onset of cancer [START_REF] Campisi | Replicative senescence: An old lives' tale?[END_REF]. The length of telomeres is variable in different species. Human telomeres can range between 5-15 kb [START_REF] Canela | High-throughput telomere length quantification by FISH and its application to human population studies[END_REF][START_REF] Kong | Telomere shortening in human diseases[END_REF][START_REF] Okuda | Telomere Length in the Newborn[END_REF], while mice have extremely long telomeres (>25 kb) [START_REF] Zhu | Telomere length regulation in mice is linked to a novel chromosome locus[END_REF]. Yeast telomeres are relatively short and range between 300+-75 bp (Wellinger & Zakian, 2012).

In humans, short telomeres have a profound impact on health and have been associated to different pathological conditions induced by the absence of a functional telomerase or telomere-bound proteins, like dyskeratosis congenita. These syndromes appear very early in life and their phenotypical outcome is an accelerated aging associated with an extremely short lifespan (Savage & Alter, 2009).

Even though the causal role of telomere dysfunction in various age-related pathologies is clear,

there are still open questions whether telomere traits, and especially the length, can influence other fitness traits. Until recently, almost all of the work regarding telomere biology was targeted at understanding the molecular mechanisms of telomere homeostasis and the link between telomere biology and the onset of disease. However, there has been a renewal of interest in investigating variation in telomere dynamics in non-model organisms and the association between telomere length and life history traits like growth, reproduction and longevity. Can we establish if selection acts on telomere length, directly or indirectly, in order to induce phenotypic benefits?

3.5.1.2) Telomere length and lifespan

Telomere length varies both among chromosomes in the same cell and among individuals of the same species, while still being maintained within a certain range which is specific of each species. It varies even more among different species. In humans, telomere length can range between 0.5-15 kb.

In rodents 10-72 kb, in ungulates 7-23 kb, in dogs 12-23 kb, in lagomorphs 2-50 kb, and in yeast 100-400 bp (Monaghan, 2010).

A key question in the field of evolutionary biology is whether telomere length can predict lifespan across individuals of the same species and even among species. This hypothesis is based on the reasoning that if telomere attrition progresses constantly during a lifetime, individuals or species with an initial shorter telomere length at birth should die sooner. Much of the work trying to give an answer to this question has been done in birds, and performed in wild and captive populations. In many bird species, as in humans, telomeres shorten with age, although some species exist that show an opposite trend [START_REF] Haussmann | Telomeres shorten more slowly in long-lived birds and mammals than in short-lived ones[END_REF]. Heidinger et al. confirmed that telomere length early in life can be used as a predictor of longevity. They measured telomere length in red blood cells of zebra finches (Taeniopygia guttata) at the nestling stage and at multiple other time-points in life, and found that telomere length at 25 days of life was positively and significantly correlated with lifespan, and individuals who lived the longest carried long telomeres at all timepoints (Heidinger et al., 2012). In another study with a similar approach but conducted on a different species, the tree swallow (Tachycineta bicolor), Haussmann et al. showed that individuals with longer telomeres at 1 year of age have longer survival (Haussmann et al., 2005). Other studies found similar results [START_REF] Asghar | Hidden costs of infection: Chronic malaria accelerates telomere degradation and senescence in wild birds[END_REF][START_REF] Barrett | Telomere length and dynamics predict mortality in a wild longitudinal study[END_REF][START_REF] Bize | Telomere dynamics rather than age predict life expectancy in the wild[END_REF][START_REF] Fairlie | Lifelong leukocyte telomere dynamics and survival in a free-living mammal[END_REF][START_REF] Pauliny | Age-independent telomere length predicts fitness in two bird species[END_REF][START_REF] Salomons | Telomere shortening and survival in free-living corvids[END_REF]. It is good to know, however, that another study realized with barn swallows (Hirundo rustica) did not find significant correlation between the two variables [START_REF] Caprioli | Nestling telomere length does not predict longevity, but covaries with adult body size in wild barn swallows[END_REF]. A meta-analysis of 27 studies investigating the relationship between telomere length and lifespan in non-human vertebrates confirmed that, in the majority of the species, shorter telomeres are associated with increased mortality risk [START_REF] Wilbourn | The relationship between telomere length and mortality risk in non-model vertebrate systems: A meta-analysis[END_REF]. Outliers are constituted by reptiles, which have different telomere dynamics throughout life respect to birds and humans.

Even though initial telomere length is a good biomarker for longevity, other factors can contribute to this result. In particular, the assumption that the rate of telomere attrition is constant throughout life might not be exact. Telomeres can shorten at different rates depending on genetic and environmental conditions, not only in birds but also in humans and reptiles. Noteworthy, the presence of strong stressors like predators, limited resources and oxidative stress can have an important impact [START_REF] Axelsson | Contrasting seasonal patterns of telomere dynamics in response to environmental conditions in the ectothermic sand lizard, Lacerta agilis[END_REF][START_REF] Dupoué | Shorter telomeres precede population extinction in wild lizards[END_REF]. Therefore, the rate of telomere attrition can be even a better marker for longevity than initial telomere length per se. Sudyka et al.

did a meta-analysis of previous literature on birds and reported a positive correlation between telomere length and lifespan across ten bird species [START_REF] Sudyka | Longitudinal studies confirm faster telomere erosion in short-lived bird species[END_REF]. Tricola et al. confirmed these results on a larger scale using 19 bird species and also found that the rate of telomere loss is conserved among phylogenetic families [START_REF] Tricola | The rate of telomere loss is related to maximum lifespan in birds[END_REF]. Other studies expanded the phylogenetic range of species and confirmed that the same trend is observed also in mammals [START_REF] Dantzer | Telomeres shorten more slowly in slow-aging wild animals than in fast-aging ones[END_REF][START_REF] Haussmann | Telomeres shorten more slowly in long-lived birds and mammals than in short-lived ones[END_REF]Whittemore et al., 2019). It is important to keep in mind that while within species the initial telomere length is a predictor of longevity, this relationship does not exist anymore across species, and the only predictive variable is the telomere attrition rate (Figure 6) [START_REF] Monaghan | Do telomere dynamics link lifestyle and lifespan?[END_REF].

The fact that telomere length correlates with mortality is a strong indication that telomeres are under selective pressure (Monaghan et al., 2018), where selection operates to disfavour the reproduction of individuals with shorter telomeres, and constitutes an example of how selection can shape genome evolution. 

3.5.1.3) Telomere length and growth

Species are different in the rate at which they grow, and this rate can influence their lifespan [START_REF] Metcalfe | Compensation for a bad start: Grow now, pay later?[END_REF], 2003). Species with a faster growth rate usually die younger, as a result of life history trade-offs between growth and longevity. Since an organism has a limited amount of resources, it can preferentially allocate them to a pathway at the expense of another one.

A classical example is when energy is devoted to growth at the expenses of self-maintenance and longevity. What are the molecular mechanisms that mediate this trade-off? A possible answer may reside in telomere maintenance.

Species vary in their body size, and this difference is primarily due to different cell division rates.

Every time a cell divides it needs to replicate its genome and this brings to a loss of part of its telomeres. On top of this, cell division is an expensive process which needs energy produced by mitochondria. A high mitochondrial metabolic activity produces high levels of free radicals and reactive oxygen species, to whom telomeres are particularly sensitive [START_REF] Alonso-Alvarez | Increased susceptibility to oxidative damage as a cost of accelerated somatic growth in zebra finches[END_REF].

Species like mammals and birds grow very much during early life in order to reach their final body size. In humans, that coincides more or less to sexual maturity and after that point very little growth takes place. As a consequence, the rate of telomere loss is maximum during this first period of intense growth [START_REF] Daniali | Telomeres shorten at equivalent rates in somatic tissues of adults[END_REF][START_REF] Geiger | Catching-up but telomere loss: Half-opening the black box of growth and ageing trade-off in wild king penguin chicks[END_REF]. Faster growth is associated to higher telomere loss not only early in life, but also in other periods. For example, a period of starvation resulting in reduced body weight can be followed by a period of higher growth to compensate for the earlier loss, and this is correlated with a reduced lifespan [START_REF] Lee | Experimental demonstration of the growth rate-lifespan trade-off[END_REF]. This reduction in lifespan is usually accompanied by telomere length shortening [START_REF] Tarry-Adkins | Poor maternal nutrition followed by accelerated postnatal growth leads to telomere shortening and increased markers of cell senescence in rat islets[END_REF].

Telomere attrition after intense growth can very likely be a consequence of the damage caused by oxidative stress on DNA, if the antioxidant cellular defenses are not sufficient to buffer its effect.

Telomeres are a preferential target of ROS, because of their high content in guanine, which is more prone to oxidation and can be transformed into 8-oxo-7,8-dihydroguanine [START_REF] Coluzzi | Oxidative Stress Induces Telomere Dysfunction and Senescence by Replication Fork Arrest[END_REF]. Moreover, the presence of telomere-associated proteins makes it difficult for the components of the DNA repair machinery to reach telomeric DNA and fix it [START_REF] Monaghan | Somatic growth and telomere dynamics in vertebrates: Relationships, mechanisms and consequences[END_REF]. At the cellular level, oxidative damage to telomeric regions can activate the DNA damage response that in turn induces cell cycle arrest and replicative senescence in cell cultures, and this effect is independent of telomere length [START_REF] Fumagalli | Telomeric DNA damage is irreparable and causes persistent DNA damage response activation[END_REF]. Oxidative stress also actively shortens telomeres while the reduction of mitochondrially-produced ROS can reduce this attrition [START_REF] Reichert | Does oxidative stress shorten telomeres in vivo? A review[END_REF][START_REF] Zglinicki | Oxidative stress shortens telomeres[END_REF]. The induction of DNA damage only at telomeric sites arrests the cell cycle, ruling out the hypothesis that replicative senescence upon oxidative stress is just the result of generic genomic damage [START_REF] Sun | Targeted DNA damage at individual telomeres disrupts their integrity and triggers cell death[END_REF].

At the organismal level, individuals with higher exposure to oxidative stress have increased telomere loss [START_REF] Glade | A glance at ... telomeres, oxidative stress, antioxidants, and biological aging[END_REF], and circulating ROS have been correlated with telomere loss in red blood cells of king penguin chicks (Aptenodytes patagonicus). The administration of antioxidant molecules is able to counteract these effects: indeed, this has been observed in cell cultures, and in whole organisms when antioxidants were administered by diet [START_REF] Badás | Ageing and reproduction: Antioxidant supplementation alleviates telomere loss in wild birds[END_REF][START_REF] Prasad | Telomere shortening during aging: Attenuation by antioxidants and anti-inflammatory agents[END_REF]. In rats born from undernourished mothers, the administration of ubiquinone by diet prevented telomere shortening in the aorta and the heart tissues [START_REF] Tarry-Adkins | Coenzyme Q10 prevents accelerated cardiac aging in a rat model of poor maternal nutrition and accelerated postnatal growth[END_REF].

Finally, a recent meta-analysis of 109 relevant studies revealed that telomere shortening is correlated not only with growth rate, but with environmental stressors in general [START_REF] Chatelain | The association between stressors and telomeres in non-human vertebrates: a meta-analysis[END_REF]. It is possible that ROS are the central hub of all these relationships, as response to stressors requires ready-to-use energy mainly generated by mitochondria (Figure 7).

3.5.1.4) Telomere length and reproduction

A particular and fascinating "stressor" is reproduction. Just like growth, reproduction requires energy, that will in turn not be available for other organismal needs, like survival babies with shorter telomeres [START_REF] Send | Telomere length in newborns is related to maternal stress during pregnancy[END_REF]. Various studies confirmed the costly nature of reproduction. One study on zebra finches reported that telomeres are shorter after the breeding season, but this effect is transient and telomeres are then restored to their normal length (Heidinger et al., 2012). In other studies, the authors manipulated the brood size in order to modulate the stress on the parents, and discovered that parents caring for a bigger brood had shorter telomeres in comparison with control birds attending unaltered broods [START_REF] Reichert | Increased brood size leads to persistent eroded telomeres[END_REF][START_REF] Sudyka | Experimentally increased reproductive effort alters telomere length in the blue tit (Cyanistes caeruleus)[END_REF].

Many insights on the trade-offs between telomere maintenance and other lifehistory traits comes from research on ectotherm organisms, such as reptiles.

Differently from what happens in mammals and birds, where telomere length decreases in time, telomere length follows more complex dynamics in reptiles. As an example, american and chinese alligators (Alligator mississipiensis and Alligator sinensis) have a telomeric behaviour similar to endotherms, with telomeres shortening across time [START_REF] Scott | Telomere length shortens with body length in Alligator mississippiensis[END_REF][START_REF] Xu | Telomere length shortens with age in chinese alligators (Alligator sinensis)[END_REF]. Siberian sturgeons (Acispenser baerii) and garter snakes (Thamnophis elegans) showed similar behaviour [START_REF] Bronikowski | The evolution of aging phenotypes in snakes: A review and synthesis with new data[END_REF][START_REF] Simide | Age and heat stress as determinants of telomere length in a long-lived fish, the siberian sturgeon[END_REF]. However, other ectotherms, like sand lizards (Lacerta agilis), frillneck lizards (Chlamydosaurus kingii), Atlantic salmons (Salmo salar), leatherback turtles (Dermochelys coriacea) and water pythons (Liasis fuscus) show different patterns, with differences in telomere length through life which are a consequence of variation in telomerase activity [START_REF] Olsson | Sexual differences in telomere selection in the wild[END_REF][START_REF] Pauliny | Rapid growth accelerates telomere attrition in a transgenic fish[END_REF][START_REF] Plot | Telomeres, age and reproduction in a longlived reptile[END_REF][START_REF] Ujvari | Curvilinear telomere length dynamics in a squamate reptile[END_REF][START_REF] Ujvari | Short telomeres in hatchling snakes: Erythrocyte telomere dynamics and longevity in tropical pythons[END_REF].

In Atlantic silversides (Menidia menidia) more fecund fish had shorter lifespans and shorter telomeres [START_REF] Gao | Does reproductive investment decrease telomere length in Menidia menidia?[END_REF]. Telomere length differences can also arise from different investment in reproduction between the sexes. Interesting examples of this phenomenon can be observed in reptiles. Red-sided garter snakes (Thamnophis sirtalis parietalis) show sexual dimorphism, with females being much larger than males. Females have a much more passive behaviour in terms of reproduction and just wait for males to find them and fecund them, while males engage in competition with each other for courtship. In addition, female snakes reproduce biennially, whereas males reproduce yearly. As expected, this translates in females having longer telomeres than males (Figure 8) [START_REF] Olsson | Evolutionary ecology of telomeres: a review[END_REF]Rollings et al., 2017).

The maintenance of body ornaments which are used to attract potential partners can also be considered as a cost of reproduction. In the Australian painted dragon lizard (Ctenophorus pictus), the skin colour is used as a marker of health and better ornaments can attract more partners. Red males defeat yellow ones in fights, while yellow males have a faster and more effcient sex and their sperms are of better quality. The presence of bibs can guarantee a better protection of partners against rivals, but is very costly. Overall, yellow-headed and bib-less males have longer telomeres than red, blue and bibbed males, as a result of less energy expenditure in reproduction (Figure 9) (Rollings et al., 2017).

Other studies reported different results. In a study of barn swallows (Hirundo rustica) telomere length was positively correlated with plumage coloration and reproductive success. An explanation of this is that telomere length reflects plumage that in turn reflects the general quality and performance of the individual [START_REF] Parolini | Telomere length is reflected by plumage coloration and predicts seasonal reproductive success in the barn swallow[END_REF].

All these results are not necessarily mutually exclusive: in fact, much of the variance observed in telomere length depends on when the measure has been taken. If the measure is taken before reproduction, telomere length can be positively correlated with reproduction because its costs have not been paid yet. On the other hand, if telomere length is measured after the breeding, the true costs of reproduction can be detected. Another factor that needs to be considered is that individuals of differential quality can vary in the efficiency at which they find nutritional and other types of resources, and this may have profound consequences on telomere length upon reproduction, with individuals having better performance paying less costs or being more efficient in repairing them [START_REF] Sudyka | Does Reproduction Shorten Telomeres? Towards Integrating Individual Quality with Life-History Strategies in Telomere Biology[END_REF].

3.5.1.5) Telomere dynamics in health and disease

Telomere length shortens with age in human somatic cells. In humans, telomere length is typically measured in leukocytes (LTL), because erythrocytes do not contain a nucleus. It has been shown

that, although there is variation in telomere length across tissues in the same individual, with highly proliferative tissues having shorter telomeres, this variation is little compared to the difference between individuals and LTL can be used as an indicator of an indivual's telomere length [START_REF] Daniali | Telomeres shorten at equivalent rates in somatic tissues of adults[END_REF].

There is evidence that LTL differs among human populations.

Sub-saharan

Africans have a LTL 400 bp longer than African-Americans, and these in turn have a LTL which is 200 bp longer than in Europeans (Figure 10) (Hansen et al., 2016;[START_REF] Hunt | Leukocyte telomeres are longer in African Americans than in whites: The National Heart, Lung, and Blood Institute Family Heart Study and the Bogalusa Heart Study[END_REF]. Variation of LTL among populations suggests that selection might be at play and that there is past and ongoing telomere evolution.

Since LTL has been shown to correlate with organismal fitness, this correlation might pass through a major or minor propensity to develop diseases. In human populations, LTL variation correlates with skin pigmentation, and this is thought to have arisen to counteract the onset of melanoma. Individuals with dark skin are naturally more protected from melanoma, while lighter ones are not. The shortening of telomeres in Europeans has been selected for to protect them from a higher risk of developing melanomas (Mangino et al., 2015). This is further strenthened by the fact that Europeans with melanoma have longer LTL than other Europeans without the disease [START_REF] Caini | Telomere length and the risk of cutaneous melanoma and non-melanoma skin cancer: A review of the literature and meta-analysis[END_REF][START_REF] Nan | Shorter telomeres associate with a reduced risk of melanoma development[END_REF].

The fact that reduced telomere length evolved as a barrier against the onset of cancer is not new [START_REF] Campisi | Replicative senescence: An old lives' tale?[END_REF]. Cancer is a genetic disease that is triggered by the onset of mutations in oncogenes/oncosuppressors that result in an uncontrolled cell proliferation. Therefore, the higher is the body mass of an organism, the higher will be its mutational burden and its risk of cancer. It is expected to observe a higher cancer incidence in big mammals than in small ones, but it is not the case, and this is known as the Peto's paradox [START_REF] Risques | All's well that ends well: Why large species have short telomeres[END_REF]. The inconsistency between theoretical predictions and reality stands up because big size species evolved mechanisms to protect themselves from disease. Typically, big size mammals inactivate telomerase and have shorter telomere length. Some of them, which are particularly big, invented even additional mechanisms of protection. For instance, the African and Asian elephants duplicated their tumour suppressors genes, like TP53 [START_REF] Abegglen | Potential mechanisms for cancer resistance in elephants and comparative cellular response to DNA damage in humans[END_REF][START_REF] Gaughran | TP53 copy number expansion is associated with the evolution of increased body size and an enhanced DNA damage response in elephants[END_REF]. The bow-head whale chose to follow another strategy and duplicated its DNA repair genes [START_REF] Keane | Insights into the Evolution of Longevity from the Bowhead Whale Genome Resource Insights into the Evolution of Longevity from the Bowhead Whale Genome[END_REF].

Overall, longer LTL might expose individuals to a higher risk of elongating the proliferative potential of cells, and to cancer as a consequence of that. The acquisition of cellular immortalization is in fact an essential step in tumour progression and passes through the reactivation of telomerase or alternative telomere-lengthening pathways. Carrying short telomeres, however, is not safe as well. Short telomeres limit the maximum proliferative potential of cells, leading to early tissue decline and reduced regenerative potential (Aviv & Shay, 2018). The final outcome is a higher risk of developing degenerative and cardio-vascular diseases. Thus, there appears to be a trade-off between the risk associated to maintaining both long and short telomeres and the "best telomere length" probably depends on the environment where the organism lives and the type of stresses to which it is exposed.

3.5.1.6) Telomere dynamics and life-history trade-offs: the big picture

In the previous paragraphs we have seen how telomeres are at the center of the life of a cell.

Telomeres can influence the maximum lifespan of a cell and, in consequence, that of the whole organism, as a result of both their initial state after birth and their rate of attrition during life. The initial state and attrition rate are influenced by hereditary factors, the stress of the mother during pregnancy and the environmental condition in early life. Environmental conditions continue to exert a strong effect on telomeres throughout life, determining the rate at which telomeres shorten.

Stressors do not have an effect on telomeres only when they are permanently present, but also sporadic events like a spike in growth following a period of undernourishment, and reproductive effort, can have an important impact on telomere attrition. The action of telomerase can restore telomeres and its level is different across species but also during life-history within the same individual.

Telomere length per se can be considered as a risk factor for many diseases, including cancer (when it is long) and degenerative pathologies (when it is short). Telomeres are generally maintained shorter when the risk of cancer is high, like in species with a high body mass. Evolutionary strategies exist to circumvent this problem, and, in theory, if the amount and efficiency of oncosuppressors guarantees an accurate protection against cancer, telomerase inactivation would not even be necessary.

Overall, the interaction of organisms with their environment is a complex and multi-levelled relationship, which is characterized by the interplay of many intrinsic and extrinsic factors.

Reproductive success, health and lifespan can have different outcomes depending on how energy and limited resources are distributed, and telomeres are often the mediators of these outcomes.

In conclusion, the "best" telomere length of an individual, population or species probably does not exist, and the actual telomere length is the result of a complex interplay between many factors. The final result will depend on which of these factors weighs the most in the environment where the organism lives.

3.5.2) Telomeres as drivers of evolution

As I had anticipated in one of the first paragraphs of this chapter, the Human cultured fibroblasts can only replicate a finite number of times (usually between 40 and 60), a phenomenon known as the "Hayflick limit", in honour of its discoverer Leonard Hayflick, who first described it [START_REF] Shay | Hayflick, his limit, and cellular ageing[END_REF]. The cessation of cell divisions is known as "replicative senescence" and is mainly caused by the progressive shortening of telomeres upon genome replication. Once telomeres become critically short, cellular checkpoints like the DNA damage response are activated and trigger a permanent cell cycle arrest. Cells can remain in this non-dividing state for many years before finally dying [START_REF] Baird | Telomeres and genomic evolution[END_REF]. However, this control can be circumvented by inactivating important checkpoints mediated by oncosuppressor proteins. In humans, mutations or deletions of key effectors of the cell cycle checkpoints, like Tp53

and RB, often result in the ability of cells to escape these checkpoints and continue dividing, even in the presence of critically short telomeres [START_REF] Baird | Telomeres and genomic evolution[END_REF]. This eventually leads to the presence of completely uncapped chromosome-ends, which are recognized as double-strand breaks (DSBs) and processed by the DNA repair machinery. The most obvious outcome of this process is the fusion of telomeres from different chromosomes. This leads to the origin of fused chromosomes carrying two centromeres. At the next cell cycle, these chromosomes will be subject to breakage and generate other uncapped ends which will in turn be fused and exacerbate the genome reshuffling, generating even more complex chromosomal rearrangements, in a process known as bridge-fusion-breakage (BFB) cycle, first described in Zea mays by Barbara McClintock (Figure 11) (McClintock, 1941).

The reiteration of telomere fusions and BFB cycles generates interstitial telomeric sequences (ITS) which can further promote genome instability by mediating recombination with other ITS [START_REF] Aksenova | At the beginning of the end and in the middle of the beginning: Structure and maintenance of telomeric dna repeats and interstitial telomeric sequences[END_REF]. Several rounds of BFB cycles, such as those induced at telomere crisis, can lead to complex chromosome rearrangements named "chromothripsis" [START_REF] Cleal | Catastrophic Endgames: Emerging Mechanisms of Telomere-Driven Genomic Instability[END_REF][START_REF] Maciejowski | Chromothripsis and Kataegis Induced by Telomere Crisis[END_REF].

These types of genome rearrangements can trigger the onset of cancer [START_REF] Artandi | Telomere dysfunction promotes non-reciprocal translocations[END_REF], and genome instability is in fact a hallmark of cancer cells [START_REF] Hanahan | Hallmarks of cancer: The next generation[END_REF]. The reiteration of BFB cycles in cancer cells can lead to a high level of heterogeneity among cells in the same tumour. High tumour heterogeneity is usually associated to a higher chance of developing resistance to chemotherapeutics, due to the high rate of genome evolution which increases the chance of duplicating or generating new genes able to counteract the effect of drugs, and to a worse prognosis.

However, such a catastrophic and unstable cellular state cannot survive long in the absence of chromosome-end maintenance pathways. Inside a tumour, the majority of cells undergoes death and apoptosis after entering into this "crisis" stage (Hayashi et al., 2015), but some clones can escape crisis by restoring the ability to maintain their chromosome-ends. The acquisition of cellular immortalization is an essential step in tumour progression and passes through the reactivation of telomerase or alternative telomere-lengthening pathways [START_REF] Mathieu | Telomeres and chromosomal instability[END_REF]. In a study of over 18000 human cancer and non-neoplastic samples, the authors discovered that telomere length was often shorter in cancer cells, and 73% of cancers reactivated telomerase by various mechanisms, including point mutations, gene duplications, gene chimerisation and modulation of its expression [START_REF] Barthel | Systematic analysis of telomere length and somatic alterations in 31 cancer types[END_REF].

Telomere dysfunction is not only observed in cancer, but is associated with other pathologies like chronic inflammation states, neurodegenerative diseases and cardio-vascular diseases. However, these studies are generally correlational, and cannot inform whether telomere dysfunction is at the origin or a consequence of the pathological state. Additional research is needed to get an insight into the contribution of telomere-driven genetic instability to the onset of these diseases.

Telomeres can also have an important impact on species evolution. Reproductive isolation between populations can arise as a consequence of structural variations between their genomes and initiate speciation. In chapter 1, I described two examples of reproductive isolation between Saccharomyces species. In one example, a Malaysian Saccharomyces cerevisiae subpopulation was reproductively isolated from the rest of the species because of multiple chromosomal rearrangements (Marie-Nelly et al., 2014;Yue et al., 2017). The same happened to a S. paradoxus

South-American subpopulation carrying multiple SVs (Naumov et al., 2000;Yue et al., 2017) (Chapter 1 -Figure 8). If the reproductive isolation between the subpopulations continues for enough evolutionary time, the populations will continue to diverge and will eventually become different species.

If genome rearrangements are a consequence of telomere dysfunction, we can affirm that we are in front of a case of telomere-driven evolution. This can easily be tested by the inspection of ITS distribution in internal parts of the genome, which are a direct result of telomere fusions. An interesting example of this phenomenon can be found comparing the human and other great apes'

genomes: while all great apes have a diploid genome content of n=48 (Yunis & Prakash, 1982), humans contain only 46 chromosomes, because chromosome II derived from an archaic telomeric fusion of two autosomes (Dreszer et al., 2007;Ijdo et al., 1991;Ventura et al., 2012). The presence of ITS is not chracteristic of humans, but has been found in other organisms [START_REF] Meyne | Distribution of non-telomeric sites of the (TTAGGG)n telomeric sequence in vertebrate chromosomes[END_REF][START_REF] Rovatsos | Interstitial telomeric motifs in squamate reptiles: When the exceptions outnumber the rule[END_REF]. An extreme example is the muntjac deer, where the Indian population contains 6-7 chromosomes and multiple ITS, whereas the Chinese population contains 46 chromosomes. Other populations contain an intermediate number of chromosomes [START_REF] Benirschke | Indian Momtjac, Muntiacus muntiak: A Deer with a Low Diploid Chromosome Number[END_REF][START_REF] Mudd | Analysis of muntjac deer genome and chromatin architecture reveals rapid karyotype evolution[END_REF][START_REF] Tsipouri | Comparative sequence analyses reveal sites of ancestral chromosomal fusions in the Indian muntjac genome[END_REF][START_REF] Wang | Rapid and parallel chromosomal number reductions in muntjac deer inferred from mitochondrial DNA phylogeny[END_REF]. The fixation of these new karyotype structures in a population may be facilitated by selective advantage and constitute the first step of telomere-driven speciation. In this sense, the acquisition of ITS can promote adaptation to the environment as ITS constitute active binding sites for transcription factors like Rap1p and Trf2, and therefore their presence near a gene can modulate its expression [START_REF] Yang | Human telomeric proteins occupy selective interstitial sites[END_REF].

All the mechanisms discussed so far involve the onset of structural variation upon telomere dysfunction. However, telomeres can exert an action on their host genome also at other, less macroscopic levels. In a study that used S. cerevisiae as model organism, the authors inactivated telomerase by deleting EST1 and placed CAN1 at a subtelomeric site to measure its mutation rate.

They found that est1delta strains had 50-fold higher chance of inactivating the gene by terminal deletions. However, the authors did not detect an increase in point mutation rate upon telomerase inactivation, suggesting that the genomic effects of telomere dysfunction are mediated by structural variation [START_REF] Hackett | Telomere dysfunction increases mutation rate and genomic instability[END_REF].

Overall, there are sufficient examples in literature to conclude that telomeres have an important role in driving genome and species evolution, but additional research is needed to unravel the molecular mechanisms and pathways underlying this process.

3.5.3) The evolutionary contribution of telomere sequence dynamics

Telomeres are ribonucleoproteins essential for the stability and maintenance of chromosomes. As their role is fundamental for the health of the cell and their perturbation can cause severe damage, one would expect their sequence to be highly conserved across the tree of life. In contrast, one would remain easily surprised by the astonishing variety present in such tree in terms of telomeric sequences. Even though telomere sequences all have conserved characteristics, like being highly repetitive, G-rich and short, there are many variants of telomeric motifs.

So far, the most comprehensive analysis of telomere sequences by an evolutionary perspective has been carried out in 2013 by Fulneckova et al. The authors examined a set of 143 publicly available genome sequences of under-represented taxa and determined their telomeric repeats using bioinformatic methods (Fulnečková et al., 2013).

Organisms of the Metazoa taxa, comprising all animals, have mostly TTAGGG repeats, with some exceptions [START_REF] Fajkus | Telomeres in evolution and evolution of telomeres[END_REF][START_REF] Gomes | Comparative biology of mammalian telomeres: Hypotheses on ancestral states and the roles of telomeres in longevity determination[END_REF]. The canonical TTAGGG is characteristc of vertebrates. Other Metazoa taxa have variants of this motif. Nematodes like the model organism Caenorabditis elegans carry a variant which contains a mismatch at the level of the last base (TTAGGC) (Zetka & Müller, 1996). Most insects contain a partially deleted repeat which has lost the last base (TTAGG) [START_REF] Vítková | The evolutionary origin of insect telomeric repeats, (TTAGG)n[END_REF]. Inside the insect taxa, however, additional modifications have appeared at the level of subtaxa and ulteriously modified the telomeric sequence. For instance, some families of the order Coleoptera carry telomeres with TCAGG sequence (Frydrykova & Marec, 2002;[START_REF] Mravinac | TCAGG, an alternative telomeric sequence in insects[END_REF]. Other insects, like the order Diptera which comprises the model organism Drosophila melanogaster, carry alternative mechanisms of chromosome capping, involving the use of retrotransposons and long termal repeats (LTR) (Kuznetsova et al., 2020).

In the plants kingdom (Archaeplastida), the widespread telomeric repeat carries one additional base and became TTTAGGG (Peska & Garcia, 2020), and it is also called Arabidopsis-type telomeric repeat since it was discovered in the plant model organism Arabidopsis thaliana [START_REF] Richards | Isolation of a higher eukaryotic telomere from Arabidopsis thaliana[END_REF]. As per what happens in the animal kingdom, there are variations of this motif. In the red algae (Rhodophyta), the few known telomeric repeats are AATGGGGGG for Cyanidioschyzon merolae (Cyanidiophyceae) [START_REF] Nozaki | A 100%-complete sequence reveals unusually simple genomic features in the hot-spring red alga Cyanidioschyzon merolae[END_REF], TTATT(T)AGGG for Galdieria sulphuraria (Cyanidiophyceae) (Fulnečková et al., 2013), while the canonical TTAGGG has been found in Porphyra umbilicalis (Bangiophyceae) (Fulnečková et al., 2013). The nature of telomeric repeats in other Rhodophyta is still unknown. In the green algae (Chlorophyta), the TTTAGGG motif is widespread and it has been described in the genera Ostreococcus (Mamiellophyceae) [START_REF] Derelle | Genome analysis of the smallest free-living eukaryote Ostreococcus tauri unveils many unique features[END_REF] and Chlorella (Trebuxiophyceae) [START_REF] Higashiyama | Molecular organization of Chlorella vulgaris chromosome I: presence of telomeric repeats that are conserved in higher plants[END_REF], but exceptions are present in the class Chlorophyceae, where the genus Dunaliella and Stephanosphaeria went back to the canonical TTAGGG [START_REF] Fulnečková | Dynamic evolution of telomeric sequences in the green algal order Chlamydomonadales[END_REF], and the motif TTTTAGGG is present in Chlamydomonas [START_REF] Petracek | Chlamydomonas telomere sequences are A+T-rich but contain three consecutive G•C base pairs[END_REF]. In the clade Streptophyta, which comprises also the land plants (Embriophyta), the majority of the classes contains the plant-like motif TTTAGGG, while the class Klebsormidiophyceae carries the alternative motifs TTTTAGGG and TTTTAGG [START_REF] Cox | Comparison of Plant Telomere Locations using a PCR-generated Synthetic Probe[END_REF][START_REF] Fuchs | Telomere sequence localization and karyotype evolution in higher plants[END_REF]. Among the land plants, the unusual vertebrate-type TTAGGG was observed in Aloe and in some other Asparagales [START_REF] Puizina | Karyotype analysis in Hyacinthella dalmatica (Hyacinthaceae) reveals vertebrate-type telomere repeats at the chromosome ends[END_REF][START_REF] Sýkorová | Telomere variability in the monocotyledonous plant order Asparagales[END_REF][START_REF] Weiss | Aloe spp. -Plants with vertebrate-like telomeric sequences[END_REF].

Most protists carry the canonical TTAGGG as telomeric repeat, but a non-negligible number of protist taxa have telomeres more similar to those of plants. For example, the brown algae (Ochrophyta) almost exclusively contain TTAGGG motifs, except in Xantophyceae which carry the plant-like motif. Other variations to the TTAGGG motifs are also present in Alveolates, a group of protists with characteristic flattened sacs positioned under their cellular membrane.

Most fungi contain the canonical TTAGGG repeat, but some important variations are present, especially in yeasts which carry degenerated telomeric sequences and will be described in the next paragraph.

Overall, the majority of taxa carry a TTAGGG telomeric repeat, which is the one present in humans.

This pattern suggests that the TTAGGG motif was the ancestral one present in the last common ancestor of all eukaryotes (LECA), and other groups of organisms modified their telomeric repeat later in evolution (Fulnečková et al., 2013). Among the main changes is the one happened in the ancestor of plants, which added one T. Some specific plants carried on the evolution of their telomeric repeat and even added a second T, later followed by a deletion of a terminal G, like in Klebsiormdiophyceae, or others went back to the ancestral TTAGGG repeat, like in some

Chlorophyceae. Among the Metazoa (animals), the common ancestor of insects deleted the terminal G, and other subgroups of insects continued in their evolution to experiment other motifs, like TCAGG or TTGCA. Most protists remained with the ancestral-type repeat but others took the same evolutionary path of plants and added one T, like in some Alveolates. More complicated variations evolved from this plant-like motif by additional mutation/deletion/addition of nucleotides in Ciliates and Apicomplexans [START_REF] Sohanpal | Characterisation of the telomeres at opposite ends of a 3 Mb Theileria parva chromosome[END_REF]. This remarkable variability indicates that, although telomeres are essential for the life of the cell, they show a considerable level of plasticity and they can be modified in sequence as long as they maintain certain important characteristics, like Grichness (Figure 12). Neurospora crassa [START_REF] Schechtman | Characterization of telomere DNA from Neurospora crassa[END_REF]. In yeasts, instead, there is a remarkable variation of telomeric repeats, which are even irregular [START_REF] Qi | The common ancestral core of vertebrate and fungal telomerase RNAs[END_REF]. In the yeast Saccharomyces cerevisiae, for instance, telomeres are repetitive blocks of a sequence which always has one T but can be followed by 1, 2 or 3 G. The adenine residue has been deleted from the telomeric unit. The combination of these irregular motifs makes every telomere in yeast cells unique in its sequence. In the genus Candida, the evolution of telomeres has been even more pronounced and these yeasts carry very long telomeric units which are very far from the ancestral TTAGGG motif (Figure 13). Yeasts of the genus Yarrowia carry intermediately divergent telomeres, which inserted a variable sequence between T and A, and whose motif can be summarized by the formula TTNNNNAGGG (Červenák et al., 2019).

Yeasts evolved from a canonical TTAGGG repeat and this is confirmed by the presence of degenerated TTAGGG repeats in the centrosome-proximal regions of their telomeres, and are reminiscent of the ancient telomeric structure [START_REF] Brun | Proteins that bind to double-stranded regions of telomeric DNA[END_REF]. The evolution of telomeric sequences happens by progressive accumulation of mutations in the RNA template of telomerase and it is confirmed by the fact that telomeric repeats are complementary to the RNA template.

Thanks to this mechanism, a unique modification in one genome site can cause the modification of all the telomeres at once.

The modification of telomeric sequences must be followed by an adaptation of telomere-binding proteins. The presence of ancient TTAGGG repeats at the beginning of S. cerevisiae telomeres suggests that the proteins which are binding them might also be the ancestral telomere-binding proteins of the last yeast common ancestor (LYCA). In S. cerevisiae, these units are bound by Tbf1p, a transcription factor which is essential for mitotic growth [START_REF] Brigati | An Essential Yeast Gene Encoding a TTAGGG repeat-binding protein[END_REF][START_REF] Koering | Identification of high affinity Tbf1p-binding sites within the budding yeast genome[END_REF]. Additional evidence that Tbf1p might be the ancestral telomere-binding protein comes from the fact that it contains a DNA-binding domain more closely related than Rap1p to the one of TRF1 and TRF2, which are the principal telomere-binding proteins in humans. All Tbf1-related proteins possess a very similar Myb-like binding domain called "telobox" (Bilaud et al., 1996, Figure 13: Representation of telomeric repeat variation in the kingdom Fungi. Adapted from [START_REF] Qi | The common ancestral core of vertebrate and fungal telomerase RNAs[END_REF]Qi et al., . 1997). Tbf1-like proteins are found in the majority of yeasts, and are very similar in their structure.

However, most of the telomere length in S. cerevisiae is composed of the derivative TG1-3 motifs and is bound by Rap1p. The switch from TTAGGG to TG1-3 has been accompanied and allowed by a shift between Tbf1-bound to Rap1-bound telomeres [START_REF] Červenák | Double-stranded telomeric DNA binding proteins: Diversity matters[END_REF]Teixeira & Gilson, 2005). Rap1p is characterized by a much more flexible binding to DNA, which allows more variable sequence in the binding sites [START_REF] Lieb | Promoter-specific binding of Rap1 revealed by genome-wide maps of protein-DNA association[END_REF]. At the same time, Tbf1p lost its binding to telomeres but remained bound to subtelomeric sites, where it continued to regulate telomere length and gene expression [START_REF] Berthiau | Subtelomeric proteins negatively regulate telomere elongation in budding yeast[END_REF].

3.5.3.2) A case-study of telomere evolution: the humanized yeast model

The evolution of telomeric sequences occurs by spontaneous and progressive accumulation of mutations in the RNA template of telomerase. This is possible because telomerase is not extremely strict and can tolerate to work with a slightly different RNA partner. Naturally-occurring telomere mutants have been described in Kluyveromyces lactis and caused abnormal enlargement of cells [START_REF] Smith | Uncapping and Deregulation of Telomeres Lead to Detrimental Cellular Consequences in Yeast[END_REF]. Other spontaneous mutations have also been described in Tetrahymena and S. cerevisiae [START_REF] Blackburn | The end of the ( DNA ) line[END_REF]. Modified telomeres in budding yeast can also be produced artificially. Lin et al. produced a set of 63 mutant yeasts with mutated telomeres by engineering three basepairs in the template region of TLC1, coding the telomerase RNA template. These mutants exhibited defects in chromosome segregation and activation of cell-cycle checkpoints (Lin et al., 2004). A particular case of telomere modification is when the RNA template of S. cerevisiae is modified to contain vertebrate-type TTAGGG telomeric repeats. This can be achieved just by the modification of 16 nt in the template region of TLC1 (Henning et al., 1998). This strain is called "humanized yeast" although, as discussed above, TTAGGG repeats can be found at the telomeres of a large variety of eukaryotic cells. The first purpose of this strain was initially to completely reconstitute human telomeres in a more amenable system to study human telomere biology (Bah et al., 2004). However, the humanized yeast constitutes an invaluable model to investigate the evolutionary mechanisms of telomere evolution and how organisms can adapt to new telomeric sequences. In addition, it constitutes a sort of "reverse evolution" experiment in which yeasts go back to their ancestral telomeric units (Teixeira & Gilson, 2005). What did we learn so far about humanized yeast?

Humanized yeasts can survive for long periods of time (up to 2500 generations) and their native TG1-3 telomeres are progressively replaced by human ones. However, a core of 30-50 nt is always maintained in a TG1-3 state at the beginning of telomeres. This is due to the action of telomerase which replenishes telomeres before they can get completely eroded. As a consequence, telomeres in humanized yeasts are always mixed with a first sequence composed by TG1-3 units and a terminal one composed by the newly synthetized human units (Bah et al., 2004). Humanized telomeres are generally shorter than wild-type ones, while their terminal single-stranded G-tail is longer (Bah et al., 2004). The humanization of yeast telomeres is accompanied by a reshaping of telomere-binding proteins. Humanized telomeres are not bound anymore by Rap1p, but they are bound by the ancestral telomere-binding protein Tbf1p (Alexander & Zakian, 2003;Brevet, 2003;Ribaud et al., 2012). Ku80p is also able to bind humanized telomeres (Figure 14) [START_REF] Auriche | Budding yeast with human telomeres: A puzzling structure[END_REF].

Humanized yeasts are strictly dependent on the presence of an active and functional telomerase for their survival. Their telomere turnover is very high and when telomerase is inactivated they cannot grow (Bah et al., 2011).

However, humanized telomeres are not harmless and they trigger a chronic activation of the DNA damage response (DDR) pathway, which can be deduced by the detection of Rad53 phosporylation.

The activation of DDR induces a delay in cell cycle progression and slowing of the growth rate (Di Domenico et al., 2009), which is even exacerbated by DNA replication problems as the replication fork is frequently stalled at the level of these telomeres (Bah et al., 2011). Interestingly, the presence of a humanized single-stranded G-tail is sufficient to activate the DDR, while the presence of humanized telomeres "sandwiched" between yeast telomeres does not trigger any DDR and is perfectly tolerated (Bah et al., 2011). The chronic activation of DDR prevents chromosome end-toend fusions. When main DDR effectors like TEL1 and MEC1 are deleted, yeasts start to accumulate genome instability (Di Domenico et al., 2009). Humanized yeasts have also an altered transcriptional profile as they are incapable of spreading transcriptional silencing in nearby subtelomeric sites (TPE). This is due by their inability to recruit Sir proteins due to the loss of the Rap1p binding. Most telomere-binding proteins, like Rap1 and Tbf1, are transcription factors. As a consequence, the restructuring of telomeres will induce a reshape in the location and abundance of transcription factors over genomic sites. It is expected therefore that telomere humanization will have a profound effect on the transcriptional profile of the cell, not only limited to the de-repression of subtelomeric genes. Unfortunately, this experimental model system has fallen into disuse and currently no transcription profiles are available.

Scientific problems addressed and objectives of this PhD

Genomes are progressively modified during their evolution leading to gene content variation, recombination, mutation and genetic exchange among species/subpopulations. The advent of nextgeneration sequencing technologies and their cost reduction increased the number of genomes available for evolutionary studies, opening the way to understand the molecular mechanisms involved in genome evolution.

During my university studies in Italy, I developed a deep interest for studying the genome and its Telomeres are variable not only in length, but also in sequence. Across the tree of life, there is a great variety of telomeric sequences, whose evolutionary origin is puzzling. Different taxa evolved variable telomeric sequences, and telomere-associated proteins had to evolve as well to adapt to the new telomeres. The impact of variation in telomeric sequence on the organismal fitness is currently unknown. Yeast telomeres that have the same sequence as human telomeres can be generated by using a "humanized" version of TLC1, the gene encoding the RNA template of telomerase, in which the template region is altered to encode TTAGGG repeats. In the third chapter of the thesis, I carried out experimental evolution in both non-selective and selective conditions to determine: i) the impact of telomeric sequence variation on organismal fitness, ii) if and through which molecular mechanisms yeast adapts to new telomeric sequences.

Introduction

Genome introgressions drive evolution across the animal, plant and fungal kingdoms (Arnold et al., 2016;Edelman et al., 2019;Sun et al., 2012). Introgressions of genomic material between populations and species often reflect key historical and demographical events of the species evolution. For example, non-African and Oceanian human populations contain ~2% Neanderthal and 2-4% of Denisovan DNA respectively as a consequence of archaic admixture with extinct hominid populations (Wolf & Akey, 2018). Introgression begins with an ancestral hybridization followed by successive backcrossings with one parental species, resulting in bulk loss of haplotypes from the other subgenome [START_REF] Harrison | Hybridization, introgression, and the nature of species boundaries[END_REF][START_REF] Mallet | Hybridization as an invasion of the genome[END_REF][START_REF] Martin | Interpreting the genomic landscape of introgression[END_REF].

However, many biological species pairs may not form hybrids, or show nearly complete hybrid sterility (Greig, 2009). In the model genus Saccharomyces, sister species are known to hybridize (Marsit et al., 2017;Morales & Dujon, 2012), but the high sequence divergence between the hybrids' subgenomes inhibits meiotic recombination via the mismatch repair system (Hunter et al., 1996;Kao et al., 2010). The resulting viable gametes are rare and are almost always nonrecombined, unfit and reproductively isolated from their parental backgrounds (Greig et al., 2002).

Nevertheless, Saccharomyces introgressions are frequent and characterised by replacement of one parental haplotype by the other (Almeida et al., 2014;Barbosa et al., 2016;Liti et al., 2006Liti et al., , 2009;;Peter et al., 2018) These small introgression blocks are scattered throughout the genome and imply very extensive historical recombination, which is hard to reconcile with reproductive isolation.

Hybrids do form between more distantly-related yeast species (Gallone et al., 2019;Langdon et al., 2020), but do not result in introgressions. This is likely to be explained by the hybrids' higher sequence divergence, which reinforces reproductive isolation by abolishing recombination, and also by incompatibility between subsets of genes (Lee et al., 2008).

We recently sequenced the genomes of more than 1000 S. cerevisiae strains and described 26 welldefined lineages representing specific ecological niches or geographical areas (Peter et al., 2018).

Four of these lineages, Alpechin, Brazilian bioethanol, Mexican agave and French Guiana, present abundant introgressions of highly diverged (~12%) sequence from the sister species S. paradoxus, derived from at least two ancient admixture events. The Alpechin lineage, associated with olive oil production, carries the largest amount of introgressed material, ranging from 4% to 5% in individual strains and combined covering 8% of the genome (Peter et al., 2018). Alpechin strains were mostly isolated from olive oil wastewater (Alpechin, in Spanish) in Spain. The Alpechin population has been recently resampled from similar olive-based environments, indicating that the clade is stable and characteristic of olive-domestication environments (Pontes et al., 2019). Here, we report the discovery of a S. cerevisiae-S. paradoxus hybrid that is the direct clonal descendant of an ancient hybridization event that founded the Alpechin lineage by sexual reproduction and backcrossing to S. cerevisiae. For shorthand, we refer to this strain as the "living ancestor", as it retains the genome structure of the ancestor, while noting that the present-day individual is separated from the actual ancestor by some evolutionary time. The ancestral hybrid genome was shaped by extensive genomic instability, resulting in mitotic recombination events that by loss-of-heterozygosity (LOH) generated over a hundred scattered blocks of homozygous DNA. We show that these LOH blocks restore recombination efficiency and gamete viability, explaining how the ancestral hybrid overcame the main barrier to introgression.

Results

A clonal descendant of the ancestral hybrid

We identified a single natural S. cerevisiae-S. paradoxus living ancestor hybrid that co-exists with the S. cerevisiae Alpechin clade in olive oil related niches (Supplementary Table 1). We combined long-and short-read deep sequencing and haplotype structure information from meiotic gametes to infer its genome structure. The diploid hybrid contains the complete set of 16 chromosomes from each parent species. First, we inferred the phylogenetic relationship of both the subgenomes of the living ancestor against all major S. cerevisiae and S. paradoxus subpopulations (Bergstrom et al., 2014;Peter et al., 2018;Yue et al., 2017). We identified the Alpechin lineage as the closest relative to the living ancestor's S. cerevisiae subgenome and the European S. paradoxus population as the closest relative to the S. paradoxus subgenome (Fig. 1a).

Second, we compared the genomic locations of the S. paradoxus LOH blocks (with two copies of S.

paradoxus DNA retained) in the living ancestor to the S. paradoxus introgressed regions in the Alpechin isolates (Fig. 1b, Extended Data Fig. 1, Supplementary Tables 23). Among the 114

Alpechin introgressions, 62 overlapped with the S. paradoxus LOH blocks in the living ancestor for 534736 bp (spanning 43872 markers). Given that the living ancestor has 9.7% of its genome in LOH with two S. paradoxus copies (as well as 5.5% with two S. cerevisiae copies) and the Alpechins have 8% of introgressed S. paradoxus genome, the expected number of markers randomly overlapping between LOH and introgressions would be only 8221 (two-tailed χ 2 test, p<0.00001). We further compared the breakpoints of these 62 LOH blocks and the introgressed regions and found them to show remarkable genome-wide concurrence. Among 124 introgression boundaries, 90 were within 1 kb from the closest LOH boundary, with the vast majority sharing the exact same coordinates. These results imply that the S. paradoxus LOH blocks were the direct source of most of the Alpechins' introgressions.

We then explored whether newly arisen heterozygous mutations within S. paradoxus LOH blocks, accumulating over time within the two initially identical DNA sequences, were also present in the Alpechins' introgressions. Identical de novo mutations are highly unlikely to arise independently and are therefore compelling evidence of shared ancestry. We confidently called 207 heterozygous sites within S. paradoxus LOH blocks and for each site inferred the mutated and the ancestral state.

Of the 156 de novo mutations on the S. cerevisiae haplotype of the LOH blocks, 125 (80%) were present also on the S. paradoxus introgression blocks of the Alpechins (Fig. 1b, Extended Data Fig. 2). In contrast, only 3 of the 51 de novo mutations present in the S. paradoxus haplotype were detected in the Alpechin population. This is uniquely compatible with a model in which most of the retained introgressions are direct descendants of the S. paradoxus DNA copied into the S. cerevisiae subgenome during the LOH block formation in the ancestral hybrid (Supplementary Discussion 1). Introgressions non-overlapping with LOH blocks likely emerged by integration of additional S.

paradoxus subgenome during meiotic and mitotic recombination after the split with the living ancestor.

Taken together, these results unequivocally show that the discovered hybrid is closely related to the Alpechin lineage, is a good proxy for the ancestral hybrid state and can serve as a "living ancestor"

to understand the early evolution of the Alpechin lineage. 

Genome instability in the ancestral hybrid

We found the living ancestor's subgenomes to have remained phased, with contiguous S. cerevisiae and S. paradoxus haplotypes, meaning that this clonal descendant never underwent a single meiosis after the initial, ancient hybridization (Fig. 1b, Extended Data Fig. 3). In contrast, the exceptional number of LOH blocks suggested a massive mitotic genome instability event. We detected 102

LOH blocks, together representing 15.2% of its genome, dispersed across the 16 chromosome pairs (Supplementary Table 2). The LOH blocks are disproportionately common in some chromosomes (e.g. chr. IV) and have complex patterns consistent with multiple nested recombination events in others (e.g. chr. V). The LOH size varies over 4-orders of magnitude (0.085 to 245 kb), with events shorter than 10 kb being enriched (Extended Data Fig. 4a). We found more interstitial (n=92) than terminal LOH blocks (n=10) and the former were much smaller (11 vs. 67 kb, average), consistent with these two LOH types originating from distinct repair mechanisms [START_REF] Symington | Mechanisms and Regulation of Mitotic Recombination in Saccharomyces cerevisiae[END_REF]. We detected a strong LOH bias for S. paradoxus rather than S. cerevisiae homozygosity blocks (78 vs.

24, covering 1092514 and 611623 bp respectively) and investigated this by evolving eight parallel mutation accumulation lines in which we propagated the living ancestor asexually for ~2220

generations through 120 single cell bottlenecks (Dutta et al., 2017;Tattini et al., 2019). Together, the mutation accumulation lines acquired 37 new LOH with no bias for either parental haplotype (Extended Data Fig. 4b, Supplementary Table 2, Supplementary Discussion 2). This is consistent with the parental bias towards S. paradoxus LOH blocks in the living ancestor being due to selection favouring retention of these blocks (Dunn et al., 2013;[START_REF] Bozdag | Engineering recombination between diverged yeast species reveals genetic incompatibilities[END_REF]Smukowski Heil et al., 2017), rather than to mutational mechanisms promoting their formation.

We also found signatures of genome instability in five gross chromosomal rearrangements and in chromosome I aneuploidy. The rearrangements are mostly restricted to the S. paradoxus subgenome and likely postdate the hybridization (Extended Data Fig. 3, Supplementary Discussion 3). We conclude that extensive genome instability followed the hybridization, resulting in exceptional levels of LOH and rearrangements.

LOH blocks rescue hybrid fertility

To validate that the living ancestor can overcome the reproductive isolation barrier, we tested plating diploid clones in 5-Fluoroorotic Acid (5-FOA) media, which selects for URA3 loss. Six mitotic (T0) and twelve return-to-growth (RTG) clones were isolated and genome-sequenced.

Chromosome II analysis of the diploid clones shows that most of the recombination events are mediated by pre-existing LOH homozygous blocks (red lines). The URA3 gene is embedded in the living ancestor's S. cerevisiae chromosome II and therefore selects for events that generate a S. 

Recreating the history of introgressions

The unique availability of a living ancestor and its modern descendants allowed us to reconstruct and probe the key evolutionary stages leading to genome introgressions (Fig. 3, Extended Data Fig. 7a, Supplementary Tables 4,5). First, we investigated the reproductive capacity of an experimental S. cerevisiae-S. paradoxus first-generation hybrid. As expected (Greig et al., 2002;Hunter et al., 1996;Liti et al., 2006), this hybrid produced gametes, i.e. it sporulated efficiently, but these were almost always inviable (median of 0.5% viability).

Second, we investigated a first generation of gametes derived from the living ancestor, which restored a diploid state by mating-type switching and haplo-selfing (McClure et al., 2018). This F1 generation had variable sporulation efficiency and gamete viability, with the detrimental effects of chromosomal aneuploidies explaining much of this variation (Extended Data Fig. 7b-d).

Third, we explored the reproductive capacity of the next evolutionary stage by backcrossing eight haploid-stable F1 living ancestor gametes to each parental species. The living ancestor gametes were more fertile with S. cerevisiae than with S. paradoxus (median 22.12% vs 13.89%, two-tailed Mann-Whitney test, p=0.008). The gamete viability of the backcrosses varied, with negative effects of the chromosomal aneuploidies (Extended Data Fig. 7e). The higher fertility with S. cerevisiae may help explain why this backcross was favoured, but randomness, S. cerevisiae having been more common and its backcross being fitter, may have also played roles.

Fourth, we induced meiosis in four extant Alpechin strains and found gamete viability to be generally high (median 93.17%; one outlier at 25%). One strain (AQA), containing a relatively high amount of heterozygous introgressions (Extended Data Fig. 8), produced gametes that were highly viable (89%), but half of these reproduced slowly asexually. By sequencing fit and unfit offspring, we mapped this monogenic growth defect to a locus located far from the closest introgression.

Thus, we found no signs of introgressions impairing meiosis, sporulation or germination in the Alpechin strains.

Finally, we explored whether the Alpechin strains remained fertile with both parental species. We crossed a haploid Alpechin derivative with S. cerevisiae and S. paradoxus. Gametes of the S. cerevisiae (91.03%) but not the S. paradoxus backcross (0.74%) were viable, showing that the Alpechins are reproductively isolated from the S. paradoxus ancestor, despite retaining 5% of its genome as introgressions, while they are fertile with a S. cerevisiae lineage lacking S. paradoxus introgressions.

Overall, our reconstructions show how the Alpechin clade and its introgressions could evolve from the ancestral hybrid and its LOH regions. Molecular dating of the divergence indicates that over a million asexual generations have occurred since the LOH began, while a maximum of ~400000 asexual generations have occurred since the living ancestor and the Alpechin lineages split (Fig. 3, Supplementary Table 6). We estimated a maximum chronological time of ~4000 years since their last shared common ancestor, meaning that they likely diversified after the emergence of olive oil production [START_REF] Kaniewski | Primary domestication and early uses of the emblematic olive tree: Palaeobotanical, historical and molecular evidence from the Middle East[END_REF]. The timespan inferred by molecular dating is represented by dotted grey lines and is expressed as number of asexual generations. White and grey circles respectively depict viable and dead meiotic 

Discussion

We discovered a yeast clonal descendant of an ancient hybridization event that enabled us to understand the early evolution of the S. cerevisiae Alpechin lineage and its abundant S. paradoxus introgressions. We showed how genome instability in the ancestral hybrid allowed it to by-pass the hybrid sterility barrier and initiated the formation of introgressions. Specifically, the genome instability promoted recombination, which in turn reduced aneuploidies and substantially rescued the gametes' viability. Most of the asci contained single viable spores, preventing intra-tetrad mating, while the low fitness of self-mated progeny disfavoured haplo-selfing (Fig. 3). These conditions directed the gametes toward backcrossing, which restored both asexual fitness and much of the hybrid fertility in a single life cycle step. Additional mechanisms such as whole genome duplication (Charron et al., 2019;Greig et al., 2002) and intercrosses among gametes might have contributed to the late phase of the introgression evolution.

How can an ancient hybridization state compete with its modern descendants in the same ecological niche? Wild yeasts enter meiosis once per 1000 generations (Tsai et al., 2008) but the living ancestor has survived >1000x as long, without sexual re-shuffling of its genome and without entering into a protective spore state, even though it is capable of both sex and sporulation. This life cycle reprogramming likely reflects relaxation of selection for sex and gamete formation due to living in a human-made environment (Magwene et al., 2011). Despite its long asexual evolution, the living ancestor remain competitive with the sexually active descendants, matching the fitness of the Alpechins in most niches and occasionally surpassing them. This is consistent with divergent adaptation, with selection maintaining two distinct stages of the introgression process in different sub-niches. Introgressions can be key to reconstructing species histories. In humans, the restriction of

Neanderthal introgressions to out-of-Africa populations and of Denisovan introgressions to

Oceanian and Asian populations inform on their historical range, co-existence and contacts.

Analogously, the scarcity of S. paradoxus introgressions into S. cerevisiae before the out-of-China expansion and diversification of the latter, and their abundance after, inform on yeast species range, co-existence and contacts 5 . Introgressions from an unknown hominin into Denisovans (Prüfer et al., 2014) and from unknown yeasts into Taiwanese S. cerevisiae 5 inform on extinct or undiscovered species. The recent discovery of a first-generation Neanderthal-Denisovan hybrid individual provided direct evidence of admixture (Slon et al., 2019), like our yeast living ancestor hybrid.

Unlike an ancient genome, access to the yeast living ancestor from which introgressions derive, and the capacity to reconstruct other evolutionary stages along the path, enables direct probing of the species history. Isolation of additional intermediate hybridization-to-introgression stages could further illuminate the emergence, evolution and function of interspecies introgressions.

Supplementary discussion

1, The origin of the living ancestor and the Alpechin lineage

We propose a scenario that places the living ancestor hybrid as an ancestral state of the Alpechin lineage (model 1). We also probe an alternative route that starts from the extant Alpechins to generate the living ancestor via a recent cross with a S. paradoxus (model 2). Model 1 postulates that the LOH blocks were the direct sources of the Alpechins' introgressions. Model 2 instead postulates that introgressions were the direct sources of the living ancestor's S. paradoxus LOH.

Below, we compare the two models and test them against data on genome structure and single nucleotide variation. We reject model 2, which is incompatible with these data and therefore improbable (Extended Data Fig. 2).

Genome structure data. First, we compared the genomic locations of the S. paradoxus LOH blocks in the living ancestor to the S. paradoxus introgressed regions in the Alpechin isolates. Among the 114 introgressions, 62 overlapped with the living ancestor's S. paradoxus LOH blocks, while 52 did not have a S. paradoxus LOH counterpart. In model 1, these 52 introgressions that lack LOH counterparts derive from the S. paradoxus subgenome of the hybrid. The process first involves meiotic or mitotic recombinations (Fig. 2a,c) and then is followed by progressive re-sectioning through repeated backcrossing with the S. cerevisiae parent. We also assume that the ancestral hybrid might have existed as a population with various individuals that differed somewhat by their LOH patterns and additional LOH accumulated in the individual/s that directly founded the Alpechins. In model 2, the living ancestor arose when an Alpechin strain not containing S. paradoxus DNA at these 52 loci hybridized with a European S. paradoxus strain. Both scenarios are entirely plausible and the presence of 52 introgressions without a S. paradoxus LOH counterpart does not argue in favour of either model.

Second, we do not find 12 of the living ancestor's S. paradoxus LOH blocks in any extant Alpechin isolate (assuming that we sampled the whole Alpechins' introgression diversity). In model 1, these 12 LOH arose after the split of the living ancestor with the descendant that produced the gametes that founded the Alpechin lineage. This is entirely plausible because in model 1 the split between the living ancestor hybrid and the Alpechin lineage is ancient, providing long time for additional genome restructuring events to occur. Alternatively, these 12 LOH blocks could have been lost from the initial Alpechin progenitor during the backcrossing phase. In model 2, the living ancestor must have acquired these LOH blocks after the hybridization of its Alpechin and S. paradoxus parents.

Since the hybridization event in this scenario is more recent, this model is less likely because the blocks of the living ancestor that carry two copies of the parental S. cerevisiae genome. In both model 1 and model 2, the origin of these LOH regions must post-date the hybridization event.

Consequently, every heterozygous de novo mutation present in these LOH blocks must also postdate the LOH event itself. If model 1 is correct, some of these mutations should be present in the Alpechin strains because their origin in this model also post-dates the hybridization. Mutations that are quite recent, i.e. mutations that post-date the origin of the Alpechin strains, will not be shared.

On the contrary, if model 2 is correct, none of these heterozygous de novo mutations present in S.

cerevisiae LOH regions should be present in the Alpechin strains, because in this scenario the Alpechin strains pre-date the hybridization. This distinction provides a strict test to check which of the two models best fits the empirical data. We analysed 34 heterozygous mutations present in the 24 S. cerevisiae LOH blocks of the living ancestor and found that 20 mutations are shared by the Alpechins. Among these, 17 derived from the S. cerevisiae haplotype while 3 derived from the S.

paradoxus haplotype. This can only be realistically explained by model 1. Together with the indicative data above, it strongly argues that the Alpechins originated from partially recombined living ancestor's spore/s and that both the S. cerevisiae and S. paradoxus subgenomes of the hybrid contributed to the Alpechin strains' genome. Taken together, we find the available data to be fully consistent with model 1 and partially or completely incompatible with model 2. We therefore conclude that the genome of the living ancestor is indeed an ancient, and not a recent, hybridization event.

2, De novo LOH during mitotic laboratory evolution

Evolving the living ancestor under laboratory protocols allowed us to monitor how its genome evolves and investigate the impact of newly acquired mutational events. The consecutive single-cell bottlenecks imposed by the mutation accumulation protocol resulted in the accumulation of mutations consistent with evolution under near-neutral conditions (Sharp et al., 2018;Tattini et al., 2019). We investigated the living ancestor's mutation accumulation lines to probe whether the newly acquired LOH were biased toward the S. paradoxus haplotype. The living ancestor has over three times more LOH blocks homozygous for S. paradoxus compared to LOH blocks homozygous for S. cerevisiae (78 vs 24) (Supplementary Table 2). If such bias has a mechanistic origin, the hybrid's S. cerevisiae subgenome should accumulate more DNA lesions such as DNA double-strand breaks (DSBs) to bias the LOH toward the S. paradoxus genotype. This would require cis-acting factors directing the DSBs toward the S. cerevisiae subgenome. In a fully mitotic scenario, this could be achieved through heterozygous fragile sites [START_REF] Chumki | Remarkably long-tract gene conversion induced by fragile site instability in Saccharomyces cerevisiae[END_REF]. If cells were returned to mitotic growth following an aborted meiosis (Laureau et al., 2016;[START_REF] Mozzachiodi | Aborting meiosis overcomes hybrid sterility[END_REF], this could be induced through biased Spo11p DNA cleavage. Alternatively, the bias could be derived from parental quantitative differences in DSBs repair efficiency. Currently, there are no studies showing parental cis-acting factors influencing fragile sites, DSBs formation or recombination dynamics in yeast diploid hybrids that can support this scenario.

If the bias is not mechanistic, both types of LOH formed at similar rates and subsequent selection favoured the maintenance of S. paradoxus LOH by two non-mutually exclusive mechanisms. First, punctuated LOH can be adaptive and arise within few generations under strong selective regimes [START_REF] Gerstein | Loss-of-heterozygosity facilitates passage through haldane's sieve for saccharomyces cerevisiae undergoing adaptation[END_REF][START_REF] James | Adaptation by loss of heterozygosity in Saccharomyces cerevisiae clones under divergent selection[END_REF][START_REF] Vázquez-García | Clonal Heterogeneity Influences the Fate of New Adaptive Mutations[END_REF], even in highly diverged Saccharomyces interspecies hybrid subgenomes (Dunn et al., 2013;Smukowski Heil et al., 2017).

Second, sequential accumulation of LOH can be constrained by negative genetic interactions [START_REF] Bozdag | Engineering recombination between diverged yeast species reveals genetic incompatibilities[END_REF] with initial events toward one parent favouring the maintenance of subsequent LOH with the same parental haplotype.

In the mutation accumulation lines, we observed an equal number of novel LOH per parental subgenome (19 in S. cerevisiae and 18 in S. paradoxus). This is consistent with the rate of de novo LOH formation not being biased toward one parent, and instead supports that subsequent selection has driven the LOH parental bias in the living ancestor. The overall size distribution of de novo LOH events resembles the size of the pre-existing LOHs, with terminal events that are larger compared to interstitial ones (Extended Data Fig. 4b, Supplementary Table 2). Consistently, interstitial LOH are assumed to be short and to originate mainly from the repair of mismatches in heteroduplex DNA tracts, resulting from two-ended homologous recombination events, whereas terminal events can be ascribed to break-induced replication producing long LOH that extend to chromosome ends [START_REF] Symington | Mechanisms and Regulation of Mitotic Recombination in Saccharomyces cerevisiae[END_REF]. It is interesting to notice that under this near-neutral evolutionary scenario, novel terminal LOH events can be up to three times larger compared to the pre-existing ones, consistent with the hypothesis that large events can emerge but are likely purged during evolution. These results are also consistent with the accumulation of LOH in S. cerevisiae-S.

paradoxus experimental hybrids not being biased toward a parental haplotype (Tattini et al., 2019).

We propose that selection has consistently favoured S. paradoxus LOH or alternatively the initial accumulation of S. paradoxus LOH was driven by adaptation (Smukowski Heil et al., 2017) and that this constrained the maintenance of subsequent events toward the same parent to prevent negative epistatic interactions [START_REF] Bozdag | Engineering recombination between diverged yeast species reveals genetic incompatibilities[END_REF].

3, Genomic rearrangements in the living ancestor's genome

We discovered five gross chromosomal rearrangements in the living ancestor's genome. We checked the presence of these rearrangements in a panel of reference-quality S. cerevisiae and S.

paradoxus genomes and other outgroup species (Yue et al., 2017). All rearrangements are unique to the living ancestor and therefore likely post-date the hybridization. We catalogued the rearrangements as intra-homolog and inter-homolog translocations (Extended Data Fig. 3).

Specifically, there is a recombination between the two homologous chromosomes VII-L with the breakpoint mapping to one LOH event that likely pre-dated and mediated the translocation by providing sequence identity. A second rearrangement is a reciprocal translocation between chromosomes Sp XII-R and Sp XVI-R. The other events are more complex, involving multiple chromosomes, and likely occurred in multiple steps. This series of events consists of: recombination recombination events involving repetitive sequences, such as Ty elements or tRNAs [START_REF] Fischer | Chromosomal evolution in Saccharomyces[END_REF]Yue et al., 2017). However, repetitive elements did not mediate all the translocations we detected.

We investigated the non-recombinant chromosomes in the living ancestor's F1 gametes and found little evidence of biased chromosome inheritance, except for chromosome I, which mostly inherited the S. paradoxus copy, and chromosome XI, which mostly inherited the S. cerevisiae copy. This biased chromosome I inheritance is expected, as the living ancestor has two copies of this S.

paradoxus chromosome. Non-reciprocal translocation in the S. paradoxus chromosome can explain the result for chromosome XI. For every translocation, we observed co-segregation of the chromosomes carrying the rearrangements in the F1 gametes, consistent with the constraints imposed by the structural variants to produce balanced complete genomes.

The large inter-chromosomal translocations described above have therefore a considerable impact on gamete viability. In Saccharomyces crosses, large translocations cause 50% loss of gamete viability when they are reciprocal, and 25% when they are non-reciprocal, due to the formation of multi-valents during meiosis (Liti et al., 2006). In a theoretical scenario of maximum gamete viability (100%), one reciprocal translocation and two non-reciprocal ones would decrease the maximum viability to 28.125%. Given that we observed a spore viability of 3.93% in the living ancestor, subtracting the additive detrimental impact of the three translocations results in a theoretical 13.97% viability. This value is remarkable considering that experimental S. cerevisiae-S.

paradoxus first-generation hybrids without LOH have only 0.5-1% viability, and underscores the impact of how dispersed blocks of homozygous regions embedded in highly diverged genomes can Supplementary Table 4), also as recently reported for a S. cerevisiae-S. paradoxus first-generation experimental hybrid (Charron et al., 2019). The tetraploidization was confirmed by FACS analysis and occurred between 40 and 60 single-cell bottlenecks of experimental evolution. This shows that tetraploidization is a powerful route to restore fertility (Greig, et al., 2002). Tetraploidization may have also played a role downstream the hybridization in the origin of Alpechins' introgressions, although it is still unknown whether tetraploids produce recombined diploid gametes. Two other mutation accumulation lines acquiring large LOH events in addition to those present in the living ancestor or going through chromosomal homogenization (loss and re-synthesis) increased their gamete viability to 6% (A887R33) and 10% (A887R31), respectively. Both lines acquired a large de novo LOH event on chromosome XIV (Extended Data Fig. 6a). In the living ancestor, chromosome XIV has only one single, small LOH block (Extended Data Fig. 3) and is therefore highly heterozygous and difficult to recombine, as it is evident from the genomes of meiotic gametes (Extended Data Fig. 5a). The heterozygosity of chromosome XIV likely serves as a barrier to gamete viability in the living ancestor, and the drastic increase in homozygosity due to the large, de novo LOH on this chromosome likely explains the increased fertility of the A887R31 and A887R33 lines. Acquiring additional LOH in chromosomes already rich in homozygous blocks appears to have no or a much lower beneficial effect on fertility, as expected given that these chromosomes already recombined more efficiently in the living ancestor. For example, novel LOH in chromosome VII (line A887R36) and chromosome IV (line A887R32) did not increase gamete viability. These results underscore that LOH have varying effects on fertility, depending on their size, location and distribution within and across chromosomes.

In contrast, spore viability in five samples did not change, or in some cases decreased, compared to the original living ancestor. This is fully expected considering that mutation accumulation lines evolved as diploid clones can accumulate recessive deleterious mutations within essential genes (19% of the genes, covering 13% of the genome), that are unmasked in haploid gametes. Consistent with this assumption, we detected 109 de novo mutations in the mutation accumulation lines, 23 of which affected essential genes (Supplementary Table 10). Each line carried at least one mutated essential gene. It is entirely plausible that the accumulation of detrimental de novo mutations counteracts the fertility benefits of additional LOH and explains the decreased viability in some mutation accumulation lines. We used the de novo mutations to estimate a base substitution rate of 2.31 x 10 -10 /bp/gen, which is identical to what has been reported for experimental S. cerevisiae-S.

paradoxus first-generation hybrids (Tattini et al., 2019). this has been shown to be rare [START_REF] Ruderfer | Population genomic analysis of outcrossing and recombination in yeast[END_REF]Tsai et al., 2008), thus one or very few hybridizations initiated the process. Next, the F1 hybrid expanded clonally to a possibly large population size, depending on nutrients availability in its ecological niche. This mitotic clonal expansion was followed by the genome instability and LOH formation phase. It is hard to predict the rate of genome instability, since it might be influenced by both strain background and the specific olive-oil related environment. However, genome instability of such magnitude might be rare and produce unviable combinations, likely reducing the ancestral hybrid population with LOH to one or few individuals. Next, the hybrid with LOH expanded mitotically, generating a population that kept evolving e.g. by accumulating additional LOH. Part of the population was maintained as asexual descendant, while part went through sexual reproduction and produced the Alpechin lineage. It is likely that the sporulation step was at the population level, therefore producing many spores. Next, one or more spores backcrossed to S. cerevisiae, which might occur rarely since it requires outbreeding. However, backcross of gametes from the ancestral hybrid was favoured by low gamete viability, which prevents intra-tetrad mating (that is the main way for spores to reestablish diploidy), while haplo-selfing was inhibited by fitness costs. We propose that this step bottlenecked the population to few individuals, consistent with our data showing that Alpechin strains share many of the LOH blocks. The living ancestor gametes were more fertile with S.

Extended Data

cerevisiae than with S. paradoxus. We also crossed three living ancestor gametes to a haploid derivative of an Alpechin strain (CPG) and found fertility to be higher than in backcrosses with the most closely related S. cerevisiae lineage lacking introgressions. This is consistent with the Alpechin lineage being closer to the living ancestor. This gene was previously reported to be introgressed in strains belonging to the Wine/European clade [START_REF] Roncoroni | The yeast IRC7 gene encodes a β-lyase responsible for production of the varietal thiol 4-mercapto-4-methylpentan-2-one in wine[END_REF] 

Methods

Natural and experimental yeast strains

The strains used in this work are listed in supplementary table 1. The living ancestor, CBS7002, was isolated from olive oil wastewater (Alpechin, in Spanish) by J. Santa Maria in the 1970s and obtained from the CBS yeast culture collection (http://www.wi.knaw.nl/Collections/). This strain was initially proposed as a type strain of the new species S. hispalensis, which is now regarded as synonymous to S. cerevisiae. The Alpechins were also mostly isolated from the same substrate and the same geographic location as the living ancestor. However, two Alpechins were isolated from Californian olive fermentations inoculated with European olives, one was isolated from the olive fruit fly and four were isolated from humans (as fungal infections or from faeces). Genome sequences of the Alpechins used in this study were previously reported (Peter et al., 2018), whereas new samples associated with this work were sequenced with Illumina paired-end technology at the NGS platform of Institut Curie according to the manufacturer's standard protocols.

We reconstructed the missing evolutionary stages linking the living ancestor and the Alpechins and leading to genome introgressions. First, we generated homozygous diploid S. cerevisiae (DBVPG6765, Wine/European subpopulation) and S. paradoxus (N17, European subpopulation)

strains. Second, we mated a haploid S. cerevisiae DBVPG6765 and a haploid S. paradoxus N17 to generate an experimental S. cerevisiae-S. paradoxus F1 hybrid with subgenomes closely resembling those of the ancestral hybrid before the genome shock. Next, we induced meiosis in the living ancestor by a five-days incubation in potassium acetate (KAc) medium [START_REF] Liti | Isolation and laboratory domestication of natural yeast strain[END_REF] and isolated 25 viable meiotic spores by tetrad dissection. The living ancestor is homothallic and therefore able to switch mating type during vegetative growth. 18 of these spores were autodiploidized by mating-type switching and haplo-selfing to form homozygotic diploids, while 7 spores remained haploid due to the presence of chromosome III aneuploidies. The ploidy was further confirmed by flow cytometry analysis, as previously described (Peter et al., 2018).

Chromosome III contains the MAT locus, which controls the mating type. When both MAT alleles are present due to aneuploidies, spores are unable to switch mating type and haplo-selfing is inhibited [START_REF] Haber | Mating-type genes and MAT switching in Saccharomyces cerevisiae[END_REF].

We deleted the HO mating-type switch gene in the living ancestor and generated eight additional haploid-stable gametes (ho::NAT, either ura3::KanMX or ura3::HygMX). These spores were backcrossed to S. paradoxus N17 and to S. cerevisiae DBVPG6765 respectively to produce (n=16) diploid hybrids that were either ~75% S. paradoxus or ~75% S. cerevisiae.

We deleted the HO gene also in one diploid Alpechin (CPG) and generated a haploid-stable gamete (MATa,ho::HygMX,ura3::KanMX). This gamete was crossed with S. paradoxus N17, S. cerevisiae DBVPG6765 and with three haploid-stable living ancestor gametes.

Mutation accumulation lines

We evolved the living ancestor as 8 parallel mitotic mutation accumulation lines on YPD solid medium and passed them through a single-cell bottleneck every ~48 hours (~18.5 generations) at 30°C, for a total of 120 bottlenecks (~2220 generations). At each bottleneck, a random colony, having expanded from a single cell, was re-streaked to isolate single colony-forming units. To avoid selection bias, we picked the closest colony to the centre of each cultivation plate at each streak, regardless of its size. The ploidy of the evolved lines was measured by flow cytometry, as previously described (Peter et al., 2018).

Rates of de novo LOH formation and return to growth (RTG) experiments

Rates of de novo LOH formation were measured for the living ancestor and the experimental S.

cerevisiae-S. paradoxus first generation hybrid using a fluctuation assay, as previously described [START_REF] Vázquez-García | Clonal Heterogeneity Influences the Fate of New Adaptive Mutations[END_REF]. In diploid strains, both URA3 gene copies were deleted from their native locus on chromosome V and one URA3 copy was inserted back into the LYS2 locus on chromosome II, thereby replacing one of the LYS2 copies. Relative rates of de novo LOH formation were measured on 5-FOA plates as loss of this single URA3 gene copy, reflecting the replacement of the chromosome region carrying the URA3 allele with the homologous region from the other chromosome II copy, which carried the LYS2 allele. These rates were measured in populations of both mitotically-growing cells (18 hours in YPD) as well as cells in which meiosis had been initiated (6 hours in KAc) and then aborted by returning the cells to mitotic growth (18 hours in YPD), as previously described [START_REF] Mozzachiodi | Aborting meiosis overcomes hybrid sterility[END_REF]Tattini et al., 2019). We performed 5 biological replicates (1 technical replicate for each) for each strain background and condition. We sequenced the genome of 6 mitotically growing clones and 12 return-to-growth clones derived from pools must have a different allele for the marker. iii) The deleterious allele associated with the small phenotype must be the one with the lowest frequency in the S. cerevisiae population. Only one marker was compatible with these criteria and was therefore deemed to explain the variation in the spore's growth.

Estimating population size doubling time during clonal reproduction

We measured population size doubling time during clonal reproduction for all the hybridization-tointrogression stages. One Alpechin strain (BRK) was excluded from the analysis because of glucose, pH buffered to 5.80 with 1.0% (w/v) succinic acid and 0.6% (w/v) NaOH. In every fourth position, fixed spatial controls (genotype: YPS128, MATa/MATα) were introduced to account for spatial variation across plates in the subsequent experimental stage. Controls were similarly subsampled from a separate 96-well plate and introduced to the pre-culture array (Singer RoTor; long pins). Populations were pre-cultivated for 72 hours at 30 °C. For pre-cultures of nitrogen-limited environments, the background medium was modified to avoid nitrogen storing and later growth on stored nitrogen: CSM was replaced by 20 mg/L uracil (not converted into usable nitrogen metabolites) and (NH4)2SO4 was reduced to growth-limiting concentrations (30 mg N/L). We cast all solid plates 24 hours prior to use, on a levelled surface, by adding 50 mL of medium in the same upper right corner of the plate. We removed excess liquid by drying plates in a laminar air-flow in a sterile environment. Pre-cultured populations were mitotically expanded until stationary phase (2 million cells; 72 h), were again subsampled (~50.000 cells; short pins) and transferred to experimental plates, containing the medium of interest (Supplementary Table 7). Synthetic grape must (SGM) was prepared as previously described [START_REF] Beltran | Nitrogen catabolite repression in Saccharomyces cerevisiae during wine fermentations[END_REF]. We tracked population size expansion using the Scan-o-matic system (v1.5.7, https://github.com/Scan-o-Matic/scanomatic).

Plates were maintained undisturbed and without lids for the duration of the experiment (72 h) in high-quality desktop scanners (Epson Perfection V800 PHOTO scanners, Epson Corporation, UK) standing inside dark, humid and thermostatic cabinets with intense air circulation. Images were analyzed and phenotypes were extracted and normalized against the fourth position controls using Scan-o-Matic [START_REF] Zackrisson | Scan-o-matic: High-resolution microbial phenomics at a massive scale[END_REF]. We extracted the normalized, relative population size doubling time for each experiment, Dr, by subtracting the control value for that position, Dr =

Mapping LOH and introgressions' boundaries

We annotated LOH and introgression regions based on the allelic fraction at a defined set of single nucleotide markers derived from the alignment of DBVPG6765 (Wine/European S. cerevisiae) and CBS432 (European S. paradoxus) genome assemblies. We generated a list of 1059399 reliable markers between the two assemblies using the software nucmer included in the suite MUMmer (v3.1) [START_REF] Kurtz | Versatile and open software for comparing large genomes[END_REF], with the option "-C" to exclude markers with ambiguous position assignments. These markers reside within the core chromosome regions where near-perfect synteny is observed between the S. cerevisiae and S. paradoxus genomes. Because synteny is lost within subtelomeres (Yue et al., 2017), these regions were excluded from our analysis. The over 1M markers distributed over 11210867 bp of aligned genome gives a very dense map of polymorphic markers at an average distance of ~10 bp. We mapped Illumina reads on the S. cerevisiae DBVPG6765 assembly using BWA (v0.7.12). Read mapping runs were stored in the Sequence Alignment/Map (SAM) format and its binary form (BAM) and post-processing steps were performed by picard tools (v2.8.0). Sorting, indexing and per-position coverage calculation were performed using SAMtools (v1.2).

We used the software freebayes (v0.9.5) to call markers from the BAM files. Results were stored in Variant Call Format (VCF) files. We examined the fraction of the two possible alleles at every marker and used in-house Perl scripts to assign a genotype with the following distinguishing criteria: i) If the allelic fraction is equal to 0.5 the marker is in heterozygosity, ii) If the allelic fraction equals 0 or 1 the marker is in homozygosity for the S. cerevisiae or the S. paradoxus subgenome, respectively. Markers with a coverage <20 were considered unassigned and ignored in the subsequent analyses. For both the Alpechins (except YAE and YDM) and the original nonlaboratory evolved living ancestor, we increased this threshold to <50 given their higher genome coverage.

In the case of the living ancestor and its derived clones, we annotated regions containing at least 10 consecutive markers in homozygosity (interspaced by less than 10 markers with a different state) as LOH. In the case of the Alpechins, we used the same parameters and annotated regions of homozygosity for the S. paradoxus allele as homozygous introgressions, and regions of heterozygosity as heterozygous introgressions. As additional evidence, we tested the reliability of LOH and introgression predictions by manually inspecting recombinant reads spanning their boundaries using IGV (v2.3.68). LOH and introgressions for which we could not find recombinant reads were excluded.

The same process was used to map introgression boundaries in strains belonging to three clades previously described 5 : Brazilian bioethanol, Mexican agave and French Guiana. For each of the introgressed clades (including Alpechin), we separately summed up the introgressions in their isolates in order to build a pan-introgression reference collection. In case multiple isolates within the same clade had different boundaries for an overlapping introgression, the largest event was kept.

Overall, we genotyped 104435 markers in LOH in the living ancestor (63375 in S. paradoxus LOH and 41060 in S. cerevisiae LOH). These markers were distributed along 1704137 bp (1092514 for S. paradoxus LOH and 611623 for S. cerevisiae LOH), giving a total of 15.2% of genome in LOH (9.7% for S. paradoxus and 5.5% for S. cerevisiae). We genotyped 77955 introgressed markers in the Alpechin clade, distributed along 902805 bp (with a range of 467265 -583627 bp in individual strains), giving a total of 8% of introgressed genome (ranging from 4% to 5% in individual strains).

Subtelomeres were excluded from the genome size estimations.

We intersected the genomic coordinates of S. paradoxus LOH in the living ancestor with the genomic coordinates of introgressions in the Alpechins, using the program intersectBed included in the suite bedtools (v2.17). We retrieved the genomic positions in which S. paradoxus LOH and introgressions overlapped, for a total of 534736 overlapping bp (containing 43872 markers). We calculated the expected random number of overlapping markers (8221) as the total number of markers (1059399) multiplied by the percentage of genome in S. paradoxus LOH in the living ancestor (9.7%) and the percentage of introgressed genome in the Alpechin clade (8%).

Variant calling and SNVs analysis

Illumina reads were mapped to a concatenated reference assembly, which included both the S. cerevisiae DBVPG6765 and the S. paradoxus CBS432 assemblies (Yue et al., 2017). Competitive mapping against the two highly diverged species assemblies was performed by BWA (v0.7.12).

Read mapping runs were stored in the Sequence Alignment/Map (SAM) format and its binary form (BAM). Sorting, indexing and per-position coverage calculation were performed using SAMtools (v1.2). Post-processing steps were performed by picard tools (v2.8.0). Single nucleotide variants (SNVs) were called from read mappings using freebayes (v0.9.5). We filtered SNVs to keep only the ones within LOH regions with two copies of the S. paradoxus subgenome. Subsequent filtering was performed based on the assumption that de novo mutations occurring after the LOH appearance should be in heterozygous state in the living ancestor's genome (AF=0.5). The allele present on the S. paradoxus reference genome was annotated as ancestral, whereas the alternative one was annotated as a de novo mutation. We confirmed that all the predicted de novo mutations were absent from the European and Far East Asian S. paradoxus populations (MAF=0) (Bergstrom et al., 2014).

We verified the presence of these mutations in 25 gametes derived from the living ancestor and retained only those segregating. We assigned the alleles to the two possible haplotypes (hosted on the S. cerevisiae or the S. paradoxus subgenome of the living ancestor) according to the species that contributed to the gametes' genomes for those specific flanking genomic positions. A total of 207 sites passed all these criteria. This set was used to investigate the relationship between the living ancestor and the Alpechin strains. We annotated the alleles present at these positions in the Alpechins' introgressions and determined the number of de novo mutations retained and the haplotype that was most likely inherited. We applied the same approach to the heterozygous SNVs within S. cerevisiae LOH regions and used the results to determine which model best explains the living ancestor-Alpechin origin (Extended Data Fig. 2 and Supplementary Discussion 1).

Sequencing and genomic analysis of the living ancestor gametes

The living ancestor was sporulated in KAc medium [START_REF] Liti | Isolation and laboratory domestication of natural yeast strain[END_REF]. 25 spores were isolated using a dissecting microscope, incubated in YPD medium at 30°C and scored for viability after six days (Supplementary Table 4). We sequenced the living ancestor gametes with Illumina technology (mean coverage of 100X). Mapping and de novo assembly of their genomes were performed as described in the paragraph "Variant calling and SNVs analysis". The sequencing depth of coverage was extracted using SAMtools (v1.2). Coverage analyses and statistical tests were performed using R (v3.5.3). Chromosomes with values close to 100X mean coverage for both species (200X total)

across their entire length were considered as aneuploidies. Recombination sites were manually mapped as described in the paragraph "Mapping LOH and introgressions' boundaries".

Estimation of the living ancestor's base substitution rate and phenotypic impact

Read mapping and variant calling of the living ancestor before propagation (generation zero, G0)

and the mutation accumulation lines were performed as described in the paragraph "Variant calling and SNVs analysis". We filtered the VCF files to keep only SNVs with quality higher than 100 and coverage higher than 20, and we excluded SNVs in subtelomeric regions (Yue et al., 2017).

We subtracted the SNVs present in the living ancestor G0 from its derived mutation accumulation lines using the vcf-isec program included in the suite VCFtools (v0.1.16). Next, we searched for shared SNVs present in at least two mutation accumulation lines and removed them from the VCF files, based on the assumption that identical de novo mutations are highly unlikely to arise independently and derived from incorrect mapping or poor coverage. All the remaining SNVs were manually inspected using IGV (v2.3.68) and they were used to estimate the living ancestor's base substitution rate (µ) as µ=(n/bp)/g, where n is the number of de novo mutations present in each line, bp is the (diploid) genome size of the living ancestor minus subtelomeric regions (22418023 bp)

and g is the number of generations performed in the mutation accumulation experiment (2220). The median of base substitution rates among the eight lines was taken as the living ancestor's base substitution rate.

Finally, de novo mutations were annotated using the S. cerevisiae DBVPG6765 and the S.

paradoxus CBS432 genome annotations (Yue et al., 2017) and their effect was predicted by Variant Effect Predictor (v87) (McLaren et al., 2016) with the "--custom" parameter for custom reference genomes.

Molecular dating of genome instability and Alpechin emergence

The set of 207 SNVs described in the paragraph "Variant calling and SNVs analysis" was further refined for molecular dating analyses. We used the S. paradoxus CBS432 genome annotation (Yue et al., 2017) to extract SNVs sites that are either at the third codon position of coding regions or in intergenic regions. We retained 148 SNVs to estimate the timing since the LOH began in the living ancestor and the split between the living ancestor and the Alpechin lineage. We first used a strict molecular clock model and estimated the number of generations (g) as g=ks/(2µ) (Fay & Benavides, 2005). ks is the substitution rate (SNVs in third position and intergenic regions/length of third positions plus intergenic regions in S. paradoxus LOH overlapping with introgressions) and µ is the per-nucleotide per-generation base substitution rate estimated through the analysis of the living ancestor's mutation accumulation lines (2.31 x 10 -10 ). Given that 148 substitutions were detected in the 312644 bp of the living ancestor's S. paradoxus LOH that overlapped with the Alpechins' introgressions, we estimated 1024316 generations since the genome shock has begun. This corresponds to a range of 2806 -10243 years if we assume 100 -365 clonal generations per year (Liti et al., 2006;Rolland & Dujon, 2011). Among the 148 SNVs, 90 have been inherited by at least one Alpechin isolate. We cannot confidently say whether the remaining 58 substitutions have been lost due to chromosome segregation or because they correspond to recent mutations that occurred after the split between the living ancestor and the Alpechin lineage. The 90 SNVs shared between the living ancestor and the Alpechin isolates resulted in a maximum age of 622895 generations occurring between the genome shock and the split. We therefore estimated that the Alpechins' birth occurred at the most 401421 generations ago, corresponding to a range of 1100 -4014 years. This estimation assumes a similar generation time in nature in both branches after their split.

Next, we accounted for variation in the rate of the molecular clock using a random, local molecular clock model. First, we introduced mutations in the S. paradoxus CBS432 genome assembly in the positions corresponding to the 148 sites used in the previous molecular dating analysis, using the vcf-consensus program included in the suite VCFtools (v0.1.16). This allowed us to recreate living ancestor-like and Alpechin-like genome sequences. For the living ancestor-like sequence, we introduced mutations at all the 148 sites. For the Alpechin-like sequence, we introduced mutations at the 90 sites that retained mutations in the Alpechin lineage. We then extracted the sequences corresponding to the 312644 bp of the living ancestor's S. paradoxus LOH that overlapped with the

Introduction

Telomeres are ribonucleoprotein structures situated at the ends of chromosomes (Blackburn & Gall, 1978). They comprise tandem repeats of a DNA sequence whose motif and length vary among species (Fulnečková et al., 2013;Monaghan, 2010). They maintain chromosome structure by distinguishing natural chromosome-ends from accidental double-stranded breaks (DSBs) and by contributing to chromosome segregation during cell division. Telomere DNA length (TL) is determined by the opposite actions of elongation and degradation pathways: elongation is ensured by telomerase, a reverse transcriptase that uses RNA as a template (Greider & Blackburn, 1985, 1987), or by alternative lengthening of telomeres (ALT) recombination pathway (Lundblad & Blackburn, 1993;Teng & Zakian, 1999;Teng et al., 2000); degradation is linked to the semiconservative replication of DNA extremities coupled to specific nuclease activities (Olovnikov, 1973;Watson, 1972). In mammalian somatic cells, telomerase is not or only weakly expressed and telomeres shorten at each cell division. By contrast, telomerase is expressed constitutively in the budding yeast Saccharomyces cerevisiae allowing telomeric DNA to be maintained at an equilibrium length (Wellinger & Zakian, 2012). The mean TL differs among species. Human telomeres can range between 5 and 15 kb while mice have extremely long telomeres (even >100 kb) (Monaghan, 2010). In comparison, yeast telomeres are relatively short at 300+-75 bp (Wellinger & Zakian, 2012). Telomere length is a complex trait: in budding yeast it is modulated by more than 400 genes, named the Telomere Length Maintenance (TLM) genes, and by various environmental factors, including heat, caffeine and ethanol (Kupiec, 2014;Romano et al., 2013).

Telomere length also varies among individuals of the same species, including yeast, nematode, humans, rodents, bats and birds [START_REF] Cook | The genetic basis of natural variation in Caenorhabditis elegans telomere length[END_REF][START_REF] Foley | Growing old, yet staying young: The role of telomeres in bats' exceptional longevity[END_REF]Hansen et al., 2016;Heidinger et al., 2012;Liti et al., 2009;[START_REF] Zijlmans | Telomeres in the mouse have large inter-chromosomal variations in the number of t2ag3 repeats[END_REF]. In humans, telomere length variation can have profound consequences on fitness and has been associated with different pathological conditions: short telomeres are correlated with a higher risk of developing cardiovascular and degenerative diseases and a higher risk of mortality, while long telomeres increase the risk of cancer through their capacity to increase the proliferative potential of cells, favoring their immortalization (Aviv & Shay, 2018). Telomere length variation among different human ethnic groups has recently been associated to selection to attenuate the risk of melanoma in individuals with light skin pigmentation (Hansen et al., 2016;Mangino et al., 2015). In birds, telomere length has been used to predict key life-history traits like growth, reproduction and lifespan. Within a given species, individuals with shorter mean telomere lengths have a lower life expectancy (Haussmann et al., 2005;Heidinger et al., 2012). However, among species, the rate of telomere attrition might be a better predictor of lifespan than the mean telomere length (Whittemore et al., 2019). It was proposed that telomere attrition is an adaptive strategy based on life-history regulation and environmental adaptation [START_REF] Young | The role of telomeres in the mechanisms and evolution of life-history tradeoffs and ageing[END_REF].

In yeast telomerase is constitutively expressed and it guarantees the homeostasis of telomere length over time (Wellinger & Zakian, 2012). Most of the knowledge on their telomere length regulation comes from studies of a few laboratory-derived strains. Of note, examples of extreme telomere length variation among different subpopulations of both S. cerevisiae and its closest wild relative S.

paradoxus have been reported (Liti et al., 2009). This raises several questions: does selection act on telomere length regulation and does telomere length affect organismal fitness and influence its adaptation to the environment? The lack of an adequate number of strains, especially the ones isolated from wild habitats, has so far prevented these questions from being addressed adequately.

The recent publication of the genomes and phenomes of more than 1000 yeast (Peter et al., 2018) strains enabled us to explore telomere length variation at an unprecedented scale. Here, we report the first comprehensive analysis of telomere length variation in yeast strains isolated from a wide range of ecological niches and geographic areas, including domesticated and wild environments. For this purpose, we developed a fast and cost-effective bioinformatic pipeline to estimate the average telomere length from whole-genome sequences. We described this variation across 26 well-defined lineages and identified the genetic variants involved. We correlated TL with a series of phenotypes including growth using different carbon and nitrogen sources, mitochondrial metabolism, sporulation capacity and chronological lifespan (CLS). The results revealed different telomere length regulation patterns in wild and domestic yeasts that correlate with their mitochondrial activities.

Results

Telomere length plasticity within a large collection of Saccharomyces cerevisiae isolates

We estimated the TL of 918 strains out of the 1011 Saccharomyces cerevisiae strains using a bioinformatic pipeline designed to infer TL from S. cerevisiae next-generation sequencing data (Supplementary Discussion 1 and Extended Data Figs. 1,2). TL was normally distributed with a median of 236+-96 bp (Extended Data Fig. 3A), a value that is close to that of the S288C laboratory strain. Some isolates have either very short (e.g. 41 bp) or very long (e.g. 1210 bp) telomeres (Extended Data Fig. 3A and Supplementary Table 1). TL varied significantly among 26 previously described clades and three mosaic lineages (two-tailed Kruskal-Wallis test, p=9.154e - 07 ) (Peter et al., 2018). TL was longer in the Alpechin and Mexican agave clades, where it exceeded 300 bp, and it was shorter in Malaysian and Ecuadorean clades, where it remained below 200 bp (Fig. 1 and Supplementary Table 2). The Wine/European TL had a distribution comparable to that of the entire collection, ranging from 45 to 750 bp (median=238+/-101 bp), consistent with the largest clade sample size (~1/3 of the whole collection) (Extended Data Fig. 3B). This lineage contains four well-defined subclades (Semi-wild, Clinical/Y' amplification, Clinical/S. boulardii, Georgian) (Peter et al., 2018). TL varied significantly among the subclades (two-tailed Kruskal-Wallis test, p=3.394e-08). It was highest in the Clinical/Y' amplification subclade where it exceeded 600 bp, and lowest in the Clinical/S. boulardii subclade, where it remained below 200 bp (Extended Data Fig. 3C and Supplementary Table 2). Clinical/Y' amplification strains are known to have aberrant TL and amplification of interstitial telomeric sequences (ITS) and Y' elements (Bergstrom et al., 2014). Their TL was confirmed by teloblot (Extended Data Fig. 2B). The other subclades and remaining Wine/European isolates had a TL comparable to the median of the collection.

We examined whether ploidy and aneuploidy had an effect on TL but we found no variation in TL among strains with variable ploidy and aneuploidy (two-tailed Kruskal-Wallis test, p=0.15 and p=0.76, respectively) (Extended Data Figs. 3D,E).

We also measured the ITS content across the 918 yeasts collection and found it to be highly variable but positively correlated with TL (Pearson's R=0. 43, p<2.2e-16) and Y' content (Pearson's R=0.81, p<2.2e-16) (Supplementary Discussion 2 and Extended Data Figs. 4,5). The marked association between ITS and Y' can simply be explained by the presence of short stretches of telomeric repeats between Y' copies. The correlations between TL and Y'/ITS were not expected. Overall, our analyses showed that TL exhibits inter-and intra-clade variation. Project (Peter et al., 2018). Colours represent the clade classification (domesticated, wild or unknown), which is the same as in (Peter et al., 2018): clades are assigned as wild or domesticated based on the environmental origin of the isolates dominating (>66%) in the clade. Clades were labelled "unknown" if the dominance criteria was not reached. The order of clades on the x-axis is the same as in (Peter et al., 2018). In the box plots, horizontal lines denote the median, top and bottom hinges denote the IQR, whiskers denote maximum and minimum values within upper and lower hinges ± 1.5 × IQR. Numbers on top represent the number of isolates in each clade.

Domesticated and wild yeast isolates exhibit different TLs

Since domestication is an important lifestyle trait in Saccharomyces cerevisiae (De Chiara et al., 2020), we investigated whether it was associated with TL. Isolates were classified as wild (n=55) or domesticated (n=550) based on the dominant origin (>66%) in their clade, according to (Peter et al., 2018). Domesticated isolates (244+/-108 bp) had significantly (two-tailed Wilcoxon test, p=9.296e- 05 ) longer telomeres than wild ones (213+/-66 bp), with a median difference of ~30 bp and a significant TL variance (two-tailed Fligner-Killeen test, p=0.02) between the two groups (Fig. 2A).

Consistently, TL was longer in domesticated clades than in wild ones (Fig. 1).

Within the domesticated group, most isolates originated from a domesticated environments and were called "anthropic", while others were isolated in nature and were called "feral". The genome ancestries of feral strains resembled those of isolates from domesticated clades, meaning that they had been domesticated and then they returned to natural habitats. We compared TL between these groups and found that feral isolates had a shorter median TL than anthropic ones (domesticated-anthropic=256+/-105 bp, domesticated-feral=227+/-80 bp, two-tailed Wilcoxon test, p=0.001379) (Fig. 2B). This confirms that the long TL pattern is associated with domestication and indicates that the reintroduction in a natural environment results in TL shortening.

Since the strains belonging to domesticated clades were isolated mostly in Europe and Africa, while the wild ones were derived mostly from America and Asia, the association of long TL variation with domesticated strains might reflect an effect of isolation location. However, we found no TL variation (two-tailed Kruskal-Wallis test, p=0.11) across continents, confirming that the domestication process, and not the geographic origin, drives TL variation (Extended Data Fig.

6A).

To further determine whether domestication results in a long TL pattern, we compared the TL of S.

cerevisiae to that of S. paradoxus, its closest phylogenetic relative which was never domesticated.

We estimated the TL of S. cerevisiae (n=33) and S. paradoxus (n=24) strains from the Saccharomyces Genome Resequencing Project (SGRP) collection using already available Sanger sequencing data (Liti et al., 2009). S. cerevisiae telomeres were longer than their S. paradoxus counterparts with a median difference of ~75 bp (S. cerevisiae=256+/-93 bp, S. paradoxus=181+/-91 bp, two-tailed Wilcoxon test, p=3.96e -12 ). SGRP S. cerevisiae telomeres had lengths comparable to those of domesticated S. cerevisiae strains, while S. paradoxus telomeres had lengths comparable to S. cerevisiae wild strains (Fig. 2C and Extended Data Fig. 6B). Moreover, S. paradoxus TL is very different in its three continental subpopulations, with short telomeres in European isolates and very long ones in North American isolates (Liti et al., 2009). Therefore, the high variance in the S.

paradoxus group indicates that genetic drift in isolated subpopulations can also result in large TL variation.

We conclude that S. cerevisiae strains exhibit different TL patterns according to their lifestyles: long for domesticated and short for wild strains. Impressively, the domesticated pattern is reversible as exemplified in the feral isolates, showing that TL can change according to the lifestyle conditions. 

Novel genetic variants and loss of function of TLM genes explain TL variation

To search for associations between common (minor allele frequency (MAF) > 5%) single nucleotide variants (SNVs), copy number variants (CNV) and TL, we conducted a genome-wide association study (GWAS) across 555 euploid diploid strains. We identified 88 QTL/Ns (false discovery rate (FDR) corrected ά=0.05), divided into 62 SNVs and 26 CNVs, including 4 mitochondrial CNVs. Among the SNVs, 41 were intragenic while 21 were in non-coding regions.

Of the intragenic ones, 17 were missense while 24 were synonymous (Fig. 3A and Supplementary Table 4) Overall, GWAS hits showed enrichment in genes involved in RNA metabolism and intracellular trafficking (Supplementary Table 4).

Interestingly, four QTL/Ns are TLM genes (HTL1, YHL012W, YKU70, CSR2), but overall there was not a significant enrichment in TLM genes among the QTL/Ns. Despite not being classified as TLM genes, 25 of the remaining QTL/Ns encode proteins that belong to multi-protein complexes or pathways involved in telomere length regulation, and three are in the immediate upstream/downstream regions of TLM genes (YLR230W, RAD50 and SRB8/AHC2).

Among the rest, one SNV was inside a gene (PPS1) located close to RIF1, while a group of seven variants (multiple CDC42 and TOP3 hits) was located near EST1. The presence of intergenic and synonymous hits suggests that these variants act by regulating the expression of neighboring TLM genes.

For the four mitochondrial and 20 out of the 22 nuclear CNVs, a shorter TL was associated with a higher copy number, whereas the two remaining CNVs (YCR102C and YFR054C) showed the opposite trend (see Fig. 3B for an example of mitochondrial CNV and Extended Data Fig. 7 for the nuclear CNV). In almost all the CNVs (except YCR102C, YFR054C and mitochondrial CNVs) TL variation is driven by the Clinical/S. boulardii subclade and the Ecuadorean clade, which contain many isolates carrying multiple gene copies (Extended Data Fig. 7). In most of the SNVs (57/62), the allele with the lowest frequency in the population was associated with longer telomeres, but no major clades emerged as the main drivers of TL variation (Extended Data Figs. 8, 9, 10).

We tested whether some QTL/Ns could explain the TL difference between domesticated and wild isolates. In a subset of 16 SNVs, the frequency of the minor allele was higher than expected in domesticated clades, but lower in wild ones. In 13 cases, the TL phenotype conferred by the minor allele was in accordance with the TL phenotype of the clades which showed a high frequency of that allele. Among these 13 cases, 12 had a minor allele conferring longer telomeres and prevalent in domesticated clades, and one (AHA1_YDR215C) had a minor allele fixed in the wild clades and conferring shorter telomeres. We show these 13 examples in (Fig. 3C and Supplementary Table 4). The 12 SNVs associated with long telomeres in domestic clades are enriched in genes involved in exonucleolytic activity and intracellular trafficking (Supplementary Table 4). We tested whether these 13 SNVs could also explain the TL difference between anthropic and feral isolates but the results were not statistically significant.

Rare variants can evade GWAS detection, so we traced their effect by pinpointing likely loss of function (LOF) variants in TLM genes (n=383). LOF variants were enriched in wild strains (two-tailed X 2 test, p=7e -9 ), but this enrichment was more pronounced in genes whose deletion causes telomere shortening (p=4.3e -15 ) rather than lengthening (p=0.02), in accordance with the trend of wild isolates to have shorter telomeres. We then tested whether the LOF variants could also explain the TL difference between anthropic and feral isolates but the results were not significant. Of note, the Malaysian clade carries multiple chromosomal rearrangements (Yue et al., 2017) and short telomeres, which might be due to fixed LOF variants in SIR4, whose deletion causes telomere shortening and genome instability, or to HUR1, a gene involved in non-homologous end-joining repair. Other clades carried LOF variants in TLM genes, which could contribute to their TL phenotype. (Supplementary Table 5). Among the clades with the longest telomeres, the clinical/Y' amplification, Alpechin and Brazilian Bioethanol did not carry any LOF. However, the RIF2 gene of all the Alpechin strains is introgressed from S. paradoxus and the protein carries 13 aminoacid substitutions affecting its stability and the interaction with its partners, providing an explanation for the long phenotype of this clade. The long phenotype of the French Dairy clade was associated to 3 LOF variants (HUR1, MND2, GUP2), including 1 in the gene GUP2, whose deletion causes telomere lengthening. The African beer clade presented LOF variants in both telomere lengthening (YBR284W) and shortening (MET7) genes. Among the strains with the shortest telomeres, the clinical/S. boulardii subclade carried LOFs in AZR1 and WHI2, whose deletion leads to telomere shortening. On the contrary, a third LOF in the gene RPS30B causes telomere lengthening. A LOF in RNR1, encoding a subunit of the ribonucleotide-diphosphate reductase, is fixed in the North American clade. The inactivation of this gene causes telomere shortening due to reduced availability of dNTPs and is in accordance with the phenotype of the clade. A LOF in URN1, causing telomere shortening, was detected in the Ecuadorean strains.

In conclusion, we detected a set of genetic variants and LOF mutations in TLM genes that contribute to the TL phenotypes observed in our S. cerevisiae collection, both at the single clade level and between domesticated and wild strains. Moreover, the enrichment of LOF variants in wild strains suggests that telomere length is under selection in natural environments. and the intensity of the green tone is directly proportional to the MAF in the clade. The order of clades on the y-axis is the same as in (Peter et al., 2018) and the clade classification is as in Fig. 1.

The name of the QTN is based on its host gene. QTNs with two gene names are found in intergenic regions and their name comprises the upstream and downstream genes. The bottom plot represents the telomere length of isolates divided by their genotype for the 13 QTNs. Major: homozygous for the major allele; heterozygous: heterozygous genotype; minor: homozygous for the minor allele.

Numbers on top represent the number of isolates in each group. The isolates whose genotype was unknown are not displayed. QTN names are as in the upper plot. Box plots are as in Fig. 1.

Mitochondrial metabolism is associated with TL variation in wild isolates

We investigated the ecophysiological significance of the different TLs of the yeast collection by testing their association with 155 phenotypes related to growth in different carbon and nitrogen sources, in the presence of chemical compounds and environmental challenges, reproductive capacity and CLS under normal and stressful conditions. No significant correlation was found between TL and sporulation-related phenotypes, while a few associations emerged with growth in alternative carbon and nitrogen sources, and are indicated by * in (Fig. 4A) (Supplementary Table 6).

Notably, the copy number of mitochondrial DNA was negatively associated with TL, in accordance with the results of the GWAS (Figs. 3B and4A). Moreover, there were positive associations of TL with mitochondrial volume and activity in both YPEG and YPD (Spearman's R=0.16 and p=0.0003

for mitochondrial volume in YPEG, R=0.11 and p=0.03 for mitochondrial activity in YPEG, R=0.12 and p=0.02 for mitochondrial volume in YPD, R=0.11 and p=0.03 for mitochondrial activity in YPD, FDR=5%) (Figure 4A). Since domesticated and wild yeast isolates have different TLs, we checked their associations with the phenotype dataset separately. The correlation coefficients of all mitochondrial phenotypes were higher when considering the wild isolates alone (Spearman's 6). For Pearson's correlation, the coefficients were higher and TL and mitochondrial metabolism co-vary in wild strains according to a linear model (Supplementary Table 6). When considering domesticated strains, we observed the opposite trend, with correlation coefficients close to 0, meaning that wild strains are the main drivers of the association between TL and mitochondria.

In line with these results, wild isolates had lower mitochondrial activity and volume in both YPD and YPEG as compared to domesticated ones (two-tailed Wilcoxon test, p=5.584e -7 and p=2.928e -9

for mitochondrial volume and activity in YPD, respectively; p=1.057e -14 and p<2.2e -16 for mitochondrial volume and activity in YPEG, respectively; Fig. 4C only YPD in Fig4C), suggesting that domestication induced a higher metabolic rate. As expected, the differences were more pronounced in YPEG medium, where respiration is stimulated and mitochondria are required to grow. We then examined the mitochondrial metabolism of feral strains and found they had a lower mitochondrial volume than anthropic ones (two-tailed Wilcoxon test, p=0.0008 in YPD and p=0.0008 in YPEG). Mitochondrial activity was lower in feral strains than in anthropic ones but not significantly (two-tailed Wilcoxon test, p=0.22 in YPD and p=0.30 in YPEG; Fig. 4D). These results suggest that mitochondrial metabolism, like TL, can adapt to the reintroduction in a wild environment. Overall, these findings indicate that mitochondrial metabolism is markedly associated with TL in wild isolates while no such correlation is observed in domesticated isolates.

Interestingly, the wild strain TLs were correlated with chronological lifespan (CLS) (Spearman's R=0. 48, p=0.03, R=0.47, p=0.04, for CLS at 7 and 21 days of incubation in SDC, respectively) (Fig.

4A and Supplementary Table 6). The association is significant when considering the whole collection (n=918), while it is not when considering domesticated or wild isolates separately. However, correlation coefficients are higher when considering the wild isolates, while they are close to 0 when considering domesticated isolates. In general, isolates with longer telomeres have a higher mitochondrial activity. The 

Discussion

By estimating the telomeric DNA length (TL) of nearly 1000 Saccharomyces cerevisiae isolates collected worldwide and associated with an extensive genomic and phenotyping dataset (Peter et al., 2018), this work generates a unique corpus of data allowing studies of the role of telomeres in yeast evolution and fitness. To our knowledge, no similar integrated approach has been used to study telomere functions on such a high-resolution, ecological scale.

We observed a wide range of normally distributed TL variation (median of 236+-96 bp) that is close to that previously measured in the classical S288C laboratory strain. This variation cannot be simply explained by ploidy and geographic characteristics and is associated with several genetic variants. Polygenic adaptation contributing to telomere length setting in natural populations is in accordance with a previous QTL analysis performed with a smaller yeast population (Liti et al., 2009). Both studies uncovered sequence variants in the two genes encoding the Ku heterodimer, a key regulator of telomere length and subtelomeric silencing (Laroche et al., 1998). Remarkably, TL was shorter in the wild strains than in the domesticated isolates. Moreover, rare loss of function mutations in 28 genes expected to shorten TL appear to be enriched in the wild strains but not in the domesticated ones.

These results suggest that possessing short telomeres in a wild habitat confers a selective advantage for yeast. Since a wild habitat forces the yeast to cope with both resource scarcity and fluctuating environments, one can postulate that short telomeres could help survival and fitness upon exposure to various stresses. This might result from the transcriptional outcome of short telomeres (Ye et al., 2014). In yeast, the expression of subtelomeric genes can succumb to heterochromatization initiated at telomeres by the recruitment and subsequent subtelomeric spreading of the Sir2-Sir3-Sir4 complex [START_REF] Ottaviani | Telomeric position effect: From the yeast paradigm to human pathologies?[END_REF]. Thus, the expression of subtelomeric genes depends in part on TL, which modulates heterochromatin establishment and stabilization. Importantly, the transcriptomic signature in response to various stressors (e.g. heat and osmotic shock, starvation, membrane deformation, genotoxic and mitochondrial DNA loss) is enriched in subtelomeric genes [START_REF] Ai | Regulation of Subtelomeric Silencing during Stress Response that Sir3 alone is sufficient to spread silencing in the absence of other silencing factors[END_REF][START_REF] Smith | Environment-responsive transcription factors bind subtelomeric elements and regulate gene silencing[END_REF][START_REF] Stone | Activation of an MAP kinase cascade leads to Sir3p hyperphosphorylation and strengthens transcriptional silencing[END_REF]. This transcriptional response can contribute directly to adaptation to a wild habitat since several subtelomeric genes are involved in carbon source and nutrient utilization (Pryde & Louis, 1997), cell wall and stress responses [START_REF] Ai | Regulation of Subtelomeric Silencing during Stress Response that Sir3 alone is sufficient to spread silencing in the absence of other silencing factors[END_REF][START_REF] Robyr | Microarray Deacetylation Maps Determine Genome-Wide Functions for Yeast Histone Deacetylases[END_REF][START_REF] Wyrick | Chromosomal landscape of nucleosome-dependent gene expression and silencing in yeast[END_REF]. For instance, subtelomeric derepression occurs in response to glucose starvation via a global decrease in histones level [START_REF] Bruhn | Subtelomeric Silencing[END_REF] and the derepression of subtelomeric genes encoding cell wall components contributes to adaptation of yeasts to the membrane deforming molecule chlorpromazine [START_REF] Ai | Regulation of Subtelomeric Silencing during Stress Response that Sir3 alone is sufficient to spread silencing in the absence of other silencing factors[END_REF]. In addition to modulating subtelomeric silencing, stress can lead to the release of transcription factors from telomeres allowing them to bind and regulate their targets genome-wide [START_REF] Buck | Transcription Factor Targets[END_REF][START_REF] Lundblad | Evidence for silencing compartments within the yeast nucleus: A role for telomere proximity and Sir protein concentration in silencer-mediated repression[END_REF]Martin et al., 1999;Platt et al., 2013). Thus, the adaptation to stressful environments via reorganization of the chromosome-end chromatin might drive telomere shortening in wild isolates. In agreement with this hypothesis, several loss-of-function mutations found at high frequency in wild clades affected genes directly involved in subtelomeric silencing and gene expression such as Sir4, Hst1, the closest paralog of Sir2 [START_REF] Kang | HST1 increases replicative lifespan of a sir2Δ mutant in the absence of PDE2 in Saccharomyces cerevisiae[END_REF], a set of genes involved in non nonsense-mediated mRNA decay (NMD2, RPL13B and RPS16B) [START_REF] Lew | Telomere Length Regulation and Telomeric Chromatin Require the Nonsense-Mediated mRNA Decay Pathway[END_REF] and the chromatin remodeler SNF5.

Among a wide range of phenotypic traits tested for TL association, mitochondria show the best correlations with TL: positive correlations with mitochondrial content and activity and negative ones with mitochondrial DNA copy number. These results suggest that the short telomeres in wild isolates are linked to mitochondrial homeostasis and redox metabolism. In fact, a wealth of diverse data in yeast and mammals indicate that telomeres and mitochondria are intimately interconnected. First, telomere changes can control mitochondrial integrity. In telomerase negative yeast cells, telomere shortening leads to an increased number of mitochondria [START_REF] Nautiyal | The genome-wide expression response to telomerase deletion in Saccharomyces cerevisiae[END_REF]. In mammals, telomere shortening activates p53, which in turn represses PGC1-α and -β gene expression leading to mitochondrial dysfunction (Sahin et al., 2011). Most mammalian telomeric proteins have mitochondrial functions [START_REF] Ahmed | Telomerase does not counteract telomere shortening but protects mitochondrial function under oxidative stress[END_REF][START_REF] Chen | Mitochondrial Localization of Telomeric Protein TIN2 Links Telomere Regulation to Metabolic Control[END_REF][START_REF] Kim | Systematic analysis of human telomeric dysfunction using inducible telosome/shelterin CRISPR/Cas9 knockout cells[END_REF]. Interestingly, subtelomeric silencing can be linked to mitochondrial activity since a loss of the telomeric protein TRF2 leads to the repression of the subtelomeric SIRT3 gene leading to mitochondrial dysfunction (Robin et al., 2020). Conversely, mitochondrial dysfunction can alter telomere structure [START_REF] Qian | Chemoptogenetic damage to mitochondria causes rapid telomere dysfunction[END_REF]. Due to its high guanine content, telomeric DNA is sensitive to the oxidative stress that results from mitochondrial respiration, leading to the accumulation of 8oxo-guanine, which disrupts the binding of telomere protective factors [START_REF] Opresko | Oxidative damage in telomeric DNA disrupts recognition by TRF1 and TRF2[END_REF] and antoxidant proteins that are specifically associated with telomeres [START_REF] Aeby | Peroxiredoxin 1 Protects Telomeres from Oxidative Damage and Preserves Telomeric DNA for Extension by Telomerase[END_REF], prevents extension by telomerase and leads to telomere shortening [START_REF] Passos | DNA damage in telomeres and mitochondria during cellular senescence: Is there a connection?[END_REF]. Finally, we propose that a wild habitat imposes a trade-off between telomere and mitochondrial functions to cope with nutrient limitations and environment disturbances. On one hand, long telomeres could be associated to enhanced mitochondrial respiration and reactive oxygen species production. This might lead to a Sir3-dependent increase in chronological lifespan (CLS) through an enhanced subtelomeric silencing (Schroeder et al., 2012), thereby explaining the positive correlation we observed between TL and CLS. On the other hand, short telomeres could lead to mitochondrial dysfunction, and the high mitochondrial copy number associated with short telomeres might constitute a possible compensatory mechanism [START_REF] Kotiadis | Mitochondrial quality control and communications with the nucleus are important in maintaining mitochondrial function and cell health[END_REF].

By contrast, the TLs of domesticated isolates are longer than those of wild isolates. A simple explanation is that the absence of the constraints of a wild environment relieves the selective pressure to maintain short telomeres. This relaxation regarding telomere length regulation is also reflected by the heterogeneity of TL distribution in domesticated isolates, some measuring more than 1 kb and harboring more Y' subtelomeric elements interspersed with short stretches of telomeric sequences (ITS). The existence of natural yeasts carrying ultralong telomeres is in accordance with previous studies showing that artificially elongated telomeres do not affect yeast fitness [START_REF] Harari | Long Telomeres Do Not Affect Cellular Fitness in Yeast[END_REF][START_REF] Harari | Do long telomeres affect cellular fitness?[END_REF]. Y' amplification mediated by homologous recombination is observed as a response to telomerase ablation in laboratory strains. Therefore, it is tempting to speculate that an absence of selection on telomere length in domestic strains may allow the transient loss of telomerase expression giving rise to recombination relaxation in the subtelomeres. The strains that are classified as feral, i.e. considered as having returned to the wild after a period of domestication, have shorter TLs like the wild isolates, substantiating the notion that short telomeres are rapidly selected in yeasts living in wild environments. The limited number of feral strains precluded an optimal analysis to decipher whether this return to short telomeres is driven by genetic selection.

Overall, our analyses revealed links between telomere length and mitochondrial functions in a large population of yeast isolates collected around the world. This association is observed in wild but not in domesticated isolates uncovering the key role of lifestyle in shaping telomere-mitochondria relationships. These results give an evolutionary meaning to the plethora of mechanisms connecting telomeres and mitochondria that were described in laboratory strains and whose ecophysiological significance is still elusive. They also give credence to the notion that short telomeres can be beneficial. If telomere shortening in response to stress generally works through its adverse effects on premature aging, it is a biological process widely conserved throughout evolution and consequently expected to have a key role in fitness. This was evoked in human genetics to explain the shorter telomeres in European populations versus African ones as conferring a better resistance to melanoma (Hansen et al., 2016). Our results provide evidence that short telomeres are selected during evolution as a trade-off among genome maintenance, mitochondrial metabolism and stress transcriptional responses to increase fitness in habitats with limited resource and fluctuating environment.

Supplementary discussion 1) Bioinformatic estimation of telomeric DNA content in Saccharomyces cerevisiae

An estimate of telomeric DNA length present at the ends of chromosomes (abbreviated TL) can be inferred from NGS data by counting the number of reads containing a sufficiently high number of telomeric DNA repeated sequences. This approach was implemented for human genomes containing regular telomeric DNA repeats ((T2AG3)n) (Ding et al., 2014;[START_REF] Hakobyan | Quantitative trait association study for mean telomere length in the South Asian genomes[END_REF]Lee et al., 2017;Nersisyan & Arakelyan, 2015). However, it does not account for the presence of interstitial telomeric sequences (ITS), which might confound the estimation of telomere length.

Moreover, some organisms, such as Saccharomyces cerevisiae, use irregular telomeric DNA repeated sequences ((TG1-3)n), making the use of human genomes-oriented pipelines impossible. In order to exploit the huge amount of NGS data available for the budding yeast to perform telomere biology studies, we developed an original pipeline to estimate TL and ITS content from whole genome sequencing (see methods).

First, we examined different criteria to distinguish telomeric/ITS reads from the others, and we started by deriving the frequency distribution of stretches of telomeric repeats of different length in the complete genome assemblies of 7 S. cerevisiae and 5 S. paradoxus strains already published (Yue et al., 2017). In all the cases, the distribution was skewed towards small values, with an abundance of very short telomeric repeat stretches, mostly ranging between 2 and 20 bp of length.

There was a sudden drop in frequency for stretches longer than 20 bp (Extended Data Fig. 1A).

Very long stretches were exclusively present in subtelomeres (ITS) or telomeres. Based on this observation, we tested gradually increasing thresholds, ranging from 20 to 50 bp of telomeric stretch, and checked which one gave the best performance. We simultaneously replaced all the native telomeres of the 12 genome assemblies with 14 synthetic telomeres of known length, ranging from 18 to 651 bp, building a total of 168 synthetic genomes. The use of 12 genomes with variable ITS content allowed us to test how much the genomic background and the difference in ITS content RIF1, RIF2, TEL1 and the subunits of the telomerase complex (EST1, EST2, EST3). In all the cases our pipeline detected a significant difference in TL respect to the wild-type samples and the results were in line with what previously described in Puddu et al. (Pearson's R=0.87, p=5.168e -16 ), confirming the reliability of our approach (Extended Data Fig. 2C, D and Supplementary Table 8). The method used by Puddu et al. is efficient in detecting TL changes in strains sharing the same genetic background and basal ITS content. However, other collections, as the 918 yeasts one, are constituted by strains derived from very different ecological niches and might vary in their ITS content, possibly leading to a bias in TL estimation. In this setting, our additional module classifying ITS and telomeric reads allows to greatly improve results and to distinguish between elongated/shortened telomeres or type I survivors carrying ITS/Y' amplifications. In the case of EST genes, we confirmed that their long TL derives from amplification of ITS (Extended Data Fig. 2B).

Our pipeline is freely available through github and constitutes a valid tool to estimate TL and ITS content in a fast and cost-effective way.

2) Telomere length and ITS content are closely associated

We measured ITS content across the 918 yeasts collection and found it to show a hyperbolic distribution, with the majority of the strains containing less than 500 bp of ITS per cell. The overall distribution ranged from 0 to 92890 bp per cell (median=1295+-5676 bp) (Extended Data Fig. 4A and Supplementary Table 1). We subsequently estimated ITS content in the phylogenetic clades and found it to vary significantly among them (two-tailed Kruskal-Wallis test, p<2.2e 7).

The similar behaviour of TL and ITS content suggests that they might be closely associated. We measured the correlation coefficient between the two variables and found a significant positive correlation (Pearson's R=0.43, p<2.2e -16 ) (Extended Data Fig. 5A). In yeast, subtelomeric ITS are usually accompanied by Y' elements. We estimated the copy number of Y' elements in the collection and confirmed a significant positive correlation with ITS content (Pearson's R=0.81, p<2.2e -16 ) (Extended Data Fig. 5B and Supplementary Table 1). By consequence, TL was also positively correlated with the copy number of Y' elements (Pearson's R=0. 39, p<2.2e -16 ) (Extended Data Fig. 5C). This result suggests that either ITS might be a cis-acting factor influencing the homeostasis of TL or viceversa, or that both TL and ITS content are under the control of the same determinants. To test these hypotheses, we measured ITS content in knock-outs strains of known TLM genes (Puddu et al., 2020) and detected a significant difference in ITS content respect to the wild-type samples. In most of the cases, the direction of the variation in ITS content was the same as for TL, although some opposite cases were also observed, confirming that ITS and telomeres are positively correlated (R=0.63, p=1.156e -6 ) and are under the control of the same genetic determinants (Extended Data Fig. 5D and Supplementary Table 8).

We then checked how ITS behaved in domesticated and wild yeasts. ITS content was lower in wild yeasts than in domesticated ones (two-tailed Wilcoxon test, p=1.348e -5 ) (Extended Data Fig. 5E).

This finding revealed a possible role of domestication in reshaping not only telomeres', but also ITS' dynamics. Among the wild clades, the Taiwanese, Russian and North-American behaved like domesticated ones, having higher ITS content (Extended Data Fig. 4B). We then investigated whether domestication played a role in the association between TL and ITS content. However, TL and ITS content were always correlated to each other even if we considered only domesticated (Pearson's R=0.48, p<2.2e -16 ) or only wild isolates (Pearson's R=0.36,p=0.007), meaning that this association is mediated by other factors.

The domesticated isolates had wider variance than the wild ones and reached both the lower and upper extremes of the distribution. However, no variation in ITS content was detected between domesticated-anthropic and domesticated-feral strains (two-tailed Wilcoxon test, p=0.49)

(Extended Data Fig. 5F), suggesting that, despite the reintroduction in a wild environment has an immediate effect on telomeres, the effects on ITS need a longer time to manifest.

In conclusion, we show that telomeres and ITS biology are closely associated and interdependent, and that telomeres and ITS are under the control of the same genetic factors. We applied our pipeline to a dataset of 7 S. cerevisiae and 5 S. paradoxus strains sequenced with both Illumina, Sanger and Pacbio technology and compared the estimation of our pipeline to the actual TL and ITS content values. TL and ITS content values were previously determined as described in the paragraphs "ITS content estimation in 12 yeast genome assemblies" and "TL estimation in the SGRP collection". We observed a rate of underestimation of 4-fold for TL values, and a rate of 10-fold for ITS content values, resulting from our pipeline. We adjusted this bias in the analysis of the 918 yeasts collection by increasing their TL of 4-fold and ITS content of 10-fold.

Values reported in Supplementary Table 1 are already adjusted.

ITS content and TL estimation in 12 yeast genome assemblies

We estimated TL and ITS content in 7 S. cerevisiae and 5 S. paradoxus strains sequenced with Pacbio technology and whose complete genome assemblies were already available (Yue et al., 2017). We estimated the frequency and distribution of stretches of telomeric repeats in the 12 genome assemblies by using custom Perl scripts. We merged the repeats which were interspaced by only 1 bp into a unique telomeric repeat stretch by using the software mergeBed included in the suite bedtools (version 2.17.0) [START_REF] Quinlan | BEDTools: A flexible suite of utilities for comparing genomic features[END_REF] with the option "-d 1". Then, we filtered the list to keep only the stretches longer than 10 bp. The stretches located at chromosome-ends were annotated as telomeres and were not kept for further analysis due to the unreliability of assembling softwares to correctly assemble chromosome-ends. The interstitial telomeric repeats stretches were annotated as Y'-associated ITS if they immediately preceded an annotated Y' element, while the others were discarded. The ITS content of a strain was determined as the sum of the length of its ITS annotations.

TL of these 12 yeast strains was determined by analysing their already available Sanger-sequencing reads, included in the SGRP project, as described in the paragraph "TL estimation in the SGRP collection". Southern blots of these strains and of the representatives of the clades in the 918 yeasts collection were performed as previously described [START_REF] Harari | Long Telomeres Do Not Affect Cellular Fitness in Yeast[END_REF].

TL estimation in the SGRP collection

We estimated the TL of SGRP strains by using custom Perl scripts. First, we filtered the Sangersequencing reads to retain only the telomeric ones. We classified reads as telomeric if they contained a stretch of telomeric repeats (either C{1,3}A or TG{1,3}) longer or equal to 40 bp and located at the extremities of the read. The telomeric repeats must immediately follow one another with a limited number of gaps allowed. Then, TL was manually estimated from each telomeric read by manually counting the telomeric repeats. Each read was considered as a single telomere. The TL of a strain was calculated as the average of the TLs of its single telomeres.

Introduction

Telomeres are ribonucleoproteins that protect the end of linear chromosomes of eukaryotic organisms (Greider & Blackburn, 1987). They prevent chromosome-ends to be mistakenly recognised as DNA double-strand breaks and repaired generating end-to-end chromosome fusions (McClintock, 1941). Their additional function is to solve the so-called "end replication problem" (Olovnikov, 1973;Watson, 1972). Telomeres are composed of tandem repeats of a DNA sequence that act as a buffer, preventing internal genes to be deleted as a result of chromosome end resection.

Telomere length is maintained via the specialised enzyme telomerase. This enzyme is a reverse transcriptase that synthetizes new telomeric repeats using a RNA moiety as template (Greider & Blackburn, 1989).

Telomeric repeat units can vary across the tree of life. The vertebrate-like TTAGGG (T2AG3) repeat is the most widespread, being present in the majority of Metazoa, but also in some classes of protists, fungi and plants, and is thought to be the ancestral telomeric repeat from which all the others evolved (Fulnečková et al., 2013). Variations of this motif constitute the prevalent telomeric repeat in other taxa, like TTTAGGG in plants (Peska & Garcia, 2020), TTAGG in insects (Kuznetsova, 2020), TTAGGC in nematodes (Zetka & Müller, 1996) and degenerate motifs in ascomycetous yeasts (Teixeira & Gilson, 2005). Despite the great degree of diversity, all these motifs have some common characteristics, like being short, tandemly-repeated and G-rich, and the principles of telomere biology are conserved even among distantly related eukaryotes (Kupiec, 2014). The molecular mechanisms of telomere maintenance have been thoroughly investigated in the last 30 years [START_REF] Chan | New ways not to make ends meet: Telomerase, DNA damage proteins and heterochromatin[END_REF][START_REF] De Lange | Shelterin: The protein complex that shapes and safeguards human telomeres[END_REF]Greider & Blackburn, 1989;Lundblad & Szostak, 1989;Marcand et al., 1997). However, we still lack a mechanistic understanding of the evolutionary processes that led to the astonishing variety of telomeric sequences in eukaryotes, and how such diversity affects fitness.

Human telomeres are constituted by the canonical T2AG3 repeat, whereas telomeres of the budding yeast Saccharomyces cerevisiae are constituted by the degenerate TG1-3 repeat (Wellinger & Zakian, 2012). Yeast telomeres that have the same sequence as human telomeres can be generated by using a "humanized" version of TLC1, the gene encoding the RNA template of telomerase, in which the template region is altered to encode T2AG3 repeats, instead of the native TG1-3 (Bah et al., 2004(Bah et al., , 2011;;Henning et al., 1998). The humanization of yeast telomeres is accompanied by a switch in telomere-binding proteins, in which RAP1p, originally bound to native TG1-3 repeats, is replaced by TBF1p (Alexander & Zakian, 2003;Brevet et al., 2003;Ribaud et al., 2012), and induces the activation of DNA damage response (DDR) pathways (Di Domenico et al., 2009;[START_REF] Di Domenico | Tel1 and Rad51 are involved in the maintenance of telomeres with capping deficiency[END_REF]. Humanized yeast can be used as a model to investigate the mechanisms of telomere evolution and how organisms adapt to new telomeric sequences.

In this study, we characterized the evolutionary response of S. cerevisiae to telomere variation at the phenotypic and genomic level. First, we evolved cells through mutation accumulation lines (MALs)

to minimize selection and investigate the cellular and genomic effects of telomere dysfunction.

Unlike other experimental designs in which a component of the telomerase holoenzyme is deleted and cells can only survive a few generations, this approach allowed us to characterize the long-term effects of a mild but chronic telomere dysfunction. During MALs, humanized yeasts showed a progressive fitness decay, accompanied by higher rates of mutations and genome instability. Then, we submitted MALs to adaptive evolution by multiple serial transfers (STs) of large population sizes, to map mutations that counteract the fitness decline. After multiple STs, most humanized lines recovered a wild-type fitness, with independent occurrence of mutations in the DDR pathway.

Overall, our results reveal that telomere biology is characterized by a high degree of evolutionary plasticity, and indicate a possible route of telomere evolution through the inactivation of DDR.

Results

Humanized yeasts show fitness decay upon MAL

Fitness is defined as the capacity of an organism to thrive in a given environment [START_REF] Gregorio | Cell Competition and Its Role in the Regulation of Cell Fitness from Development to Cancer[END_REF], and results from the contribution of both its genotype and transcriptional profile.

Although there is not a univocal estimation, fitness can be quantified by using a combination of various parameters, like growth rate, metabolic rate and lifespan.

Telomeric repeat units are highly variable across the tree of life, and each species is likely finetuned for its own telomere properties. However, the quantitative contribution of telomere sequence variation to the organismal fitness has remained largely unexplored. We used the humanized yeast model system to address this question, and we took advantage of humanized and WT strains already generated in previous studies (Bah et al., 2004(Bah et al., , 2011)). From a single humanized and WT ancestors, we evolved respectively 16 parallel haploid lines of humanized yeasts and 11 lines of wild-type yeasts by using a mutation accumulation lines (MALs) protocol aimed to minimise selective pressure. MALs were passed through a single-cell bottleneck (scb) every ~72 h (~20 generations)

for a total of 100 scb, and samples were collected and freezed every 20 scb (see methods).

Previous studies showed that humanized yeasts progressively accumulate G2/M cell cycle delay due to the chronic activation of the Rad53-dependent DNA damage checkpoint pathway (Di Domenico et al., 2009). We confirmed these results by observing a progressive decrease in colony size in humanized lines (data not shown), and by comparing growth performance in humanized and wildtype yeasts at the beginning and at the end of the MAL experiment. Humanized and WT yeasts had the same growth rate at 2 scb, but humanized grew slower than WT at 100 scb (two-tailed Wilcoxon test, p=1.933e-15), as reflected by their higher population doubling time, while WT maintained the same growth rate during the MAL experiment (Figure 1a). We observed the same tendency with the length of the lag phase. Both humanized and WT had the same lag duration at 2 scb, but humanized had a longer lag phase than WT at 100 scb (two-tailed Wilcoxon test, p=1.382e-06) (Figure 1b). Interestingly, both humanized and WT show a higher variance at 100 scb, probably due to the accumulation of mutations during MAL.

Next, we asked whether telomere humanization had an effect on chronological lifespan (CLS, e.g.

the ability of cells to survive in non-dividing conditions). We measured CLS at regular time points during a 15 days experiment and compared the percentage of surviving cells in humanized and WT lines at each timepoint. Overall, humanized yeasts had a lower survival rate than WT at all timepoints, and the difference with the WT became more pronounced as we approached the end of the two weeks (two-tailed Wilcoxon test, p=2.373e-10 at 15 days) (Figure 1c).

Then, we explored the pace at which this fitness decay occurred by sampling multiple timepoints.

We estimated growth performance and CLS in 4 representative lines of humanized yeasts (5 for CLS) and 3 representative lines of WT yeasts. These experiments revealed that humanized and WT yeasts had similar growth performance (represented by lag duration and population doubling time)

at the beginning of MALs. The performance of WT lines did not change during the MAL experiment, while it progressively worsened for humanized yeasts (Extended Data Fig. 1a,b). We observed the same phenomenon for CLS, as WT lines maintained a constant survival rate during MAL, while humanized lines progressively decreased their survival rate (Extended Data Fig. 1c).

Surprisingly, humanized lines seem to partially recover their fitness starting from 60 scb. After this timepoint, their growth performance and survival rate improve, even though they do not match those of WT yeasts even at 100 scb.

Overall, our experiments confirmed that telomere humanization causes a severe fitness decline, which has a very rapid onset, but this is partially rescued at a later stage. 

Humanized yeasts have higher oxidative stress than WT yeasts

Telomere and mitochondrial biology are closely connected and telomere dysfunction is known to affect mitochondrial metabolism through the transcriptional dysregulation of mitochondrial biogenesis pathways [START_REF] Finkel | Telomeres and Mitochondrial Function[END_REF]Robin et al., 2020;Sahin et al., 2011). We investigated whether telomere humanization had an effect on mitochondrial content and activity through flow cytometry.

At 100 scb, humanized yeasts had lower mitochondrial activity than WT (two-tailed Wilcoxon test, p=1.807e-07), but higher mitochondrial content (two-tailed Wilcoxon test, p<2.2e-16) (Figure 2a,b). These apparent contrasting results might be explained by the fact that replication of dysfunctional mitochondria can result in an increase of mitochondrial content but not of their activity. We asked whether the increase of mitochondrial content was accompanied also by an increase in copy number of mitochondrial genome. We whole-genome sequenced all the 16 humanized and 11 WT lines and estimated the mtDNA copy number by analysing coverage along three mitochondrially-encoded genes: COX2, COX3 and ATP6 (De Chiara et al., 2020). While starting from similar mtDNA copy number at 2 scb (average of 2 mtDNA CN), humanized yeasts increased their mtDNA copies during MALs to a final average of ~3 copies, while WT did not, resulting in a significant difference (two-tailed Wilcoxon test, p=0.0001789 at 100 scb) (Extended Data Fig. 2a).

Abnormalities in mtDNA can manifest in yeast through a characteristic small colony size, due to a block in the aerobic respiratory chain pathway, and these yeast mutants are called "petites" [START_REF] Chen | The petite mutation in yeasts: 50 years on[END_REF]. We tested whether telomere humanization and its consequent disruption of the mitochondrial equilibrium had an effect in the propensity to generate "petite" colonies. Indeed humanized yeasts generated a high proportion of petite colonies when plated on YPG medium (~30% on average). This effect was already present at the beginning of the MALs and did not change during the experiment. This phenotype was linked to telomere humanization as demonstrated by the fact that WT yeasts had a negligible percentage of "petites" (close to 0%) (Extended Data Fig. 2b).

Mitochondrial dysfunction is usually characterized by the increase of reactive oxygen species derived from the malfunctioning of the respiratory chain, which have been suggested to have a relevant role in the onset of aging in both proliferating and non-proliferating tissues [START_REF] Murphy | How mitochondria produce reactive oxygen species[END_REF]. We measured the amount of superoxide anion (O 2 •-), the proximal mitochondrial ROS, in humanized and WT lines, by flow cytometry. We found a clear difference in the amount of ROS between the two genetic backgrounds, with humanized yeasts having higher ROS than WT (twotailed Wilcoxon test, p=8.554e-05) (Figure 2c). Some humanized lines exhibited a particularly high amount of ROS, while one WT had a discordant behaviour respect to the rest and had a ROS amount comparable to that of the highest ROS-containing humanized lines. We next characterized the pace at which mitochondrial dysfunction occurred and measured ROS at different timepoints during MALs in representatives of humanized and WT yeasts. This analysis revealed that ROS accumulation started soon after the beginning of MALs and kept increasing until the end in humanized yeasts, while ROS content did not change in WT yeasts (Extended Data Fig. 2c).

Differently from other fitness data presented in the previous paragraph, the mitochondrial fitness does not seem to be rescued at late stages of the MAL experiment, as reflected by the fact that ROS do not decrease after that point but seem to have a reached a plateau.

Overall, this experiments confirmed the close connection between telomere, DDR and mitochondrial biology already postulated in previous literature, and showed that telomere humanization causes mitochondrial dysfunction. The malfunctioning of the respiratory chain induces a rapid increase in the amount of ROS and in the tendency to form "petite" colonies, which is not rescued by the increase in mitochondrial DNA, and actively contribute to the deterioration of metabolic fitness in humanized yeasts. 

Telomere humanization induces genome instability

After revealing the effect of telomere humanization on cellular fitness, we sought to understand what was the impact of telomere humanization on the genomic landscape. We performed wholegenome sequencing of all the 16 humanized and 11 WT lines at the end of the MAL protocol (100 scb) and of the two ancestral strains (one humanized and one WT) from which all the others derived. First, we estimated telomere length and repeat composition by using a previously described bioinformatic pipeline (chapter 5). We measured the length of the telomeric portion containing Wilcoxon test, p=0.0001). The majority of aneuploidies involved chromosome XVI, which had been duplicated in 12 out of the 16 humanized lines (Figure 3b). We tested whether an additional copy of chromosome XVI might have an adaptive value for humanized yeasts and checked if this aneuploidy was associated with any of the previously characterized phenotypes. We found that XVI-aneuploid humanized lines had shorter telomeres than XVI-euploid humanized ones. We further characterized this difference by comparing the length of the TG1-3 and the T2AG3 portions of telomeres in XVI-euploid and XVI-aneuploid lines, and found that the difference was driven by the T2AG3 segment, while the TG1-3 one was similar between the two groups (Figure 3c).

Finally, we determined the karyotype structure of humanized and WT lines by pulsed-field gel electrophoresis (PFGE). Humanized and WT ancestors at 2 scb, as well as all the WT lines at 100 scb, had a normal karyoype, identical to the one of the S288C control. On the contrary, humanized lines at 100 scb have different band patterns which are compatible with both chromosomal rearrangements and subtelomeric amplifications similar to the ones observed in type I survivors.

Interestingly, most of the band shifts involve the chromosome XVI band, which has a higher molecular weight than the control (Extended Data Fig. 4b).

In conclusion, these analysis confirmed that humanized lines have mixed telomeres composed of both TG1-3 and T2AG3 repeats. Humanized telomeres trigger genome instability which manifests in a high aneuploidy rate, subtelomeric amplifications and structural rearrangements. Surprisingly, chromosome XVI is a preferential target of genome instability and might have an adaptive role in the survival of humanized yeasts. investigated whether the higher mutation rate of humanized yeasts was also characterized by a specific mutational signature. However, we did not identify any enrichment in transitions vs transversions or any specific base substitution (data not shown).

We tested whether selection during MAL might have affected point mutation rates. Assuming that coding and non-coding regions are equally likely to mutate, point mutations were not more/less likely to occur in genes or to be nonsynonymous than expected in WT lines, indicating an absence of selective pressure in MAL. However, point mutations were found in coding regions less often than expected (observed fraction: 0.59, expected fraction: 0.75; binomial test: P<0.0001) in humanized yeasts, indicating an effect of selection in shaping the distribution of mutations in this group (Extended Data Fig. 6a,b). To have a better insight into the selection outcome, we checked if the mutations in humanized and WT lines were enriched for specific gene categories. A GO term analysis revealed that WT lines were enriched in genes encoding ion binding proteins (p=0.03), while humanized lines were enriched in genes involved in the ceramid biosynthesis process (0.1) and encoding cell periphery proteins (p=0.06). Interestingly, humanized yeasts had also an enrichment in effectors of the DNA damage sensing pathway (TEL1 and MEC1; p=0.09). We further characterized the phenotypic effects of mutations, with a particular attention on the TEL1/MEC1 mutations. Multiple humanized and WT mutations were predicted to have important phenotypic effects, either by affecting the stability of the protein or its interaction with other partners. The TEL1 mutation was an aminoacid substitution located in the FAT domain of the protein and predicted to affect its function. An alignment of the yeast TEL1 protein with its human ortholog ATM revealed that a deletion of the corresponding ATM aminoacid (together with the upstream two) was already found in ataxia telangiectasia patients [START_REF] Wright | A high frequency of distinct ATM gene mutations in ataxia-telangiectasia[END_REF], in a sporadic case of T-cell prolymphocytic leukemia [START_REF] Vorechovsky | Clustering of missense mutations in the ataxia-telangiectasia gene in a sporadic T-cell leukaemia[END_REF] and in a breast cancer patient with a family history of multiple malignancies [START_REF] Vořechovský | ATM mutations in cancer families[END_REF]. These findings are a strong indication that our mutation might be a loss-of-function mutation inactivating the DNA damage response (Extended Data Fig. 6c). Further characterization of the humanized line carrying this mutation revealed that it underwent considerable amplification of ITS and Y' elements and was the only line undergoing diploidization (Extended Data Fig. 6d). We Sanger-sequenced this line at all the timepoints and determined that the TEL1 mutation occurred between 60 and 80 scb, and could therefore have triggered the diploidization. We performed long-read sequencing and genome assembly of this line and found that it underwent chromosomal rearrangements involving multiple chromosomes (Extended Data Fig. 6e).

We compared the timing of the TEL1 mutation occurrence with the growth rate profile of the humanized line carrying it, and found them to be remarkably compatible. The partial recovery of growth performance occurs after the appearance of the TEL1 mutation (Figure 4b). Together with previous evidence, it strongly indicates that the inactivation of the DDR can rescue fitness in humanized yeasts.

Overall, these findings reveal that telomere humanization increases mutation rate, and it can have an impact not only on the surrounding genomic regions, but also on more distant ones, as it is demonstrated by the increase in mutation rate in core parts of the genome. Despite MAL should be selectively neutral, we found signals of selection on humanized lines, which accumulated mutations in specific cellular pathways. In particular, LOF mutations in the DDR pathway seem to have a beneficial effect on humanized yeasts and induce a partial fitness recovery. 

Adaptation to telomere sequence variation passes through DDR inactivation

After characterizing the effects of telomere humanization on cellular fitness and genomic landscape, we carried out an adaptive evolution experiment to study whether humanized yeasts were able to recover their fitness and adapt to telomere sequence variation. We evolved 5 parallel populations of humanized yeasts and 2 WT resulting from the MAL protocol for 31 serial transfers (ST) in rich liquid media. Among the humanized lines, we included the one carrying a mutation in TEL1. In this experimental setting, spontaneous mutations that increase cellular fitness will be positively selected and spread within the population. We measured the growth performance before and after the ST protocol to check if there was fitness recovery. The spotting assay, population doubling time and lag duration values evidenced a clear fitness recovery in 3 of the humanized lines, which reached the same level of the ancestors at the beginning of the MAL protocol. By contrast, the 2 WT and the 2 other humanized lines did not recover fitness during the ST protocol, in line with the "diminishing return" principle [START_REF] Wei | Patterns and Mechanisms of Diminishing Returns from Beneficial Mutations[END_REF]. The TEL1 line did not recover any fitness, as it already started with a fitness comparable to the WT (Figure 5).

We whole-genome sequenced the 7 lines at the end of the ST protocol and compared them with their ancestors at the beginning of ST/end of MAL to characterize the genomic changes responsible for the fitness recovery. We did not find any changes in telomere length, ITS content and Y' CN respect to the beginning of the ST. WT lines kept having longer telomeres than humanized ones, even after the ST protocol.

We analysed the genome in search of mutations that occurred during ST and found only a limited number of them, in line with our expectations. Interestingly, the three humanized lines which completely recovered their fitness carried mutations in components of the MRX complex (MRE11:K477I, MRE11:Q447P, RAD50:L171P), another effector of the DDR acting upstream of TEL1/ATM (Figure 5) [START_REF] Gobbini | Functions and regulation of the MRX complex at DNA double-strand breaks[END_REF]. These mutations were fixed in the population, underlining their strong selection. They caused an aminoacid substitution in a conserved region of the resulting proteins and were predicted to have an important impact. None of the other mutations occurred in the ST protocol reached fixation or was predicted to have an impact on the protein, further supporting that these 3 mutations were under strong selection and accounted for the fitness recovery in their respective lines.

In conclusion, the adaptive evolution by ST experiment confirmed what was already evident from the MAL experiment: humanized yeasts need to inactivate the DNA damage checkpoint in order to survive in the long term and adapt to the variation in the telomeric sequence. Other genomic modifications might participate to the evolutionary adaptation, but further work is needed to dissect their contribution and will be carried out during 2021. 

Methods

Yeast strains used in this study

The two initial yeast strains (one for humanized and one for wild type lines) to which the MAL protocol was applied derive from (Bah et al., 2004) and their genotype is: RWY12 (Mata, ura3-52, lys 2-801, ade2-101, trp1-Δ1, his3-Δ200, leu2-Δ1, tlc1Δ::LEU2, VR-ADE2-T). The replacement of the TLC1 gene, encoding for the telomerase RNA template, ensures that these yeasts cannot us their native RNA to elongate their telomeres. In addition to these genetic modifications, the two initial strains contain two plasmids: paz1 and pTLC1TRP. The paz1 plasmid contains the wild type version of the TLC1 gene and the selection marker URA3, conferring the ability to synthetize uracil and thus to grow on media lacking this aminoacid. The pTLC1TRP plasmid contains the TLC1 gene and the selection marker TRP, conferring the ability to synthetize triptophan and thus to grow on media lacking this aminoacid. The TLC1 gene present in the pTLC1TRP plasmid is different in the two initial strains: in the initial strain used to derive WT lines, the pTLC1 gene is the native yeast one; in the initial strain used to derive humanized lines, the pTLC1 gene is almost identical to the native yeast one, except for a modification in the part used as template for telomere elongation

(5'---CACCACACCCACACAC---3'), which has been replaced by a humanized version (5'---CUAACCCU---3'). Overall, both initial strains have the same genotype and contain the same two plasmids (paz1 and pTLC1TRP), but the strain used to derive humanized lines contains a humanized TLC1 gene in its pTLC1TRP plasmid. The presence of the paz1 plasmid carrying a native TLC1 gene in both initial strains ensures that a functional telomerase activity was maintained during the construction of the engineered strain.

Mutation accumulation lines

Prior to the beginning of the MAL protocol, we ensured to get rid of the paz1 plasmid in both initial strains, in order to have telomerase rely only on the TLC1 copy present in the pTLC1TRP plasmid, which is different in the two strains. To do this, we plated the two initial strains on media containing 5-FOA, a chemical which kills cells with a functional URA3 gene, and we retrieved surviving colonies which had lost the URA3-containing paz1 plasmid. At this point, we started our MAL protocol, and since two streaking-for-single were performed during the paz1 exclusion procedure, we dated this timepoint as 2 single-cell bottlenecks.

We derived 16 parallel lines from the humanized yeast initial strain, and 16 lines from the WT initial strain. 5 of the WT lines became "petites" at different timepoints during the MAL protocol and were not characterized further in the study. MALs were propagated from each parental background on Leucin/Triptophan dropout solid medium. The use of a leucine-deprived medium ensures to maintain only cells which kept the auxotrophic LEU2 marker, conferring the ability to synthetize leucine and thus to grow on media lacking this aminoacid, inserted in the native TLC1 locus in the nuclear genome. At the same time, the use of a triptophan-deprived medium ensures to maintain only cells which kept their pTLC1TRP plasmid. Cells were passed through a single-cell bottleneck every 72 h ( 20 generations) at 30 °C, for a total of 100 bottlenecks. S ∼ ∼ amples were collected and freezed every 20 bottlenecks. At each single-cell bottleneck, a random colony was streaked to isolate the next single colony. To avoid any involuntary selection, at each streak, the closest colony to the center of the plate was picked, independently of its size.

To determine the number of generations passed after 72 h, three colonies for the humanized background and one colony for the WT background were independently resuspended in 100 µl of sterile water and serially diluted. Twenty microliters of each dilution were plated on solid YPD medium and grown for 72 h at 30 °C. The number of colonies was manually counted in the plate ∼ with a suitable dilution and the number of generations (G) was estimated according to G=log2(n×d),

where n is the number of cells counted on the plate and d is the corresponding dilution factor. This procedure was performed at all timepoints during MAL for the representatives of the humanized background, while it was performed only at the initial (2 scb) and final (100 scb) for the representative of the WT background.

Estimation of the growth performance

Strains have been incubated two nights in 200 uL in liquid Leu/Trp dropout medium in a nonshaking incubator at 30 °C. The day after, strains were mixed and 2 ul of the mixed culture was resuspended in 200 uL of fresh Leu/Trp dropout liquid medium in 96-well plate. The plate was incubated in a TECAN plate reader machine (Tecan, Infinite F200 Pro) at 30 °C for 72 hours and optical density (600 nm) was measured every 15 minutes during the experiment. Final results were analysed using the software PRECOG [START_REF] Fernandez-Ricaud | PRECOG: A tool for automated extraction and visualization of fitness components in microbial growth phenomics[END_REF].

Chronological lifespan estimation

Strains were grown two nights in liquid Leu/Trp dropout medium, diluted 100x in 200 μL of fresh Leu/Trp dropout in a 96-well plate and incubated at 30 °C for 15 days. We measured viability at regular timepoints during the experiment. At each time point, 5 μL of cells were transferred in 100 μL of staining solution (Phosphate-buffered saline + 3 μM propidium iodide + 200 nM YO-PRO-1) in a 96-well plate and incubated 10 minutes in the dark at 30 °C. Cell viability was measured by high-throughput flow cytometry on a FACS-Calibur using the HTS module, as previously described (Barré et al., 2020). Cells were excited with the 488 nm laser and fluorescence was read with FL-1 and FL-3 filters, corresponding to YO-PRO-1 and propidium iodide fluorescence, respectively.

Non-fluorescent cells were considered viable whereas fluorescent ones were considered dead. We DHE staining solution (HEPES-glucose + 800 uM DHE) in a 96-well plate and incubated 30 min in the dark at room temperature. After that, the staining solution was removed and replaced by 100 uL HEPES-glucose. Samples were analysed on a FACSCalibur using the HTS module. The relative ROS content was estimated by reading fluorescence in the FL-2 channel.

Estimation of the tendency to form "petites"

Yeast strains are incubated two nights in 200 uL of Leu/Trp dropout liquid medium at 30 °C. After that, serial dilutions are prepared and plated on YPG solid medium (0.1% glucose, 3% glycerol, 1% yeast extract, 2% peptone, 2% agar). Plates are then incubated at 30 °C for 7 days and colonies are counted from the most suitable plate. The proportion of petites colonies is estimated as the number of petites colonies vs the total number of colonies in the plate. Some of the putative "petites" colonies are then re-streaked on YPEG media (3% glycerol, 1% yeast extract, 2% peptone, 2% agar) to confirm their phenotype.

Sequencing

After 100 single-cell bottlenecks, cells were inoculated in 5-ml liquid Leu/Trp dropout cultures and grown overnight at 30 °C in a shaking incubator. DNA was extracted using "Yeast Masterpure" kit (Epicentre, USA) following the manufacturer's instructions. Illumina paired-end libraries (2×150 bp) were prepared according to manufacturer's standard protocols and sequenced with an HiSeq 2500 instrument, at the NGS platform of Institut Curie. For the MAL experiment, two initial strains at 2 scb (one with the humanized background and one with the wild-type background) and all the strains at 100 scb were sequenced. For the ST experiment, all the 5 humanized and 2 WT lines at 31 ST were sequenced.

Telomere length estimation

Telomere length, ITS content and copy number of Y' elements were determined using the bioinformatic pipeline described in chapter 5 of this thesis. Since all samples in this study derived from the same strain background (RWY12), we reasoned that the background noise would not be so high and thresholds for repeat detection were decreased accordingly. We used a threshold of 20 bp of telomeric stretch length to estimate telomere length and ITS content with the TG1-3 repeat, and a threshold of 12 bp (corresponding to 2 humanized repeats) with the T2AG3 repeat. Differently from what described in chapter 5, we did not observe any underestimation in our results and consequently did not apply any mathematical adjustments.

the vcf-isec program included in the suite VCFtools (v0.1.16). Next, we searched for shared SNVs present in at least two STs and removed them from the VCF files, based on the assumption that identical de novo mutations are highly unlikely to arise independently and derived from incorrect mapping or poor coverage. All the remaining SNVs/indels were manually inspected using IGV (v2.3.68) [START_REF] Thorvaldsdóttir | Integrative Genomics Viewer (IGV): High-performance genomics data visualization and exploration[END_REF]. de novo mutations were annotated using the S. cerevisiae SGD genome assembly implemented in the online software Variant Effect Predictor (VEP) (McLaren et al., 2016). Further annotation of the functional impact of mutations was carried out using mutfunc [START_REF] Wagih | Comprehensive variant effect predictions of single nucleotide variants in model organisms[END_REF]. Telomere length, ITS content and Y' copy number measurements were performed with the same methods and parameters described in the paragraph "Telomere length estimation".

Spotting assay

Cells were incubated in Leu/Trp dropout liquid media for two nights at 30 °C. After that, they were serially diluted in water. For each 10-fold dilution, 5 μL were spotted either on Leu/Trp dropout agar plates. Plates were then incubated 72 h at 30 °C, and images were acquired with a Epson Perfection V330 scanner.

only in these 4 lineages, but also in some clinical S. cerevisiae isolates, while the majority of Wine/European strains carry a deleted copy.

Another interesting aspect of this work is that we characterize, for the first time, the presence of an ancient hybrid and its derivative strains in the same ecological niche. The coinhabitance of these two populations might reflect an adaptation to utilize different resources in the same ecological niche. In our phenotyping of asexual fitness in over 80 environments, we evidence the presence of environments in which either the Alpechin strains perform better than the living ancestor or viceversa. It would be interesting to better characterize the fitness of the Alpechins and the living ancestor in OWW, discover if and which resources are differentially utilized by the two, and unravel the genes underlying this behaviour.

Telomere evolution

Telomeres are variable among taxa. Species typically have very different average telomere lengths, and even among the same species, telomere length can vary among individuals and populations.

Telomeres are not only different in terms of length, but also in terms of sequence, and a great diversity of telomeric DNA motifs was reported among organisms. Despite we have a wide knowledge about telomere diversity, we still lack a mechanistic understanding of the evolutionary processes that led to the variety of telomeric lengths and sequences in eukaryotes, and how such diversity affects fitness.

I approached this scientific problem by two different angles: in one project, I characterized the diversity of telomere lengths in the widest collection of S. cerevisiae isolates currently available, and correlated these data with phenotypes already available for this collection. Despite the presence of numerous wild strains, the majority of the collection was nevertheless constituted by domesticated-derived isolates. I believe this study constitutes a first step towards the understanding of yeast telomere biology in the wild, but more sampling in wild environments is needed in order to decipher the biological significance of telomere length in different ecological settings.

The analysis of such dataset answered many important questions in yeast telomere biology. We now know that aneuploidy and ploidy do not affect telomere length, along with a long list of other phenotypes. Interestingly, the comparison of telomere length between domesticated and wild isolates revealed an unexpected difference in telomere length, with wild isolates carrying shorter telomeres than domesticated ones. We still lack a complete understanding of the environmental pressures at the origin of this difference, but an intriguing explanation might rely on the impact of telomere length on the transcriptomic profile of strains. Shorter telomeres might decrease the transcriptional repression present at subtelomeric sites and allow stress response genes to be expressed. Moreover, a shorter telomeric tract needs less telomere-binding proteins, which are in turn free to bind other genetic targets in the genome and modulate their expression. The lack of transcriptomic and proteomic data for the 1002 yeast collection unfortunately prevented us from testing these hypotheses. Hopefully, the publication of such data in the future will allow us to answer these important scientific questions.

The need to measure telomere length in such a wide collection (over 900 isolates) constituted a huge technical obstacle for me, due to the great laboriousness and time-consuming nature of Teloblots. This was at the same time a source of great frustration and a scientific challenge, as it motivated and challenged me to develop an alternative technique to measure telomere length in a quicker and less expensive way, that resulted in an additional achievement of my PhD work: a bioinformatic pipeline to measure telomere length and ITS content in yeast. The pipeline will be made freely available upon publication of chapter 5 and will constitute a bioinformatic resource for other researchers in the field. I believe the huge amount of data (telomere length, ITS content and Y' copy number) that I generated in this project will also constitute a resource for other collegues in the telomere research field. ITS content is especially relevant in this sense, because it is still unknown whether ITS have other functional roles in addition to constituting an alternative mechanism of telomere maintenance.

In my second project, I shifted my attention to telomere sequence diversity and investigated the molecular mechanisms at the basis of telomere sequence evolution. To do this, I chose a model organism called "telomere-humanized yeast", which is a essentially a S. cerevisiae yeast carrying human telomeric repeats. The choice of this experimental model constitutes a sort of reverse evolution, as the telomeric repeats present in humans are thought to be the ancestral ones from which all the other variants evolved. I submitted my humanized yeasts to a MAL protocol, in order to characterize the long term effect of telomere humanization, and then submitted MAL to adaptive evolution, in order to test if nd how humanized yeasts could recover a normal fitness. All the data that I recovered from these experiments pointed into one direction: the inactivation of the DNAdamage sensing pathway is a necessary step in order to recover fitness and being able to survive with a non-native telomeric sequence. Despite its beneficial role in telomere evolution, the inactivation of the DDR pathway can have very detrimental effects. Cells experience thousands of DNA lesions every day, as a consequnce of chemical and environmental agents, and the DDR constitutes the first sensor of DNA damage. If the pathway is inactivated, these lesions will not be detected and repaired, leading to the onset of chromosomal aberrations. Mutations in key components of the DDR pathway often constitute driver mutations in the development of cancer.

Our humanized line 8, carrying a putative loss-of-function mutation in the gene TEL1, constitutes a perfect example of this tradeoff. On one hand, the occurrence of the mutation is followed by a complete recovery of growth performance. On the other hand, a careful look at the genome revealed that this line underwent multiple chromosomal rearrangements, extensive subtelomeric amplifications and even a whole-genome duplication. The additional evolution of this line through a ST protocol resulted in the accumulation of even more chromosomal aberrations, mainly constituted by segmental duplications of various chromosomes (data not shown).

Telomere dysfunction and cancer are intimately connected and often observed in concurrence. Their connection passes through the occurrence of bridge-fusion-breakage cycles upon telomere dysfunction, which result in chromosomal rearrangements that can trigger the onset of cancer. Our experiments revealed that the connection between telomeres and cancer might also pass through an increase in point mutation rate upon telomere dysfunction. If a loss-of-function mutation occurs in a key oncosuppressor gene and is positively selected because it confers some growth advantage, the cell line carrying this mutation will experience genomic instability similar to what is observed in cancer cells.

On a more evolutionary scale, the onset of such mutations and their consequent genomic instability might also favor an early process of speciation, thanks to the reproductive isolation conferred by different genomic structures.

However, given the important and detrimental consequences of DDR inactivation on the cell, it is unlikely that such inactivation is maintained on a permanent basis. A more likely scenario of telomere sequence evolution might involve the transient inactivation of the DDR by a similar type of mutation, followed by the occurrence of a compensatory mutation somewhere else, able to restore a complete DNA damage sensing activity.

The availability of high-throughput genetic engineering techniques will allow this and other questions to be answered in the near future. As an example, we currently do not know anything about the evolutionary consequences that other telomeric repeats might have in yeast: an interesting research avenue could be to construct not only telomere-"humanized" yeasts, but also telomere-"insectized", "vegetized" and other yeasts carrying the spectrum of telomeric repeats observed in nature, to characterize the phenotypic consequences of such telomeric repeats and how yeasts adapt to that challenge.
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 1 Figure 1: Cells of the budding yeast Saccharomyces cerevisiae.
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 2 Figure 2: Wild (top) and human-made (bottom) environments where S. cerevisiae has been isolated. From top-left to bottom right: Quercus tree, tree bark, Nothofagus tree, beer, wine, sake.
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  Figure3: Percentage of English books, published between 1920 and[START_REF] Bronikowski | The evolution of aging phenotypes in snakes: A review and synthesis with new data[END_REF], in which the word "genome" occurs, compared to the other terms "gene" and "chromosome". Adapted from[START_REF] David Goldman | What Is a Genome[END_REF] 
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 4 Figure 4: Phylogenetic tree showing the evolutionary relationships between humans (Homo sapiens), chimpanzees (Pan troglodytes), bonobos (Pan paniscus), gorillas (Gorilla gorilla and Gorilla beringei), orangutans (Pongo pygmaeus and Pongo abelii). Adapted from[START_REF] Wall | Great ape genomics[END_REF] 

Figure 5 :

 5 Figure 5: Phylogenetic tree showing evolutionary relationships among species of the Saccharomyces sensu stricto complex. Adapted from Dujon & Louis, 2017. Plain lines=hybrids. Arrows=gene flow among species.
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 6 Figure 6: Duplication of CUP1 gene helps adaptation to the environment. Adapted from Steenwyk & Rokas, 2018.
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 7 Figure 7: Mechanisms of sulfite resistance through reciprocal translocations. Adapted from Marsit & Dequin, 2015.
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 8 Figure 8: Upper panel: karyotype of the S. cerevisiae Malaysian strain (UWOPS034614) compared to the laboratory strain (S288C). Bottom panel: karyotypes of the S. paradoxus South-American (UFRJ50816) and Hawaiian (UWOPS919171) strains. Adapted fromYue et al., 2017. 
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 3 Figure 3: From top-left to bottom-right: Iris fulva, Iris brevicaulis, Populus balsamifera, Populus trichocarpa.
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 5 Figure 5: a) Schematic illustration of the out of Africa dispersal of modern humans. b) Distribution of introgressions on chromosome IX in Europeans and East Asians. c) Timing and direction of introgressions between hominin populations. Adapted from Vattathil & Akey, 2015.

  kb in the left subtelomere of chromosome XIV is fixed in the S. paradoxus European population, but absent in the Far-
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 6 Figure 6: Phylogenetic tree showing hybrids (plain lines) and introgressions (arrows) among species of the Saccharomyces sensu stricto complex. Adapted from Dujon & Louis, 2017.

  the other side, the role of gene flow among more distantly related species,
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 7 Figure 7: Example of introgression between Kluyveromyces marxianus and Kluyveromyces lactis. Adapted from[START_REF] Varela | Origin of Lactose Fermentation in Kluyveromyces lactis by Interspecies Transfer of a Neo-functionalized Gene Cluster during Domestication[END_REF] 

Figure 1 :

 1 Figure 1: Image of telomeres inside the nucleus of a eukaryotic cell.
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 2 Figure 2: Telomeric structure in the budding yeast S. cerevisiae. Adapted from[START_REF] Auriche | Budding yeast with human telomeres: A puzzling structure[END_REF] 
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 3 Figure 3: Schematic of the yeast telomerase holoenzyme.
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 4 Figure 4: Observed subtelomeric structures in Saccharomyces yeasts. Adapted from Yueet al., 2017. 
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 5 Figure 5: Schematic representation of telomeres and subtelomeres in Type I and Type II survivors. Adapted from Claussin & Chang 2015.
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 6 Figure6: Relationship between telomere attrition rate and lifespan across species. Adapted fromWhittemore et al., 2019. 
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 7 Figure 7: Relationship between telomere length, stress and ROS. Adapted from[START_REF] Chatelain | The association between stressors and telomeres in non-human vertebrates: a meta-analysis[END_REF] 
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  Figure8: Image of one female (big head at the center) surrounded by many male red garter snakes during breding. Adapted from[START_REF] Olsson | Evolutionary ecology of telomeres: a review[END_REF] 

Figure 9 :

 9 Figure 9: Relationship between telomere length and body morphs in Australian dragon lizards. Adapted fromRollings et al., 2017. 
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 10 Figure 10: Telomere length in men of different ancestry. Adapted fromHansen et al., 2016. 

  contribution of telomere dynamics to genome evolution can be seen by two different angles. On one side we can consider telomeres as whatever other part of the genome and as objects on which selection acts upon. On another side, telomeres can act as drivers of genome evolution, and the dynamic change in their structure can influence the state of the rest of the genome. Paradoxically, the action of telomeres as drivers of genome evolution often passes through their dysfunction.
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 11 Figure 11: Schematic representation of bridge-fusionbreakage cycle between sister chromatids. Adapted from[START_REF] Baird | Telomeres and genomic evolution[END_REF] 

Figure 12 :

 12 Figure 12: Phylogenetic tree illustrating telomeric repeats in the major kingdoms of life. Capital letters indicate telomeres discovered by teloblot, while non-capital letters indicate telomeres discovered by in silico prediction. Adapted from Fulneckova et al., 2013.

  alterations. When I had to choose where to perform my Master thesis, I chose Gianni Liti's team at the Institute for Research on Cancer and Aging (IRCAN) for two main reasons: first, his team is involved in genomics studies which make use of vast bioinformatic datasets and whose main goal is to characterize genome instability and population structure in yeast; second, I was happy to be able to learn advanced bioinformatic techniques applied to my main research interest and couple this with an experience abroad. During my Master, I applied state-of-the-art bioinformatic pipelines to study the origin of introgressions in yeast, and finalized this project during my PhD in the same institute.Genome introgressions are widespread across the tree of life and initiate from archaic admixtures followed by repeated backcrossing to one parental species. However, how introgressions arise in reproductively isolated species, such as yeasts, has remained unclear. The genus Saccharomyces itself constitutes a sort of evolutionary paradox, as it comprises species which are reproductively isolated from each other (i.e. their hybrids cannot generate viable offspring) but yet they have a long history of hybridization and reticulate evolution. Thanks to these features, the genus Saccharomyces constitutes a perfect model system to study the molecular mechanisms of origin, maintenance and phenotypic consequences of genomic introgressions. Recently, the team was involved in "The 1002 Yeast Genomes Project" which provided the most comprehensive overview of S. cerevisiae genome evolution and population structure to date(Peter & De Chiara 2018). This study described, among others, four lineages with abundant introgressions from the sister species S. paradoxus. The Alpechin lineage, associated with olive-related environments, carried the largest amount of introgressed material. In the first chapter of this PhD thesis, I report the discovery of a S. cerevisiae-S. paradoxus hybrid that is the direct clonal descendant of an ancient hybridization event that founded the Alpechin lineage. The access to the yeast hybrid allowed us: i) to probe whether it is the the source of the Alpechin introgressions, ii) to study how introgressions could emerge and be maintained by reconstructing possible evolutionary scenarios in the laboratory.At the end of my Master, I decided to move the focus of my research to study how telomeric sequence and length evolve and influence the phenotype of an organism. I started two projects which were conducted as a collaboration between the teams of Gianni Liti and Eric Gilson, both at the Institute for research on cancer and aging in Nice, as part of the Labex Signalife PhD programme. The collaboration allowed me and the projects to benefit from the expertise of both teams. Gianni Liti's team, Population genomics and complex traits, applies state-of-the-art bioinformatic and experimental techniques to understand general aspects of genome evolution in buding yeast and dissect the genetic architecture of complex phenotypic traits. Eric Gilson's team, Telomeres, senescense and cancer, studies the role of telomeres and their associated proteins in aging and in disease onset and progression. The expertise of the teams converged in my PhD projects to study the link between telomere length and sequence variation and organismal fitness using natural populations of budding yeast.Telomeres are ribonucleoprotein structures situated at the end of chromosomes. Their essential function is to distinguish chromosomes ends from double-strand breaks (DSBs) and their homeostasis is maintained via the specialised enzyme telomerase. They are constituted by tandem repeats of DNA sequence whose length and motif vary across organisms. Telomere length has been measured only on a reduced number of yeast strains but little is known about its variation in wild habitats. Moreover, the quantitative contribution of telomere length to the organismal fitness remains largely unexplored due to the lack of an adequate number of strains and the extreme laboriousness of current measuring techniques. The recent publication of the genome and phenome of more than 1000 yeast strains thanks to the effort of the Liti team in the "1002 Yeast Genomes Project" constitutes an invaluable resource and enabled me to address important biological questions related to telomere biology. In the second chapter of the thesis, I describe a new bioinformatic method that I developed to estimate telomere length from whole-genome sequencing data, which is specifically tailored for yeast genomic data. I used these measurements to study: i) what is the degree of variation in telomere length and interstitial telomeric sequences across the S. cerevisiae population, with a special attention on strains isolated from natural environment, ii) what are the genetic and non-genetic factors which contribute to telomere length variation, iii) what is the relationship between telomeres and interstitial telomeric sequences.

Fig. 1 |

 1 Fig. 1 | The ancestor of the Alpechin lineage. a, Phylogenetic tree generated using a matrix of 2258 1-to-1 orthologous genes across 46 Saccharomyces genomes. We name and number the S. cerevisiae lineages as in the 1002 Yeast Genome Project, and the S. paradoxus lineages as in the Yeast Population Reference Panel (left boxes). Lineage codes are reported in the phylogenetic tree, followed by strain name. The living ancestor S. cerevisiae subgenome (Living ancestor Sc) tightly clusters with the Alpechin lineage, while the S. paradoxus subgenome (Living ancestor Sp) has European ancestry. b, Circular plot of the living ancestor's (inner ring) and a pan-introgression Alpechin's (outer ring) genomes. Internal ribbons link regions involved in gross chromosomal rearrangements (grey intra-homolog and white inter-homolog) in the living ancestor, which were reverted to produce colinear maps. Genomic coordinates of S. cerevisiae and S. paradoxus chromosomes are based on the genome assemblies of the DBVPG6765 and CBS432 strains, respectively. The upper part represents a zoom-in of chromosome IV. Numbers refer to genomewide overlap between S. paradoxus LOH and introgressions. The bottom part represents a zoom-in of the living ancestor's chromosomes XI with analysis of 5 heterozygous sites (circles) within a S.

  paradoxus homozygous region spanning the LYS2 locus. d, LOH formation rate in an experimental S. cerevisiae-S. paradoxus F1 hybrid and the living ancestor using a URA3 loss fluctuation assay, with heterozygous URA3 engineered as illustrated in panel c for both strain backgrounds. The living ancestor has a higher rate both in mitotic growth (T0) and in returned-to-growth (RTG) experiments (two-tailed Mann-Whitney test, p=0.008 and p=8.66e-05 , respectively; n=5 biologically independent samples for each genetic background and condition). Boxes: horizontal line: median, upper/lower hinge: interquartile range (IQR), whiskers: max/min values. **: p<0.01, ****: p<0.0001.

Fig. 3 |

 3 Fig. 3 | Reconstructing the origin of introgressions. Reconstruction of missing stages of the most likely route of the hybridization-to-introgression process. Plain lines point to naturally occurring stages (parental species, living ancestor and Alpechins), while dotted lines point to stages reproduced in the lab (experimental S. cerevisiae-S. paradoxus F1 hybrid, living ancestor gametes and backcrosses). Red and blue bars represent S. paradoxus and S. cerevisiae ancestry, respectively.

Fig. 4 |

 4 Fig. 4 | The asexual fitness landscape. a, Relative doubling time for each hybridization-tointrogression stage resulting from the samples in each group (indicated in brackets) and their 8 replicates (40 for the living ancestor) across 82 environments. S. cerevisiae (Sc, n=656), S. paradoxus (Sp, n=1312), experimental first-generation hybrid (F1 hybrid, n=1312), living ancestor (LA, n=3280), living ancestor gametes (LA gametes, n=16400), backcross to S. cerevisiae (Bc Sc, n=5248), backcross to S. paradoxus (Bc Sp, n=5248), Alpechin (n=10496). Boxes: horizontal line: median, upper/lower hinge: IQR, whiskers: largest/smallest value within upper/lower hinge +/-1.5x IQR. b, Hierarchical clustering (Pearson's r, complete linkage) of the living ancestor (LA), the Alpechin isolates (three-letter names) and the closest living relatives of their S. cerevisiae (Sc) and S. paradoxus (Sp) parents. Strains were grouped based on doubling time similarity (Extended Data Fig. 10a) and tree branches colour indicates the four distinct phenotypic clusters. c-d, Overlap of introgressed genes (c) and regions (d) in four S. cerevisiae lineages with abundant S. paradoxus genetic material (red segments).

  The S. paradoxus genes that introgressed into the S. cerevisiae Alpechins are not a random collection of functions, but what we expect given adaptive benefits. Introgressed genes from Denisovans and Neanderthals retained in modern human populations have driven adaptation to high altitude(Huerta-Sánchez et al., 2014) and virus defense(Enard & Petrov, 2018), although widespread depletion of Neanderthal introgressions in functional genomic regions likely reflects a general selection against Neanderthal variants(Wolf & Akey, 2018).

  between the two XV-R homologs, two non-reciprocal translocations (part of the recombined Sp XV-R on the Sp VIII-L, and Sp XI-L on the recombined Sc XV-R). The result of this multi-step rearrangement is a highly rearranged triplet of chromosomes derived from chromosomes VIII, XI and XV. The remaining parts of S. paradoxus chromosomes XI and XV are stabilized by subtelomeric translocations. More precisely, the translocation of the right subtelomere of chromosome XV stabilizes chromosome XI, and the translocation of the right subtelomere of chromosome VIII stabilizes chromosome XV. We confirmed the global chromosomal structure by pulsed-field gel electrophoresis (data not shown). Rearrangements arise mainly from ectopic

Fig. 1 |

 1 Genome-wide distribution of LOH and introgressions. a, Genotype maps of the genome of the living ancestor (top) and the 17 Alpechins. The living ancestor's DNA is coloured to denote S. cerevisiae (blue) and S. paradoxus (red) DNA, respectively. The Alpechins' DNA is coloured to denote the S. cerevisiae background (blue) and the interspersed introgressions that are homozygous (red) or heterozygous (grey) for S. paradoxus DNA. There is extensive overlap between the positions of S. paradoxus LOH in the living ancestor and introgressions in the Alpechins. b, Zoom-in of chromosome II. Colours as in panel a. White circles indicate centromeres. Genomic coordinates are based on the S. cerevisiae DBVPG6765 genome assembly. Extended Data Fig. 2 | Alternative evolutionary models of the living ancestor's and Alpechins' origin. The genome-wide overlap between LOH, introgressions and mutated sites within LOH regions with two copies of S. cerevisiae or S. paradoxus DNA allowed us to test the alternative models 1 (left) and 2 (right). See Supplementary Discussion 1 for details. Top boxes report the number of introgressions and LOH, partitioned into overlapping and non-overlapping events. Bottom boxes report the number of de novo point mutations in LOH blocks of the living ancestor. Left and right boxes show mutations in S. paradoxus and S. cerevisiae LOH blocks, respectively. Numbers around the top chromosome pair report the total number of de novo mutations, partitioned into those occurring on the S. cerevisiae and S. paradoxus haplotype, respectively. Numbers below 123 the bottom chromosome pair report de novo mutations that are shared between the living ancestor and the Alpechins, again partitioned into those occurring on the S. cerevisiae and S. paradoxus haplotype, respectively. Haplotype phasing data is available only for the living ancestor. Patterns of overlap between S. paradoxus LOH/introgressions and shared de novo mutations between the living ancestor's S. paradoxus LOH and the Alpechin strains are compatible with model 1. In contrast, the sequence of events in model 2 makes it incompatible with the observed data: the emergence of S. cerevisiae LOH and their de novo mutations after the hybridization between an Alpechin and a S. paradoxus implies that none of these de novo mutations should be present in any Alpechin strain. The presence of 20 mutations which are shared between the Alpechins and the living ancestor rules out model 2 in favour of model 1. Extended Data Fig. 3 | Genome structure of the living ancestor. Each coloured bar represents a chromosome, with dark tones representing S. paradoxus DNA and light tones representing S. cerevisiae DNA. Dark blocks within S. cerevisiae chromosomes represent S. paradoxus LOH, while light blocks within S. paradoxus chromosomes represent S. cerevisiae LOH. White circles indicate centromeres and numbers (from 1 to 5) annotate the recombination breakpoints of the gross chromosomal rearrangements listed in the top-right box. Subgenome assignment for rearranged chromosomes is based on centromere flanking sequences. Genomic coordinates of S. cerevisiae and S. paradoxus chromosomes are based on the genome assemblies of DBVPG6765 and CBS432 strains, respectively. We cannot confidently say whether intrinsic (genetic) or extrinsic (environmentally induced) genome instability explain the astounding genome instability signature, nor we can say whether it emerged from a single event or accumulated gradually. Extended Data Fig. 4 | LOH size distribution. a, Histograms of LOH sizes in the living ancestor. The left panel reports the size histogram of S. cerevisiae LOH events (two copies of S. cerevisiae DNA retained and loss of the S. paradoxus DNA copy). Bin width is 4 kb. Conversely, the right panel reports the size histogram of the S. paradoxus LOHs (two copies of S. paradoxus DNA retained and loss of the S. cerevisiae DNA copy). Dark and light colours respectively indicate terminal and interstitial LOH events. Insets show x-axis zoom-ins up to 30 kb. Bin width is 2.5 kb. b, Size histograms of new LOH events in the mutation accumulation lines. Bin width is 15 kb. Insets show x-axis zoom-ins up to 30 kb. Bin width is 2.5 kb. Panel order and colour codes are as in panel a. Extended Data Fig. 5 | Genome-wide genotype of the living ancestor gametes. a, We used the genome sequences of 25 living ancestor haploid gametes to infer their recombination landscape. Red and blue colours represent S. paradoxus and S. cerevisiae DNA, respectively. The upper part shows the living ancestor. Grey segments represent heterozygous regions for which both S. paradoxus and S. cerevisiae DNA is present and correspond to duplicated regions derived from segregation of rearranged chromosomes or aneuploidies. Aneuploidies were all gain-of-copies, with chromosome III particularly prone to duplicate (7/25 gametes), consistent with the presence of a single LOH block encompassing the centromere, where crossovers are rare (Pan et al., 2011). Chromosomes with intra-homolog and inter-homolog gross chromosomal rearrangements are indicated with * and +, respectively. Genomic coordinates are based on the S. cerevisiae DBVPG6765 genome assembly. b, Percentage of the genome bearing S. cerevisiae or S. paradoxus DNA in the 25 living ancestor gametes. Colours as in panel a. c, The number of observed S. cerevisiae (blue) and S. paradoxus (red) haplotype blocks in three living ancestor gametes. These blocks derive from the combination of meiotic recombination events and pre-existing LOH. As comparison, we calculated the theoretical number of haplotype blocks expected from a single meiosis, considering only the number of crossovers, in an experimental S. cerevisiae-S. paradoxus F1 hybrid (data from Kao et al. (Kao et al., 2010), brown bar), and in the living ancestor if LOH were not present (green bar). We estimated the number of expected haplotypes (y) as y=16(x+1), where x represents the number of crossovers per chromosome. d, Size distribution of S. paradoxus haplotype blocks in three living ancestor gametes (upper panels) and of introgression blocks in three Alpechins (lower panels). Extended Data Fig. 6 | Living ancestor clonal evolution. a, Genome-wide genotype maps of the living ancestor and its diploid clones derived by mutation accumulation line protocol (MAL) through 120 single-cell bottlenecks and return-to-growth (RTG) clones derived by inducing and then aborting meiosis. Grey represents heterozygous DNA, red represents LOH blocks with two S. paradoxus DNA copies, while blue represents LOH blocks with two S. cerevisiae DNA copies. Green arrows indicate new LOH recombination events, purple arrows indicate chromosome homogenisation by loss and re-synthesis events. Genomic coordinates are based on the S. cerevisiae DBVPG6765 genome assembly. b, Sporulation efficiency (at day 3) and c, spore viability of the living ancestor, its mutation accumulation lines (MAL, n=8), its mitotically growing (T0, n=6) and return-to-growth (RTG, n=12) clones. Boxes: horizontal line: median, upper/lower hinge: IQR, whiskers: largest/smallest value within upper/lower hinge +/-1.5x IQR. The bar plot (right) shows spore viability of each single living ancestor's mutation accumulation line. One line (A887R29) has a huge increase in spore viability due to tetraploidization. The pink dotted line indicates the spore viability of the living ancestor. d, Coverage plots of chromosome XI of a tetraploid (A887R29) and a diploid (A887R30) mutation accumulation lines. The plots show a balanced chromosome number for the A887R30 diploid clone (1 copy of S. cerevisiae and 1 copy of S. paradoxus) and an unbalanced one for the A887R29 tetraploid clone (3 copies of S. cerevisiae and 1 copy of S. paradoxus). Dots represent mean coverage values in 10 kb non-overlapping windows. Lines represent whole-chromosome coverage medians. Extended Data Fig. 7 | Reconstruction of the hybridization-to-introgression model. a, The grey-dotted box contains a representation of the classic model for the origin of introgressions. The discovery of the living ancestor rewrote part of this mechanistic process and enabled us to test the downstream stages. For each stage of the model, we indicate the measured median gamete viability (%). Plain lines point to naturally occurring stages, while dotted lines point to stages derived in the laboratory. The initial S. cerevisiae-S. paradoxus F1 hybrid derived from an outbreeding event and

Extended Data Fig. 8 |

 8 Mapping the slow growth phenotype in the Alpechin AQA strain. a, Percentage of introgressed DNA in the Alpechin strains ranked for amount of heterozygous introgressions (grey, ordered first in the stack bar). Most introgressed material is in homozygous state (red, ordered second). Three strains, including AQA, have a considerable fraction of heterozygous introgressions. The rest of the genome up to 100% is S. cerevisiae background (blue, ordered third) and the y-axis is cut at 10%. b, Tetrad dissection of the Alpechin AQA strain showing a 2:2 colony size segregation pattern (two slow-growing and two normal-growing colonies in each meiosis), consistent with a single heterozygous variant underlying the growth defect. c, Each dot represents the allele frequency (AF) difference of reference and non-reference alleles across the genome between pools of big and small spores. Two regions show fixation of the opposite alleles in the big and small pools and chromosome XII is compatible with the assumption that the deleterious allele associated with the small phenotype has the lowest frequency in the S. cerevisiae population. d, Chromosome XII AF zoom and map of homozygous (red) and heterozygous (grey) introgressions on a S. cerevisiae genome backbone (blue) of the Alpechin strain AQA. The growth defect maps to the SFI1 gene, which is far from the closest introgression, indicating that the slow growth phenotype is not driven by a deleterious effect of heterozygous introgressions masked by the S. cerevisiae allele. The white circle indicates the centromere. Genomic coordinates are based on the S. cerevisiae DBVPG6765 genome assembly. Extended Data Fig. 9 | The competitive fitness of the living ancestor. a, Mitotic growth (absolute doubling time, h) of the living ancestor (n=40) as compared to the closest extant relatives of its S. cerevisiae DBVPG6765 (upper left, n=8) and S. paradoxus N17 (upper middle, n=16) parents and a diploid experimental F1 hybrid between the two (upper right, n=16), the living ancestor's diploid gametes (lower left, n=200) and backcrosses of its haploid-stable gametes to S. cerevisiae (lower middle, n=64) and S. paradoxus parents (lower right, n=64). The number of observations (n) results from the combination of the strains in each group and the number of replicates performed in the experiment. Significant differences enumerated in the main text are indicated with asterisks or name Extended Data Fig. 10 | The adaptive value of introgressions. a, Heatmap of the relative doubling time (mean of n=40 replicates for the living ancestor and n=8 replicates for all the other strains) of the living ancestor, its modern Alpechin descendants and the closest living relatives of its S. cerevisiae and S. paradoxus parents. Strains were grouped (left) based on doubling time similarity using hierarchical clustering (Pearson's r, complete linkage) and branch colours highlight four major clusters. Environments in which the living ancestor grows significantly (Welsh test, FDR q=0.05) faster (green) or slower (red) than the Alpechins are coloured. b, Difference in relative doubling time (central bar: median, upper/lower hinge: IQR, whiskers: largest/smallest value within upper/lower hinge +/-1.5x IQR) between Alpechins (n=128) and S. cerevisiae (n=8) in the environments which favour Alpechins' growth (Welsh test, FDR q=0.05). The number of observations (n) results from the combination of the strains in each group and the number of replicates performed in the experiment. Each dot represents the average among the 8 replicates of each of the 16 Alpechins. c, Genotype maps of the Alpechin, Mexican agave, French Guiana and Brazilian bioethanol clades in a shared introgressed region containing the IRC7 (YFR055W) gene.
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 1 Figure 1 -Telomere length of the phylogenetic lineages described in the 1002 Yeast Genome

Figure 2 -

 2 Figure 2 -A, Telomere length of domesticated vs wild isolates. Isolates classification as in Fig. 1. Box plots are as in Fig. 1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. B, Telomere length of domesticated isolates, divided in groups based on their environment of isolation. Domesticated-anthropic are strains isolated from fermentation processes; domesticated-feral are strains isolated from natural environments; human-associated comprises strains isolated from the human body; unknown comprises strains whose environment of isolation is unknown. Box plots are as in Fig. 1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C, Telomere length of S. cerevisiae vs S. paradoxus strains from the Saccharomyces genome resequencing project. Box plots are as in Fig. 1. Numbers on top represent the number of isolates in each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 3 -

 3 Figure 3 -A, Map representing the number of QTLs and QTNs associated to telomere length variation divided by functional group. SNVs: single nucleotide variants; CNVs: copy number variants. Numbers in brackets denote the number of QTLs/QTNs contained in that group. B, Example of mitochondrial CNV for the gene ATP8, which is associated to telomere length variation. Each point represents a single isolate and the line represents a linear regression function. Isolates with longer telomeres carry less copy numbers of ATP8. The other 3 mitochondrial CNVs show the same behaviour. C, The upper plot represents a heatmap of the minor allele frequency (MAF) of 13 QTNs, which show a significant enrichment in minor alleles in either domesticated or wild clades relative to the expected values. Expected values were estimated based on the absolute frequency of each minor allele in the whole collection and the proportion of domesticated/wild isolates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Squares represent the MAF in each clade,

Figure 4 -

 4 Figure 4 -A, Heatmap of the Spearman's correlation coefficient between telomere length and other 155 available phenotypes. Blue tones represent negative coefficients while red tones represent positive coefficients. Asterisks indicate phenotypes whose association with telomere length is statistically significant, and their colour represents the group for which the association is significant (all, domesticated or wild). Classifications and relative colours are as in Fig. 2A. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. B, Example of association between mitochondrial activity in YPD and telomere length. The upper plot shows domesticated isolates (n=547) and the

other 3 mitochondrial

 3 Fig. 2B. Box plots are as in Fig. 1. Numbers on top represent the number of isolates in each group. Two isolates with extreme values are not displayed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

  Fig. 1. Box plots are as in Fig. 1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. F, ITS

Figure 1 -

 1 Figure 1 -Fitness decay. a, Population doubling time of WT and humanized lines at 2 (n=2 and n=4, respectively) and 100 scb (n=11 and n=16, respectively). Boxes: horizontal line: median, upper/lower hinge: interquartile range (IQR), whiskers: largest/smallest value within upper/lower hinge +/-1.5x IQR. ns: non-significant, ****: p<0.0001. The experiment was performed in triplicate. b, Lag phase duration of WT and humanized lines at 2 (n=2 and n=4, respectively) and 100 scb (n=11 and n=16, respectively). Boxplots as in Fig. 1a. ns: non-significant, ****: p<0.0001. The experiment was performed in triplicate. c, Percentage of surviving cells (average +/-SD) for WT and humanized lines at 100 scb during a 15-days chronological lifespan experiment (n=11 and n=16, respectively). ns: non-significant, ****: p<0.0001. The experiment was performed in triplicate.

Figure 2 -

 2 Figure 2 -Oxidative stress. a, Mitochondrial activity of WT and humanized lines at 100 scb (n=11 and n=16, respectively), measured in fluorescence units (FU). Boxplots as in Fig. 1a. ns=nonsignificant, ****: p<0.0001. The experiment was performed in triplicate. b, Mitochondrial content of WT and humanized lines at 100 scb (n=11 and n=16, respectively), measured in fluorescence units (FU). Boxplots as in Fig. 1a. ns=non-significant, ****: p<0.0001. The experiment was performed in triplicate. c, Content of reactive oxygen species (ROS) of WT and humanized lines at 100 scb (n=11 and n=16, respectively), measured in fluorescence units (FU). Boxplots as in Fig. 1a. ns=non-significant, ****: p<0.0001. The experiment was performed in triplicate.

Figure 3 -

 3 Figure 3 -Genome instability in humanized yeasts -a, Schematic illustration of telomere structure in wild type and humanized yeasts. Telomere length estimation in WT and humanized yeasts at 2 (n=2 and n=4, respectively) and 100 scb (n=11 and n=14, respectively). Telomere length estimations are divided in three categories: TG1-3, T2AG3, total (TG1-3 + T2AG3). Boxplots as in Fig. 1a. ns=non-significant, ***:p<0.001, ****: p<0.0001. Humanized lines 8 and 10 have been excluded from this analysis due to their high ITS content. b, The plot represents the state of each chromosome in the MALs. Grey squares represent euploid chromosomes which maintained theiroriginal copy number (1), while black squares respresent chromosomes which underwent aneuploidy. In this case, all aneuploidies are gain of copies (+1). Chromosome XVI highlights as a preferential site for aneuploidy. c, Telomere length estimation in humanized yeasts divided in two groups on the basis of the state of their chromosome XVI: euploid (one copy) or aneuploid (two copies), at the end of the MAL protocol (100 scb) (n=3 and n=11, respectively). Telomere length estimations are divided in three categories as in figure3a. Boxplots as in Fig.1a. ns=nonsignificant, *:p<0.05, **: p<0.01. Humanized lines 8 (XVI-euploid) and 10 (XVI-aneuploid) have been excluded from this analysis due to their high ITS content.

Figure 4 -

 4 Figure 4 -Effect of telomere humanization on mutation rate -a, Point mutation rate per basepair per generation in WT and humanized yeasts (n=11 and n=16, respectively), subdivided in core genome (10761072 bp), subtelomeres (1310254 bp) and genome-wide (core + subtelomere, 12071326 bp). Numbers on top indicate the number of mutations occurred in each group. Boxplots as in Fig. 1a. ns=non-significant, *:p<0.05, **:p<0.01, ***: p<0.001. b, Growth performance (population doubling time and lag duration) of the humanized line carrying a mutation in TEL1 (Hum8), over the course of the MAL experiment. The pink dashed line indicates the time interval of occurrence of the TEL1 mutation and it is compatible with the recovery of fitness observed in this line. The experiment was performed in triplicate.

Figure 5 -

 5 Figure 5 -Adaptive effect of DDR mutations. Population doubling time (upper panel) and lag phase duration (bottom panel) of WT and humanized lines before (0) and after (31) the ST protocol. Boxes as in Figure 1a. The experiment was performed in triplicate. The grey dashed line represents the doubling time and lag duration at the beginning of the MAL protocol. Data denote a complete recovery of fitness in 3 out of the 5 humanized lines, which reach the same values of WT. Pictures on top of the plot represent spotting assays of the 3 humanized lines that showed a fitness recovery. Upper and bottom series respectively represent lines before and after the ST protocol, and each spot represents an increasing dilution factor of 10 from left to right. Annotations on top of the spotting assays indicate the gene experiencing the mutation (either MRE11 or RAD50) and its impact on the protein.

  

  

  

  

  

  Alpechin (Alp, n=4), living ancestor gametes x Alpechin (LA gametes x Alp, n=3), S. cerevisiae x Alpechin (Sc x Alp, n=1), S. paradoxus x Alpechin (Sp x Alp, n=1). The living ancestor has higher spore viability than the experimental S. cerevisiae-S. paradoxus F1 hybrid. The spore viability of the backcrosses to S. cerevisiae compares favourably to that of the S.

	paradoxus backcrosses. The Alpechins are highly fertile with a Wine/European S. cerevisiae (Sc)
	background without introgressions and moderately fertile with the living ancestor gametes, whereas
	they have strong reproductive barriers with S. paradoxus (Sp). e, Percentage of viable spores for
	haploid-stable living ancestor gametes backcrossed to S. cerevisiae (blue line boxes) or S.
	paradoxus (red line boxes), grouped by their number of aneuploidies. Boxes: horizontal line:
	median, upper/lower hinge: interquartile range (IQR), whiskers: max/min values. n=biologically
	independent samples. 0 aneuploidies (n=6), 1 aneuploidy (n=6), 2 aneuploidies (n=2), 3
	aneuploidies (n=2).
	(Gerke et al, 2017). c, Sporulation efficiency (at day 3) of living ancestor gametes grouped by
	number of aneuploidies (central bar: median, upper/lower hinge: IQR, whiskers: largest/smallest
	value within upper/lower hinge +/-1.5x IQR). n=biologically independent samples. 0 aneuploidies
	(n=5), 1 aneuploidy (n=6), 2 aneuploidies (n=12), 3 aneuploidies (n=1), 4 aneuploidies (n=1). Pink
	dots indicate spores with an additional copy of chromosome III, which remained haploid and thus
	do not sporulate. d, Spore viability (central bar: median, upper/lower hinge: IQR, whiskers:
	largest/smallest value within upper/lower hinge +/-1.5x IQR) of hybridization-to-introgression

b, Sporulation efficiency after 3 days in sporulating conditions (central bar: median, upper/lower hinge: IQR, whiskers: largest/smallest value within upper/lower hinge +/-1.5x IQR) of hybridization-to-introgression stages. n=biologically independent samples. S. cerevisiae (Sc, n=1), S. paradoxus (Sp, n=2), experimental first-generation (F1) hybrid (F1 hybrid, n=2), living ancestor (LA, n=1), living ancestor gametes (LA gametes, n=25), backcross to S. cerevisiae (Bc Sc, n=8), backcross to S. paradoxus (Bc Sp, n=8), Alpechin (Alp, n=16), living ancestor gametes x Alpechin (LA gametes x Alp, n=3), S. cerevisiae x Alpechin (Sc x Alp, n=1), S. paradoxus x Alpechin (Sp x Alp, n=1). The S. cerevisiae x Alpechin cross (Sc x Alp) is a slow sporulator and requires additional time to sporulate, consistent with the presence of inefficient sporulation alleles in the Wine/European S. cerevisiae background stages. n=biologically independent samples. S. cerevisiae (Sc, n=1), S. paradoxus (Sp, n=2), experimental first-generation (F1) hybrid (F1 hybrid, n=2), living ancestor (LA, n=1), living ancestor gametes (LA gametes, n=13), backcross to S. cerevisiae (Bc Sc, n=8), backcross to S. paradoxus (Bc Sp, n=8),

  . The IRC7 gene present in the Alpechins has a European S. paradoxus ancestry, while Mexican Agave, Brazilian Bioethanol and French Guiana lineages inherited the S. paradoxus American allele, underlying an independent introgression and maintenance of IRC7 that supports adaptive introgression. Blue and red colours indicate S. cerevisiae and S. paradoxus regions, respectively. Subtelomeric regions are masked genome wide because they lack synteny between S. cerevisiae and S. paradoxus and cannot be aligned for markers genotyping, although inspection of this specific VI-R subtelomeric region in both S. cerevisiae and S. paradoxus genomes indicates that the telomeric repeats are very close to IRC7 24 .The bottom panel shows genetic features annotation of this region from the S. cerevisiae

	Wine/European strain DBVPG6765.

, B and Supplementary Table

  R=0.23 for mitochondrial volume in YPEG, R=0.22 for mitochondrial activity in YPEG, R=0.22 for mitochondrial volume in YPD, R=0.34 for mitochondrial activity in YPD), although p-values failed to reach statistical significance in this setting (Figs. 4A

Data Fig. 4B and Supplementary Table 7). ITS

  distribution in the Wine/European clade was similar to the whole collection and ITS content varied among the Wine/European subclades (two-tailed Kruskal-Wallis test, p=8.95e-14). It followed the same trend of TL, being highest in the Clinical/Y' amplification subclade where the median exceeded 50000 bp, and lowest in the Clinical/S. boulardii subclade, where it remained below 200 bp (Extended Data

	-16 ). It was
	highest in Mexican agave and Brazilian bioethanol, where the median exceeded 6000 bp per cell,
	while it was lowest in Mediterranean oak, Ecuadorean and CHNV clades, where ITS were almost
	absent (Extended

Fig. 4C, D and Supplementary Table
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Extended Data

Figure 3 -Chromosome-end structure in WT and humanized yeasts -a, Telomere length estimation in each WT and humanized line at the beginning (2 scb, 2 representatives) and at the end (100 scb, all the lines) of the MAL protocol. Telomere length estimations are divided in two categories: TG1-3 (green) and T2AG3 (pink). The order of telomeric repeats reflects telomere structure. b, Estimation of ITS content (TG1-3 repeats only) in WT and humanized lines at the beginning (2 scb) (n=1 and n=1, respectively) and at the end (100 scb) (n=11 Extended Data Figure 5 -Telomere humanization and mutation rates -a, Genome-wide distribution of point mutations and insertions/deletions in all the humanized (upper line, blue spots) and WT (bottom line, red spots) yeasts. Genome coordinates are based on the S. cerevisiae SGD genome assembly. Dark grey areas at the chromosome tips represent subtelomeres and their boundaries are taken from (Yue et al., 2017). The presence of multiple spots on the same vertical line denotes a high density of mutations in a restricted area, and it is especially frequent in subtelomeres (for example chr VII L). b, Estimation of the number of generations performed at every single-cell bottleneck (~72 hours) across the entire MAL experiment, in one representative

Results

whether it produces viable meiotic offspring. Indeed, the gamete viability, 3.93% (Supplementary Table 4), was 5.9-fold higher than the 0.67% observed in experimental S. cerevisiae-S. paradoxus crosses (Liti et al., 2006). This level of gamete viability is remarkable considering the presence of multiple chromosomal rearrangements that strongly exacerbate the reproductive isolation (Liti et al., 2006;Hou et al., 2014). We estimated a theoretical gamete viability of 13.97%, if the living ancestor did not have the chromosomal rearrangements (Supplementary Discussion 3). One attractive explanation is that LOH blocks mediate crossing-over by providing dispersed segments of sequence identity, and thereby promote correct chromosome segregation [START_REF] Rogers | Spore-autonomous fluorescent protein expression identifies meiotic chromosome mis-segregation as the principal cause of hybrid sterility in yeast[END_REF]. The genome sequences of 25 viable living ancestor's gametes revealed that 76% of the crossovers (125 of 165; two-tailed χ 2 test, p=1.56x10 -104 ) occurred within 1 kb of a LOH block, validating this hypothesis (Fig. 2a,b, Extended Data Fig. 5a).

We detected 133 recombinant chromosomes in the 25 gametes, with 106 single, 23 double, 3 triple and 1 quadruple recombination events (Extended Data Fig. 5a). This corresponds to 6.6 crossovers per viable gamete (0.4 per chromosome), but it is an underestimation since crossovers on chromosome I, V and IX were undetected due to aneuploidy and large LOH. Nevertheless, it markedly exceeds the 2.7 crossovers per viable gamete previously measured in S. cerevisiae-S. paradoxus experimental hybrids (Kao et al., 2010). The combination of novel crossovers and preexisting LOH produces mosaic chromosomes with S. paradoxus haplotypes that are comparable in size to the Alpechins' introgression blocks (Extended Data Fig. 5b-d).

The crossovers mediated by LOH blocks promoted correct chromosome segregation and strongly limited the emergence of aneuploidies (mean of 1.12 per spore). LOH content and aneuploidy rate were negatively correlated (r=-0.31) across the gametes. Chromosomes involved in heterozygous inter-homolog translocations segregated to produce balanced genomes in viable gametes, underscoring their deleterious effect (Extended Data Fig. 3, 5a, Supplementary Discussion 3).

We probed whether the LOH blocks in the living ancestor also guide subsequent mitotic recombination events and new LOH events. We revisited the mutation accumulation lines and found that at least 9/37 new LOH were primed by pre-existing ones (Extended Data Fig. 6a, Supplementary Table 2). Next, we investigated de novo LOH formation in cell populations expanding clonally for a few generations and in cells returned to clonal growth after an aborted meiosis (Fig. 2c,d) (Laureau et al., 2016;[START_REF] Mozzachiodi | Aborting meiosis overcomes hybrid sterility[END_REF]. We observed higher LOH formation rate in the living ancestor compared to an experimental S. cerevisiae-S. paradoxus firstgeneration hybrid with subgenomes resembling those of the ancestral hybrid before the genome instability. This is consistent with the pre-existing LOH blocks promoting recombination.

Sequencing the genomes of 18 clones derived from the living ancestor, we found that new LOH events were almost always mediated by pre-existing LOH blocks (19/21 events, Fig. 2c, Extended Data Fig. 6a, Supplementary Table 2).

Finally, we investigated if these new LOH blocks further increased the fertility of the living ancestor. An additional large LOH block, emerging in cells having expanded clonally for a few generations, increased the gamete viability by 47% (to a median of 5.77%), in line with that LOH blocks help restore fertility in interspecies hybrids (Extended Data Fig. 6b,c, Supplementary Tables 4,5, 10, Supplementary Discussion 4). We conclude that the massive instability of the ancestral hybrid genome led to exceptional levels of LOH and that these blocks induced and guided both meiotic and mitotic recombination, thereby helping it overcome the sterility barrier. are highly enriched within LOH blocks (red lines). The number of spores that share a similar chromosome II recombination profile is reported. b, The bar plot represents the total number of recombination sites inside/outside LOH blocks genome-wide (two-tailed χ 2 test, p=1.56x10 -104 ), ****: p<0.0001. c, The living ancestor chromosome II was engineered with a heterozygous URA3 gene at the native LYS2 locus. This system enables us to select LOH events at the LYS2 locus by gametes held as a tetrad within an ascus. Their low viability prevents intra-tetrad mating while their low fitness after germination disfavours haplo-selfing. The combination of these events promotes the backcrossing process leading to the extant Alpechin lineage.

The living ancestor's asexual fitness

We next sought to understand why the living ancestor and the Alpechin descendants coexist in nature, while intermediate stages have not been isolated. We therefore measured their clonal reproduction in many environments permitting mitosis, and their survival after nutrients depletion.

The living ancestor was often fitter than both S. cerevisiae and S. paradoxus parent species and the experimental F1 hybrid (in 40, 83 and 28% of environments respectively, Fig. 4a, Extended Data Fig. 9a, Supplementary Table 7). Gametes derived from the living ancestor suffered widespread (77/82 environments) and severe (33% average increase in doubling time) defects in asexual reproduction. Extensive survival defects amplified, rather than compensated for, these defects (Extended Data Fig. 9b). We propose that the fitness defects arise from recessive incompatibilities between genes [START_REF] Bozdag | Engineering recombination between diverged yeast species reveals genetic incompatibilities[END_REF], which are unmasked in the gametes' mosaic S. cerevisiae and S. paradoxus genomes (Extended Data Fig. 5b).

Mating the haploid gametes of the living ancestor back to the haploid S. cerevisiae or S. paradoxus parents restored fitness. We found only rare (3/82 environments in S. cerevisiae backcross, 10/82 in S. paradoxus backcross) and weak (1% average increase of doubling time for both backcrosses) asexual reproduction defects relative to the living ancestor (Fig. 4a, Extended Data Fig. 9a, Supplementary Table 7). This is consistent with the recessive incompatibilities being masked by the first round of backcrossing. Across many environments, the asexual reproduction of the living ancestor closely resembled that of a sub-group of the Alpechins and only rarely and weakly deviated from that of the Alpechin lineage as a whole (worse in 6%, better in 6% of environments; Fig. 4b, Extended Data Fig. 10a).

The Alpechins better resembled their closest extant S. cerevisiae parent than their S. paradoxus parent, but they enjoyed some niche-specific advantages relative to the former (in 11% of environments, Extended Data Fig. 10b), reflecting adaptations potentially conferred by S. paradoxus introgressions. Supporting that introgressed genes were retained due to selection, we found them to overlap non-randomly (83/492, two-tailed χ 2 test, p<0.00001) with genes independently introgressed and retained in other S. cerevisiae subpopulations (Fig. 4c,d,Extended Data Fig. 10c) (Peter et al., 2018). These overlapping genes represent at least one additional and separate hybridization event, involving the American rather than the European S. paradoxus population. Further supporting selection, Alpechin introgressions were enriched in genes mediating interactions with the environment (Supplementary Tables 8,9). time available for the occurrence of these 12 rare events is much shorter.

Third, the living ancestor's genome contains five gross chromosomal rearrangements (Extended Data Fig. 3). None of these rearrangements are present in any extant S. paradoxus or S. cerevisiae lineage, making it likely that they post-date the hybridization. Two of the rearrangements resulted in chimeric S. cerevisiae and S. paradoxus chromosomes, consistent with occurring after the hybridization. Gross chromosomal rearrangements are exceedingly rare events in natural Saccharomyces evolution [START_REF] Fischer | Chromosomal evolution in Saccharomyces[END_REF]. Thus, their presence in the living ancestor becomes challenging to explain if this genome is recent (model 2). They therefore argue in favour of the living ancestor being ancient (model 1).

Single nucleotide variants. First, we described in the main text the analysis of newly arisen heterozygous mutations within the S. paradoxus LOH blocks in the living ancestor. A large proportion (125 out of 156) of the de novo mutations that are present in the S. cerevisiae haplotype of the living ancestor's S. paradoxus LOH blocks are also present in the introgressions of the Alpechins. A small fraction (3 of the 51) of the de novo mutations present in the S. paradoxus haplotype of the living ancestor's S. paradoxus LOH blocks are also shared with the Alpechins. In model 1, both types of heterozygous mutations in the S. paradoxus LOH blocks post-dated the LOH events and the LOH blocks passed these mutations on to the Alpechins' introgressions. The more prevalent inheritance of de novo mutations from the S. cerevisiae rather than the S. paradoxus haplotype suggests that the ancestral spore/s from which the Alpechin strains derive mostly inherited S. cerevisiae chromosomes in regions flanking the S. paradoxus LOH blocks, which were easy to integrate by recombination in a S. cerevisiae background during backcrosses. However, the inheritance of 3 heterozygous mutations from the S. paradoxus haplotype can be explained if a few of the inherited S. cerevisiae chromosomes recombined: i.e. they contained regions with S. paradoxus DNA, which is fully supported by the meiotic recombination observed in the living ancestor's gametes (Extended Data Fig. 5a-d). In model 2, the 125 heterozygous mutations shared between the S. cerevisiae haplotype of the living ancestor's S. paradoxus LOH blocks and the Alpechins' introgressions must have occurred in the Alpechin parent, before the hybridization. The 3 heterozygous mutations that are shared between the S. paradoxus haplotype of the living ancestor's S. paradoxus LOH regions and the Alpechins' introgressions cannot be explained in this way: if they occurred in the Alpechin parent before the hybridization it is very hard to explain their presence in the living ancestor's S. paradoxus haplotype. Model 2 can explain these mutations only by mitotic recombination within the S. paradoxus LOH blocks, subsequent to the hybridization event. Given that the hybridization must be recent and mitotic recombination events are rare, this makes model 2 a less likely scenario and argues in favour of model 1.

The most exclusive evidence that favours model 1 against model 2 is contained in the 24 LOH restore recombination and ensure faithful chromosome segregation, thus promoting gamete viability [START_REF] Rogers | Spore-autonomous fluorescent protein expression identifies meiotic chromosome mis-segregation as the principal cause of hybrid sterility in yeast[END_REF].

4, LOH and gamete viability

We exploited laboratory evolved living ancestor clones to test whether newly acquired LOH events can further increase gamete viability by ensuring correct segregation of the chromosomes carrying them. We dissected a median of 196 spores (total of 4984 spores) in the 8 mutation accumulation lines, as well as in the clones derived from very short-term clonal mitotic expansion (6 mitotic clones and 12 return-to-growth clones), which were selected for an additional LOH on chromosome II (Fig. 2c). The chromosome II of the living ancestor has 3 small LOH blocks, with one block located close to the centromere where recombination is suppressed (Fig. 2a). This highly heterozygous configuration with limited homozygous blocks resulted in 50% of the sequenced spores inheriting a non-recombined chromosome II (Fig. 2a, Extended Data Fig. 5a).

The spore viability of the six mitotic clones provides direct support for the causative role of LOH in the recovery of fertility. Specifically, all these mitotically evolved clones with an additional large LOH on chromosome II increased viability, with an average of 47% increase (i.e. from 3.93% to a median of 5.77%, Extended Data Fig. 6c, Supplementary Table 4). This increase in viability can largely be attributed to the additional LOH, which makes chromosome II homozygous for at least half of its length (Fig. 2c) and therefore provides a large region for recombination to occur. Since these clones were propagated only for a few cell divisions, we do not expect them to carry many additional, potentially confounding mutations. Consistently, genome analysis revealed only a single novel mutation in the six sequenced clones (Supplementary table 10).

The return-to-growth samples had a more marginal median increase (4.13%, Extended Data Fig. 6c, Supplementary Table 4) in spore viability, despite that they also should benefit from the additional chromosome II LOH and do not suffer from extensive mutations (7 mutations in the 12 clones, Supplementary Table 10). However, return-to-growth clones may suffer from other types of genomic alterations with negative effects on spore viability, such as chromosomal rearrangements triggered by the 150-200 DSBs induced by Spo11p. Indeed, examples of gross chromosomal rearrangements generated by break-induced replication mediated by Ty1 have been described in S. cerevisiae return-to-growth clones (Laureau et al., 2016;[START_REF] Mozzachiodi | Aborting meiosis overcomes hybrid sterility[END_REF]. Such type of gross chromosomal rearrangements would have highly detrimental effects on spore viability.

In contrast, gamete viability was equally likely to increase and decrease during the mutation accumulation line experiments, as recently reported (Charron et al., 2019). One line that underwent whole genome duplication recovered high fertility (43.5%, Extended Data Fig. 6c, d and (Welsh test, FDR q=0. [START_REF]Estimation of Y' copy number in WT and humanized lines at the beginning (2 scb) (n=1 and n=1, respectively) and at the end (100 scb) (n=11 and n=16, respectively) of the MAL protocol[END_REF] and presented in Supplementary Table 7. For the living ancestor gametes, we instead indicate (red text) the rare environments where no significant difference was found. b, The percentage of surviving cells (average +/-SD) for each step of the hybridization-tointrogression process during a 25-days chronological lifespan experiment. n=biologically independent samples. S. cerevisiae (n=1), S. paradoxus (n=2), experimental first-generation (F1) hybrid (n=2), living ancestor (n=1), living ancestor gametes (n=25), backcross to S. cerevisiae (n=8), backcross to S. paradoxus (n=8), Alpechin (n=16). c, Gating strategy used for the estimation of the percentage of surviving cells shown in panel b.

the living ancestor cells that had been selected to have lost the URA3 allele. We confirmed the presence of a large de novo LOH on chromosome II in all analysed samples and checked the presence of additional de novo LOH events, as described in the paragraph "Mapping LOH and introgressions' boundaries".

Estimation of sporulation efficiency and spore viability

We measured sporulation efficiency and spore viability as previously described (De Chiara et al., 2020), for all the stages of the hybridization-to-introgression process as well as for the genomesequenced clones of the living ancestor derived by asexual growth (6 clones), return-to-growth (12 clones) and mutation accumulation protocol (8 clones) (Supplementary Tables 4 and5).

Sporulation was induced by incubation in liquid KAc medium and its efficiency was measured by counting ~200 cells at days 1 and 3 for the S. cerevisiae and S. paradoxus parents, the experimental F1 hybrid, the backcrosses and the crosses of the Alpechin strain with S. cerevisiae and S. paradoxus. All the other samples were measured at multiple time points (t=0, 1, 2, 3, 4, 9 days).

Spores were then isolated by tetrad dissection and their viability was scored as the percentage of spores forming visible colonies after six days of growth on YPD at 30°C.

Bulk segregant analysis of Alpechin AQA growth defect

We induced sporulation of the Alpechin strain AQA (OS1357) in liquid KAc medium. Spores were isolated using a dissecting microscope and incubated in YPD medium for four days at 30°C. We pooled spores based on their colony size, forming ten pools. Six pools contained only big colonies while four contained only small colonies. Each pool was composed of 12 spores, except one (A504R10) that contained 11 spores. DNA was extracted from each pool and sequenced with Illumina technology (mean coverage of 55X). The markers used in the bulk segregant analysis were extracted from the Alpechin strain AQA by mapping onto the S. cerevisiae DBVPG6765 assembly, using BWA (v0.7.12). Post-processing steps, including sorting and duplicates removal were performed by SAMtools (v1.2) and picard tools (v2.8.0). Variant calling was performed by freebayes (v0.9.5). We extracted the markers assuming that the 2:2 segregation pattern in the spores was caused by a heterozygous SNV for which one of the two alleles was deleterious and recessive, slowing the growth of haploid spores but not that of the Alpechin diploid parent. Therefore, we extracted only the SNVs whose allelic fraction (AF) was equal to 0.5 in the Alpechin AQA parent.

Afterwards, we mapped Illumina reads of the pools on the S. cerevisiae DBVPG6765 assembly and performed the subsequent steps as described above. Then, we estimated the AF of the heterozygous markers in all the pools and excluded the ones which were not compatible with the following assumptions: i) All the pools must have a homozygous genotype for the marker. ii) Big and small log2(D)-log2 (Dcontrol,local). Dr is reported as the relative doubling time. We also report absolute doubling times, while maintaining the normalization, as Dnormabs = 2 Dnorm Mean (Dcontrol,local). We performed 8 biological replicates per sample, except for the living ancestor for which we performed 40 biological replicates.

Estimation of chronological life span

Strains were grown overnight in liquid SDC medium, diluted 100x in 200 µL of fresh SDC in a 96well plate and incubated at 30 °C for 25 days. We started taking samples after the net growth in each cell population had ceased, 72 hours after incubation. At each time point, 5 µL of cells were transferred in 100 µL of staining solution (Phosphate-buffered saline + 3 µM propidium iodide + 200 nM YO-PRO-1) in a 96-well plate and incubated 10 minutes in the dark at 30 °C. Cell viability was measured by high-throughput flow cytometry on a FACS-Calibur using the HTS module, as previously described (Barré et al., 2020). Cell debris and heavily damaged old necrotic cells were first removed based on forward scatter and side scatter at day 0. Then, cells were excited with the 488 nm laser and fluorescence was read with FL-1 and FL-3 filters, corresponding to YO-PRO-1 and propidium iodide fluorescence, respectively. Non-fluorescent cells were considered viable whereas fluorescent ones were considered dead. The final viability was calculated as the product of "Intact cells" and "Viable cells" (Extended Data Fig. 9c). We measured each sample once. Flow cytometry data were subsequently analysed using FlowJo (v10.3).

Sequencing and de novo assembly of the living ancestor's genome

The complex genome structure of the living ancestor makes full assembly challenging. Specifically, large blocks of LOH with near-identical sequence are interspersed in the highly diverged parental subgenomes and they are often merged by the assembler. We combined multiple sequencing and experimental approaches to overcome this challenge.

First, we deep-sequenced the living ancestor with both short (~200X, Illumina) and long (~146X, PacBio) read technology. DNA was extracted and sequenced for 2 x 100 (paired-end) cycles using the Illumina HiSeq2000. De novo assemblies from short reads were obtained using ABySS (v1.9.0) [START_REF] Simpson | ABySS: A parallel assembler for short read sequence data[END_REF]. DNA was extracted and sequenced by PacBio technology at the Lausanne genomic technologies facility (Lausanne, Switzerland) and raw reads were processed by standard SMRT Analysis pipeline (v2.3.0) to obtain filtered subreads. The assembly was processed with the LRSDAY (v1.0.0) pipeline (Yue & Liti, 2018). We performed de novo assembly using Canu (v1.5) (Koren et al., 2017) by setting the overall (diploid) genome size to 24 Mb. We then aligned the raw PacBio reads to our Canu assembly by pbalign (distributed with GenomicConsensus v2.0.0) and polished the assembly by Quiver (distributed with GenomicConsensus v2.0.0) [START_REF] Chin | Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data[END_REF], correcting sequencing errors. We further mapped the Illumina reads to the polished genome assembly for another round of error-correction, using Pilon (v1.22) [START_REF] Walker | Pilon: An integrated tool for comprehensive microbial variant detection and genome assembly improvement[END_REF]. Scaffolds were manually visualised and inspected as dot-plots using the program MUMMERplot included in the suite MUMmer (v3.1) [START_REF] Kurtz | Versatile and open software for comparing large genomes[END_REF].

We additionally used the genome sequence of 25 living ancestor gametes to phase the living ancestor's subgenomes and to determine its karyotype structure. We analysed the genomes of the living ancestor's gamete and used the coverage to infer their segregation and recombination patterns. Most (65%, excluding aneuploidies, chromosome VII and chromosome XV) of the chromosomes had non-recombinant and uniform coverage profiles, that reflected the living ancestor's genome configuration. Several structural variants were evident using both the PacBio assembly and the segregation profiles and these were validated through manual inspection of the corresponding scaffolds.

Phylogenetic analysis of the living ancestor's subgenomes

We performed de novo genome assembly based on deep (~200X) Illumina sequencing data for the living ancestor and 32 representative strains sampled from the 1002 Yeast Genome Project 5 . The genome assembly was performed by ABySS (v1.9.0) [START_REF] Simpson | ABySS: A parallel assembler for short read sequence data[END_REF] with the option '-k 64'.

All assembled scaffolds shorter than 1 kb were removed. The 33 assemblies were subsequently annotated using LRSDAY (Yue et al., 2017;Yue & Liti, 2018). For the living ancestor, we further partitioned its annotated genes into two subsets: the S. cerevisiae-like genes and the S. paradoxuslike genes, based on the tblastx (v2.2.31+) search against our curated yeast proteome database containing genes from 7 S. cerevisiae and 5 S. paradoxus representative strains (Yue et al., 2017).

Each gene was classified as S. cerevisiae-like or S. paradoxus-like if its top hit (cutoff: sequence identity >= 90% and match coverage >= 70%) matched with S. cerevisiae or S. paradoxus. We identified a total of 5489 S. cerevisiae-like and 5699 S. paradoxus-like genes and treated these two sets separately as two independent subgenomes. We refer to these as "Living ancestor Sc" and "Living ancestor Sp" respectively in our downstream gene orthology and phylogenetic analysis. We employed proteinortho (v5.15) [START_REF] Lechner | Proteinortho : Detection of ( Co-) orthologs in large-scale analysis[END_REF] to identify orthologous gene groups shared among Living ancestor Sc and Living ancestor Sp, the other 32 representative S. cerevisiae strains and the 18 strains (7 S. cerevisiae + 5 S. paradoxus + 6 outgroup species from the Saccharomyces genus) that we analysed before (Yue et al., 2017). Based on this analysis, 2258 one-to-one orthologous groups shared among all these 52 strains (including Living ancestor Sc and Living ancestor Sp) were identified and used in the downstream phylogenetic analysis. The phylogenetic analysis was performed as previously described (Yue et al., 2017). The six Saccharomyces outgroup species are not displayed in the phylogenetic tree showed in Fig. 1a.

Alpechins' introgressions from the S. paradoxus CBS432 genome assembly, from the living ancestor-like sequence and from the Alpechin-like sequence. We also extracted the sequences corresponding to the living ancestor's S. paradoxus LOH from the S. cerevisiae DBVPG6765 genome assembly.

We obtained four fasta sequences (DBVPG6765, CBS432, living ancestor and Alpechin) and aligned them using FSA (v1.15.9) with the "--refinement --exonerate --anchored" options [START_REF] Bradley | Fast statistical alignment[END_REF]. The "--anchored" option of FSA further depends on MUMmer (v3.23) [START_REF] Kurtz | Versatile and open software for comparing large genomes[END_REF] and exonerate (v2.2.0) [START_REF] Slater | Automated generation of heuristics for biological sequence comparison[END_REF] to assist the alignment. The aligned sequences were trimmed by trimAl (v1.4) [START_REF] Capella-Gutiérrez | trimAl: A tool for automated alignment trimming in large-scale phylogenetic analyses[END_REF] with the option "-gt 1.0" to remove gap positions. Finally, the filtered alignment was used to conduct a molecular dating analysis with BEAST2 (v2.6.2) [START_REF] Bouckaert | BEAST 2.5: An advanced software platform for Bayesian evolutionary analysis[END_REF] with the following parameter settings:

-Substitution model: HKY [START_REF] Hasegawa | Dating of the human-ape splitting by a molecular clock of mitochondrial DNA[END_REF], with 4 Gamma category count and empirical base frequencies.

-Clock model: random local clock [START_REF] Suchard | Bayesian random local clocks, or one rate to rule them all[END_REF].

-Tree prior: calibrated Yule model [START_REF] Heled | Bayesian Inference of Species Trees from Multilocus Data[END_REF].

-Molecular clock rate prior: Gamma (alpha=0.001, beta=1000).

-Speciation rate prior: Gamma (alpha=2.0, beta=2.0).

-Molecular clock rate prior: Gamma (alpha=2.0, beta=2.0).

-Calibration node: S. cerevisiae -S. paradoxus divergence time with a log normal distribution of M=4.9, S=0.11, which translates into a median divergence time of 4.87 million years ago (mya) with 95% central 95% probability range covering 4.06 mya -5.84 mya (based on previous estimate (Shen et al., 2018)).

-MCMC chain length: 100000000 with 1000 pre burn-in.

-MCMC chain logging frequency: every 1000 steps.

Two independent runs were performed and the convergence of these two MCMC runs was assessed by Tracer (v1.7.1) (http://tree.bio.ed.ac.uk/software/tracer/). TreeAnnotator (distributed with BEAST2) was used to generate the consensus tree with 10% burn-in. The resulting consensus tree was visualized with FigTree (v1.4.4) (http://tree.bio.ed.ac.uk/software/figtree/).

GO term analysis and annotation of LOH and introgressed genes

Introgressed genes were annotated using the CBS432 and DBVPG6765 genome annotation (Supplementary Table 9) (Yue et al., 2017). Standard GO term analysis was performed with the GO Term Finder tool available at Saccharomyces Genome Database (SGD). Significant GO terms were extracted by the algorithm implemented in the tool, with a False Discovery Rate (FDR) corrected α threshold of 0.05 (Supplementary Table 8).
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Chapter 5 Telomeres are shorter in wild S. cerevisiae populations than in domesticated ones
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Abstract

Telomeres are ribonucleoproteins that cap chromosome-ends. Their length is maintained and strictly controlled by telomerase. Telomere length has been measured in several laboratory strains of the budding yeast Saccharomyces cerevisiae, but little is known about its variation in wild isolates.

Moreover, the quantitative contribution of telomere length to the organismal fitness remains largely unexplored due to the lack of an adequate number of strains and the laboriousness of the current measuring techniques. The recent publication of the genomes and phenomes of more than 1000 yeast strains enabled us to explore telomere length variation on an unprecedented scale. Here, we developed a fast and cost-effective bioinformatic pipeline to estimate the average telomere length of these strains from whole-genome-sequences. Our results revealed natural telomere length variation among the isolates, which can be explained by genetic factors and ecological origin. Notably, telomere length was shorter in wild isolates than in isolates from domestic environments. Genetic association studies of wild isolates revealed an enrichment for loss-of-function mutations in genes known to regulate telomere length and showed that the return of domesticated yeasts to a wild habitat leads to telomere shortening. Moreover, telomere length variation is associated with mitochondrial metabolism in wild but not in domesticated strains. Overall, these findings suggest that short telomeres contribute to the fitness of yeasts living in wild environments and that this constraint is lost upon domestication.

impact the TL measurement. We simulated Illumina reads from these genomes and applied our pipeline to these datasets. The estimates of ITS content and TL correlated positively with the real values across the range of parameters tested, with the best correlation at the threshold of 40 bp (R=0.9638, p<2.2e-16 for ITS content, R=0.9821, p<2.2e-16 for TL) (Extended Data Fig. 1B and Supplementary Table 9).

We further validated the efficiency of our pipeline in the 12 strains by using already published Pacbio assemblies, Sanger sequencing data derived from the Saccharomyces genome resequencing project (SGRP) and the gold-standard technique of Southern blotting (Teloblot) (Bergstrom et al., 2014;Liti et al., 2009;Yue et al., 2017). First, we used custom Perl scripts to identify Sanger reads containing full-length telomeres and estimated TL by averaging the TLs of those reads. In parallel, we estimated TL by applying our pipeline to Illumina sequencing data derived from the same strains. We correlated results and found significant positive correlations for ITS content and TL (Pearson's R=0.87 and P=0.0002, R=0.64 and P=0.02, respectively) (Extended Data Fig. 1C,D and Supplementary Table 10). In addition, we measured TL of 5 S. cerevisiae strains (DBVPG6044, DBVPG6765, Y12, YPS128, UWOPS034614) and 2 S. paradoxus strains (CBS432 and N44) by Teloblot and confirmed a positive correlation between all the measurements (Pearson's R=0.99 and P=0.0001 between the Sanger sequencing and the Teloblot, R=0.79 and P=0. [START_REF]Estimation of Y' copy number in WT and humanized lines at the beginning (2 scb) (n=1 and n=1, respectively) and at the end (100 scb) (n=11 and n=16, respectively) of the MAL protocol[END_REF] between the Teloblot and the pipeline) (Extended Data Fig. 2A and Supplementary Table 10).

One strain, N44, did not work due to the complete absence of Y' elements in its genome and was not included in the statistical analysis.

We additionally measured the performance of the pipeline on the 918 S. cerevisiae collection. We chose one representative strain for 17 clades and measured TL by Teloblot. We correlated these results with the pipeline measurements and found an overall positive correlation (Pearson's R=0.87, P=2.497e-05) (Extended Data Fig. 2B and Supplementary Table 10). Two strains (25.Sake and 08.Mixed origin) did not give any terminal restriction fragment (TRF) and were not included in the statistical analysis. One strain from the Clinical/Y' amplification subclade had extremely long telomeres, in accordance with previous reports showing that this strain has atypical TL and amplification of ITS and Y' elements (Bergstrom et al., 2014). Taken together, these results show that the TL and ITS estimations of our pipeline are reliable and can be used for further analyses.

The recent publication of the complete genome sequencing of the Saccharomyces cerevisiae knockout collection and its use to identify genes involved in the maintenance of genome stability, including TLM ones, offered the opportunity to test our pipeline against an already validated dataset (Puddu et al., 2020). Puddu et al. applied a bioinformatic approach which is similar to the one used in our study, and identified, among others, 12 new TLM genes validated by Teloblot. We applied our pipeline to the same dataset, adding knock-outs for known telomere-associated proteins, like Each point represents a single simulated NGS run and the line represents a linear regression function. Side-by-side panels represent correlations obtained using increasing thresholds of telomeric repeat stretches (20 to 50 bp) to detect telomeric reads. The bottom panels show telomere length in the same 168 simulated sequencing runs, estimated by the pipeline (y-axis) and compared to the known length of the synthetic telomeres (x-axis). Colours are as in the upper panels. C, ITS content in the 12 genome assemblies, measured by the pipeline (y-axis) and estimated by the genome assemblies (x-axis). Each point represents a single isolate and the line represents a linear regression function. D, Telomere length in the 12 genome assemblies, measured by the pipeline (yaxis) and estimated from Sanger sequencing reads (x-axis). Each point represents a single isolate and the line represents a linear regression function.

Extended Data Figure 2 -A The bottom panel shows telomere length in the same set of strains, estimated by the pipeline (yaxis) and compared to the value resulting from the blot (x-axis). Each point represents a single isolate and the line represents a linear regression function. C, Telomere length of knock-out strains for known telomere length maintenance genes described in (Puddu et al., 2020) (x-axis), estimated by the pipeline (y-axis). Colours denote either wild-type strains (yellow) or knock-outs for genes which shorten (dark blue) or lengthen (light blue) telomeres. One gene is not involved in telomere maintenance and is shown as control (green). D, Telomere length in the same strains of panel C, measured by the pipeline (y-axis) and compared to the estimations of Puddu et al. 2019 (x-axis).

The line represents a linear regression function.

Extended Data Figure 3 -A 

Methods

Statistics and data reproducibility

We estimated TL in 918 already sequenced S. cerevisiae strains (Peter et al., 2018). Strains classifications, including phylogenetic lineages and domesticated/wild assignments, were maintained as described in (De Chiara, Barré, et al., 2020). For most of the analyses performed in this study we used the whole collection (n=918). A subset of euploid diploid strains (n=555) was used for the genome-wide association study in order to avoid the confounding effect of ploidy variation and aneuploidy. The genome-wide association study was performed as described in (De Chiara, Barré, et al., 2020). Genotype data, LOF variants and the set of phenotypes used in the correlation analysis were already available from (Peter et al., 2018), except for mitochondrial activity and volume, which were measured as previously described (De Chiara, Friedrich, et al., 2020). Standard GO term analysis was performed with the GO Term Finder tool available at Saccharomyces Genome Database (SGD). Significant GO terms were extracted by the algorithm implemented in the tool, with a False Discovery Rate (FDR) corrected α threshold of 0.1 (Supplementary Table 4). Mitochondrial hits were not included in the GO term analysis. LOF mutations were annotated as private to one or few clades and listed in Supplementary Table 5 if their frequency in the clade was higher than 0.6 but their frequency in the whole collection was lower than 0.2.

Statistical analyses were performed using R (version 3.5.3). Two-group comparisons were performed using the function wilcox.test, performing a 2-tailed Mann-Whitney test. Multiple-group comparisons were performed using the function kruskal.test, performing a non-parametric ANOVA test. Subsequent pairwise analyses were performed using the function dunnTest included in the package FSA. When multiple tests were perfomed on the same dataset, we applied a FDR correction for multiple hypothesis testing with a threshold of α=0.05. Correlation analyses were performed using the function cor.test and applying both Pearson's and Spearman's models. P-values were subsequently corrected using both FDR and Bonferroni correction for multiple hypothesis testing.

Overview of the pipeline strategy to estimate TL and ITS content

For each strain, we screened all Illumina paired-end reads to extract the ones coming from telomeres and ITS. We classified reads as telomeric or ITS-derived if they contained a stretch of telomeric repeats (either C{1,3}A or TG{1,3}) longer or equal to 40 bp. The telomeric repeats must immediately follow one another with a limited number of gaps allowed. The list of telomeric/ITS reads is stored in an output file.

Subsequently, we performed mapping with BWA (version 0.7.12) (Li & Durbin, 2009) on a modified SGD reference genome in which we masked all repetitive sequences, including telomeres, ITS and Y' elements. The list of repetitive sequences in the SGD genome was generated and masked using RepeatMasker (http://www.repeatmasker.org/). A representative, long version Y' element was appended to this reference genome as an additional chromosome entry. The representative Y' element was chosen to be the one from TEL09L, as previously described (Yue et al., 2017). Read mapping runs were stored in the Sequence Alignment/Map (SAM) format and its binary form (BAM). Sorting, indexing and per-position coverage calculation were performed using SAMtools (version 1.2) (Li et al., 2009).

We annotated the mapping position of all our telomeric/ITS reads and their pairs and classified reads as ITS-derived based on the following assumptions: i) if a telomeric/ITS read contains a stretch of TG{1,3} repeats and its pair maps on a non-subtelomeric part of the genome, this read must come from a ITS; ii) if a telomeric/ITS read contains a stretch of TG{1,3} repeats and its pair maps on the representative Y' element, this read must come from a ITS.

We classified reads as non-Y'-associated ITS-derived if they respected the first criterion. We classified reads as Y'-associated ITS-derived if they respected the second criterion. All the remaining reads were classified as telomeric. We computed the average Y'-associated ITS content (YIC), non-Y'-associated ITS content (NYIC) and telomere length (TL) as:

where N=number of reads assigned to each category (Y' and non-Y' associated ITS-derived and telomeric), S=length of the telomeric repeats stretch contained in reads assigned to each category, and C=coverage in regions with a GC content of 50-80%, which is similar to what is found in yeast telomeric repeats. For simplicity, we define YIC in the main text as "ITS content". To estimate the copy number of Y' elements, we calculated the average coverage on the representative TEL09L Y' element and divided it by the average coverage in regions with a GC content of 50-80%.

Simulations of sequencing runs from genomes carrying synthetic telomeres

To estimate the efficiency of our pipeline, we applied it to artificially constructed datasets, consisting of simulated sequencing runs from genomes carrying synthetic telomeres of known length. We masked the native telomeres of the 12 previously described genome assemblies by using the program maskfasta contained in the suite bedtools (version 2.17.0) [START_REF] Quinlan | BEDTools: A flexible suite of utilities for comparing genomic features[END_REF]. Subsequently, we replaced the masked native telomeres with 14 synthetic telomeres of known length, consisting of yeast telomeric TG{1,3} or C{1,3}A repeats, and creating a total of 168 (12 x 14) synthetic genomes. The lengths of the synthetic telomeres had the following values: 18, 49,77,99,135,174,208,296,360,416,504,553,602,651 bp. ITS were not modified. Illumina reads were then simulated from the 168 synthetic genomes using the software dwgsim (https://github.com/nh13/DWGSIM) with the following parameters: type of read=paired-end, read length=100 bp, sequencing error rate=0%, insert size=300 bp, coverage=30. 

Abstract

Telomeres are ribonucleoproteins which cap chromosome-ends and impede the activation of DNAdamage-response (DDR). Their length is maintained by the reverse transcriptase telomerase using a RNA template. Telomeric sequences are conserved across the tree of life and consist of G-rich repeated units, but variation in length and sequence is present among distant taxa. Each species is likely fine-tuned for its own telomere properties, however their quantitative contribution to the organismal fitness remains largely unexplored. In the budding yeast S. cerevisiae, the telomerase RNA template is encoded by TLC1 and carries degenerated TG1-3 repeats. Previous studies have shown that a 16-bp editing of TLC1 enables to globally reconfigure telomeres by generating yeasts with newly synthetised exact T2AG3 repeats, which show an intrinsic telomere dysfunction and a chronic activation of the DDR. Since T2AG3 corresponds to the telomeric repeat found in humans (as well as many other organisms), these telomere-engineered yeasts were dubbed humanized yeasts. In this work, we evolved multiple lines of humanized and wild-type yeasts to characterize the effect of telomere variation on fitness. We used a strategy that sequentially combined two experimental evolution paradigms: first, we evolved cells through mutation accumulation lines (MALs) to minimize selection. This enables to investigate the cellular and genomics effects during the fitness decay driven by telomere dysfunction. Next, we submitted MALs to adaptive evolution by multiple serial transfers (STs) of large population sizes, to map mutations that counteract the fitness decline. During MALs, humanized yeasts gradually slowed their growth and shortened chronological lifespan. Whole-genome-sequencing revealed that they had increased mutation rate and genome instability, with recurrent aneuploidies on chromosome XVI. We observed recurrent mutations in DDR genes, including TEL1 and MEC1. The TEL1 line underwent multiple chromosomal rearrangements, subtelomeric amplifications and recovered growth fitness. After multiple STs, most humanized lines recovered a wild-type fitness, with independent occurrence of mutations in the MRX complex, a key effector of DDR. Overall, our results show that humanized native TG1-3 repeats and found that WT yeasts have longer TG1-3 portions than humanized yeasts. We next estimated the length of the T2AG3 portion and, as expected, WT yeasts did not contain any T2AG3 repeats at both 2 and 100 scb. On the contrary, humanized yeasts accumulated T2AG3 repeats during the MAL experiment starting from completely native TG1-3 telomeres at 2 scb.

We next sum-up the TG1-3 and the T2AG3 components to determine the total length of telomeres and found that, overall, WT yeasts had longer telomeres than humanized ones, in accordance with previous literature (Bah et al., 2004). This indicates that, despite containing an active telomerase, humanized yeasts cannot replenish telomeres at the same pace to which they lose them (Figure 3a and Extended Data Fig. 3a).

Subsequently, we explored the structure of subtelomeres by using the same pipeline and estimated the content of interstitial telomeric sequences (ITS) and the copy number (CN) of Y' elements. Our analysis evidenced an increase in ITS content in humanized, but not in WT yeasts, during MAL. This was accompanied by an increase in CN of Y' elements, and, globally, the two variables correlated well (R=0.92, P=9.192e-13) (Extended Data Fig. 3b-d). Two humanized lines carried a very high amount of ITS and Y', a characteristic signature of type I survivors, which are strains that survive telomerase inactivation thanks to recombination-mediated telomere lengthening mechanisms. Interestingly, we discovered that humanized yeasts also carried ITS with T2AG3 repeats, which were not present either in WT yeasts or in humanized ones at 2 scb. We manually analysed sequencing reads containing segments of these ITS and found them to be in three possible conformations: i) T2AG3-only ITS which were constituted entirely by T2AG3 repeats, ii) mixed ITS with an internal segment constituted by TG1-3 repeats and a telomere-proximal segment constituted by T2AG3 repeats, iii) sandwich ITS containing an internal and a telomere-proximal segments with TG1-3 repeats and a central part constituted by T2AG3 repeats (Extended Data Fig. 4a). The presence of these ITS structures indicates that recombinational mechanisms are active in humanized yeasts and contribute to telomere-subtelomere dynamics. These results are in agreement with the Y' amplification previously reported in humanized yeasts [START_REF] Di Domenico | Tel1 and Rad51 are involved in the maintenance of telomeres with capping deficiency[END_REF].

Haploid yeasts are known to spontaneously diploidize during MALs (Sharp et al., 2018). We checked for the occurrence of ploidy changes in our lines and we found that all but one lines remained haploid. The only line that became diploid was a humanized one and the ploidy change occurred at the very end of the MAL experiment, between 80 and 100 scb. Diploidization likely occurred through mitotic defects as the MAT locus remained homozygous (MATa/MATa).

We next analysed coverage profiles along chromosomes to determine whether CNV and aneuploidies occurred during MAL. We discovered 17 aneuploidies in our lines, which were all gain of one copy. Among these, only one was found in a WT line, whereas all the others involved humanized lines, which were thus more subject to this type of genome instability (two-tailed

Humanized yeasts have higher mutation rate than WT

We whole-genome sequenced the humanized and WT lines at 100 scb plus the two ancestors at 2 scb in order to characterize possible effects of telomere humanization on the mutational spectrum.

We compared the humanized and WT lines with their respective ancestors to infer the new mutational events occurred during the MAL experiment. In total, we identified 250 point mutations in the humanized lines, and 87 in the WT. Among the 250 found in humanized lines, 122 were located in subtelomeres and 128 were located in the core parts of the chromosomes. For the WT lines, 15 mutations were found in subtelomeres while 72 occurred in the core genome. Given that subtelomeres constitute only a minor fraction of the genome (1310254 bp vs 10761072 bp in subtelomeres and core genome, respectively), humanized yeasts have an enrichment in mutations occurring there (binomial test, p<0.0001), while WT yeasts have a subtelomere/core mutation distribution similar to what is expected by chance (binomial test, p=ns). We observed the same tendency for insertions/deletions of less than 100 bp, which were also enriched at subtelomeric sites in humanized (binomial test, p<0.0001), but not in WT yeasts (binomial test, p=ns) (Extended Data Fig. 5a).

Then, we used these results to estimate base substitution and indels rates. To account for differences in doubling time between humanized and WT yeasts, we measured the number of cells per colony throughout the MAL experiment in representatives of humanized and WT yeasts, and used these values to calculate mutation rates per generation. We estimated an initial growth rate of ~20 generations/bottleneck (~72 h) for both humanized and WT. While WT maintained a constant growth rate during MAL, humanized progressively slowed their growth and performed only ~14 generations/bottleneck at the end of MAL (Extended Data Fig. 5b). This accounted for a total of 2140 generations performed by WT lines in the MAL experiment, and a total of 1640 generations performed by humanized lines. Using these values, we estimated a genome-wide point mutation rate of 7.9e -10 for humanized yeasts, and 3.0e -10 for WT. Subdividing the mutations in those occurring in subtelomeres and in the core genome did not change the result, with humanized yeasts having higher mutation rate than WT, but evidenced a propensity for humanized yeasts to mutate their subtelomeric sites, where the mutation rate was 10-fold higher than in the core genome (3.55e - 9 vs 4.53e -10 , respectively) (Figure 4a). We did the same analysis for insertions/deletions and mirrored the previous results, with humanized yeasts having a higher indel rate than WT at both core and subtelomeric sites (Extended Data Fig. 5c).

Given that humanized yeasts have a high amount of ROS and these are known to damage the mitochondrial DNA, we tested whether there was a difference in mtDNA mutation rate (85779 bp) between the two groups. Surprisingly, we did not find any significant difference in point mutation rate and indel rate between humanized and WT lines (Extended Data Fig. 5d,e). We further Extended Data Figure 1 -a measured each sample three times. Flow cytometry data were subsequently analysed using the R package flowCore [START_REF] Hahne | flowCore: A Bioconductor package for high throughput flow cytometry[END_REF].

Ploidy estimation

Ploidy was estimated for strains at 2 and 100 scb using a propidium iodide (PI) staining assay. For the humanized line 8, carrying the TEL1 mutation, ploidy was estimated at all timepoints during the MAL protocol. Cells were incubated in 100 uL of Leu/Trp dropout liquid media in 96-well plates and left two nights at 30 °C. After that, 3 μl were taken and resuspended in 100 μl of cold 70% ethanol for 3 h at 4 °C, washed twice with PBS, and resuspended in 100 μl of staining solution (15 μM PI, 100 μg/ml RNase A, 0.1% v/v Triton-X, in PBS) and finally incubated for 3 h at 37 °C in the dark. Samples were analysed on a FACS-Calibur flow cytometer using the HTS module for processing 96-well plates. Cells were excited at 488 nM and fluorescence was collected with a FL2-A filter. The distributions of both FL2-A and FSC-H values have been processed to find the two main density peaks, which correspond to the two cell populations in G1 and G2 phase of the cell cycle, as described in (Peter et al., 2018).

Mitochondrial phenotyping

Cells were incubated in 100 uL of Leu/Trp dropout liquid media in 96-well plates and left two nights at 30 °C. After that, 10 μL of cells were transferred into 190 μL of a HEPES 10 mM-glucose 2% solution. Samples were washed twice with HEPES-glucose and finally resuspended in 100 μL of mitochondrial staining solution (HEPES-glucose + 100 nM MitoTracker Green (Molecular Probes) + 20 nM MitoTracker Deep Red (Molecular Probes)) in a 96-well plate and incubated 30 min in the dark at room temperature. MitoTracker Green is known to accumulate passively into the mitochondria proportionally to their content, whereas MitoTracker Deep Red is known to accumulate into mitochondria proportionally to their membrane potential. The samples were analysed on a FACSCalibur using the HTS module. The relative mitochondrial volume was estimated by reading fluorescence in the FL-1 channel, whereas the relative mitochondrial activity was estimated by reading fluorescence in the FL-4 channel, as described in (De Chiara et al., 2020).

ROS estimation

ROS content was measured using the florescent molecule dihydroethidium (DHE). DHE can permeate cellular memebranes and be oxidized by O 2

•-, producing fluorescent derivatives. Cells were incubated in 100 uL of Leu/Trp dropout liquid media in 96-well plates and left two nights at 30 °C. After that, 10 μL of cells were transferred into 190 μL of a HEPES 10 mM-glucose 2% solution. Samples were washed twice with HEPES-glucose and finally resuspended in 100 μL of

Genomic analyses of MALs

We mapped Illumina reads resulting from MALs on the S. cerevisiae SGD genome assembly using BWA (v0.7.12) (Li & Durbin, 2009). Read mapping runs were stored in the Sequence Alignment/Map (SAM) format and its binary form (BAM) and post-processing steps were performed by picard tools (v2.8.0). Sorting, indexing and per-position coverage calculation were performed using SAMtools (v1.2) (Li et al., 2009). Chromosomes with doubled coverage values (~120) respect to the genome-wide median (~60) across their entire length were considered as aneuploidies. The copy number of mitochondrial DNA was estimated as described in (De Chiara et al., 2020).

We used the software freebayes (v0.9.5) to call markers from the BAM files. Results were stored in Variant Call Format (VCF) files. We filtered the VCF files to keep only SNVs/indels with quality higher than 20 and coverage higher than 10. We subtracted the SNVs/indels present in the sequenced initial humanized strain at 2 scb from its derived mutation accumulation lines, and the SNVs/indels present in the sequenced initial WT strain at 2 scb from its derived lines, using the vcfisec program included in the suite VCFtools (v0.1.16). Next, we searched for shared SNVs present in at least two mutation accumulation lines and removed them from the VCF files, based on the assumption that identical de novo mutations are highly unlikely to arise independently and derived from incorrect mapping or poor coverage. All the remaining SNVs/indels were manually inspected using IGV (v2.3.68) [START_REF] Thorvaldsdóttir | Integrative Genomics Viewer (IGV): High-performance genomics data visualization and exploration[END_REF] and they were used to estimate point mutation and insertion/deletion rates (μ) as μ=(n/bp)/g, where n is the number of de novo mutations present in each line, bp is the (haploid) genome size of the S. cerevisiae SGD genome assembly and g is the number of generations performed in the mutation accumulation experiment (2140 for WT lines and 1640 for humanized lines). de novo mutations were annotated using the S. cerevisiae SGD genome assembly implemented in the online software Variant Effect Predictor (VEP) (McLaren et al., 2016). Further annotation of the functional impact of mutations was carried out using mutfunc [START_REF] Wagih | Comprehensive variant effect predictions of single nucleotide variants in model organisms[END_REF].

GO term analysis

Standard GO term analysis was performed separately on the mutations extracted from WT and humanized lines with the GO Term Finder tool available at Saccharomyces Genome Database (SGD). Significant GO terms were extracted by the algorithm implemented in the tool, with a False Discovery Rate (FDR) corrected α threshold of 0.1.

Experimental validation of variants

Two de novo SNVs from independent humanized lines were validated by Sanger sequencing. One variant was located inside the gene MEC1 and the other one was inside the gene TEL1. A pair of primers (upstream and downstream) was designed for each SNV using Unipro UGENE [START_REF] Okonechnikov | Unipro UGENE: A unified bioinformatics toolkit[END_REF], and used to perform Polymerase Chain Reaction (PCR). We checked the presence of the mutations at all timepoints during the MAL protocol. PCR products were sequenced by Eurofins Genomics. The presence and the genotype of the variants were checked by visual inspection of the electropherograms. We confirmed the presence of both variants and discovered that the mutations in TEL1 occurred between 60 and 80 scb, while the mutation in MEC1 occurred between 40 and 60 scb. The two mutations occurred in separate humanized lines.

Long reads sequencing and structural variant analysis

Yeast cells from humanized line 8 were grown for two nights in liquid Leu/Trp dropout media at 30 °C. Genomic DNA was extracted using "Yeast Masterpure" kit (Epicentre, USA) according to the manufacturer's instructions. The MINION (Oxford Nanopore) sequencing library was prepared using the SQK-LSK109 sequencing kit according to the manufacturer's protocol. The library was loaded onto a FLO-MIN106 flow cell and sequencing was run for 72 hours. Long read basecalling and scaffolding were performed using the pipeline LRSDAY (v 1.6) (Yue & Liti, 2018) and the dotplot was generated using mummerplot [START_REF] Marçais | MUMmer4: A fast and versatile genome alignment system[END_REF].

Serial transfers protocol

5 humanized lines and 2 WT lines derived from the MAL protocol were then re-evolved through a serial transfer protocol. Strains were inoculated in tubes containing 5 ml of Leu/Trp dropout liquid medium and incubated for two nights at 30 °C in a shaking incubator. Transfers were performed every 2 days by diluting 50 μl of the previous culture into 5 ml of fresh Leu/Trp dropout medium

(1:100 dilution). We performed a total of 31 serial transfers. At the end of the protocol, DNA was extracted for the samples and sequenced as described in the paragraph "Mutation accumulation lines".

Genomic analyses of STs

We mapped Illumina reads resulting from STs and extracted variants as described in the paragraph "Genomic analyses of MALs". We filtered the VCF files to keep only SNVs/indels with quality higher than 20 and coverage higher than 5. We subtracted the SNVs/indels present in the corresponding mutation accumulation line at 100 scb from which each ST line was derived, using

Conclusions and perspectives

In this PhD work that lasted over four years, I used the budding yeast Saccharomyces cerevisiae as model organism to investigate important aspects of genome evolution: the origin of interspecies introgressions and telomere evolution.

Introgressions and hybrid sterility

Introgressions are thought to initiate from ancient hybridization events followed by repeated backcrossing to one parental population/species. They are characterized by allelic replacement, meaning that the genetic fragment which is transferred from one species/population to another will not insert in a random part of the recipient genome, but it will replace its homologous sequence.

This implies that recombination, and, therefore, sex, must be involved in the process. The presence of Neanderthal and Denisovan introgressions into the modern human genome has been successfully explained by such hybridization-backcross model, given the low sequence divergence between the two populations. We often find gene introgressions also between species whose DNA are so different that sex fails to produce offspring. The Saccharomyces sensu stricto complex constitutes one of such examples, as sequence divergence among its species can be pretty high and hybrids between them usually fail to generate viable offspring. How could these yeast DNA introgressions occur when the hybrid is sterile? Our living ancestor described in chapter 4 offered us the answer:

the occurrence of scattered blocks of sequence identity in a genome that otherwise is completely heterozygous creates preferential sites for recombination, overcoming in this way the major reproductive barrier and giving origin to the current population that now inhabits the wastewaters of olive oil production (Alpechin).

The S. paradoxus introgressions present in the S. cerevisiae Alpechin strains are enriched in genes coding for cell membrane and cell wall proteins, suggesting a possible role in the adaptation of yeasts to live in the harsh environmental conditions of olive oil wastewater (OWW). OWW is in fact characterized by an acidic pH, a high salt concentration causing osmotic stress, and by the presence of phenolic compounds and a complex microbial community. Alpechin strains have better growth performance than other strains in this environment, but the genetic bases underlying this adaptation are not yet completely understood. Future directions of this project will involve the characterization of the contribution of introgressed genes in the adaptation of Alpechin yeasts to this environment. I found that three genes have been independently introgressed and retained in four S.

cerevisiae lineages: Alpechin, Brazilian bioethanol, French Guyana and Mexican agave. Among these, the gene IRC7 constitutes an interesting candidate as it has been shown to be introgressed not 

Annex: other projects

Abstract

Mutations, recombinations, and genome duplications may promote genetic diversity and trigger evolutionary processes. However, quantifying these events in diploid hybrid genomes is challenging. Here, we present an integrated experimental and computational workflow to accurately track the mutational landscape of yeast diploid hybrids (MuLoYDH) in terms of single-nucleotide variants, small insertions/deletions, copy-number variants, aneuploidies, and loss-of-heterozygosity.

Pairs of haploid Saccharomyces parents were combined to generate ancestor hybrids with phased genomes and varying levels of heterozygosity. These diploids were evolved under different laboratory protocols, in particular mutation accumulation experiments. Variant simulations enabled the efficient integration of competitive and standard mapping of short reads, depending on local levels of heterozygosity. Experimental validations proved the high accuracy and resolution of our computational approach. Finally, applying MuLoYDH to four different diploids revealed striking genetic background effects. Homozygous Saccharomyces cerevisiae showed a 4-fold higher ∼ mutation rate compared with its closely related species S. paradoxus. Intraspecies hybrids unveiled that a substantial fraction of the genome ( 250 bp per generation) was shaped by loss-of-∼ heterozygosity, a process strongly inhibited in interspecies hybrids by high levels of sequence divergence between homologous chromosomes. In contrast, interspecies hybrids exhibited higher single-nucleotide mutation rates compared with intraspecies hybrids. MuLoYDH provided an unprecedented quantitative insight into the evolutionary processes that mold diploid yeast genomes and can be generalized to other genetic systems.
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I sequenced and analysed the genome of three novel RNA viruses infecting Spodoptera exigua and realized the graphical abstract and figure 1 of the paper.

Abstract

Viral covert infections in invertebrates have been traditionally attributed to sublethal infections that were not able to establish an acute infection. Recent studies are revealing that, although true for some viruses, other viruses may follow the strategy of establishing covert or persistent infections without producing the death of the host. Recently, and due to the revolution in the sequencing technologies, a large number of viruses causing covert infections in all type of hosts have been identified.

The beet armyworm, Spodoptera exigua (Lepidoptera: Noctuidae) is a worldwide pest that causes significant losses to agricultural and ornamental plant industries. In a previous project we used NGS to obtain a comprehensive transcriptome of the larval stage, revealing the presence of an important number of unigenes belonging to novel RNA viruses, most of them from the order Picornavirales.

In order to characterize S. exigua viral complex, in this work we have completed the genomic sequences of two picorna-like viruses, and compared them to a SeIV1, a member of Iflaviridae previously described by our group. We performed additional studies to determine virus morphology, horizontal transmission, tissue and life stage distribution and abundance in the hosts. We discuss the role of virus persistent infections on insect populations. Awarded a travel grant to attend the EMBL course "Mass spectrometry and RNAseq".
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