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            Abstract
Sex and recombination are pervasive throughout nature despite their substantial costs1. Understanding the evolutionary forces that maintain these phenomena is a central challenge in biology2,3. One longstanding hypothesis argues that sex is beneficial because recombination speeds adaptation4. Theory has proposed several distinct population genetic mechanisms that could underlie this advantage. For example, sex can promote the fixation of beneficial mutations either by alleviating interference competition (the Fisherâ€“Muller effect)5,6 or by separating them from deleterious load (the ruby in the rubbish effect)7,8. Previous experiments confirm that sex can increase the rate of adaptation9,10,11,12,13,14,15,16,17, but these studies did not observe the evolutionary dynamics that drive this effect at the genomic level. Here we present the first, to our knowledge, comparison between the sequence-level dynamics of adaptation in experimental sexual and asexual Saccharomyces cerevisiae populations, which allows us to identify the specific mechanisms by which sex speeds adaptation. We find that sex alters the molecular signatures of evolution by changing the spectrum of mutations that fix, and confirm theoretical predictions that it does so by alleviating clonal interference. We also show that substantially deleterious mutations hitchhike to fixation in adapting asexual populations. In contrast, recombination prevents such mutations from fixing. Our results demonstrate that sex both speeds adaptation and alters its molecular signature by allowing natural selection to more efficiently sort beneficial from deleterious mutations.
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                    Figure 1: The rate and molecular signatures of adaptation.[image: ]


Figure 2: Fates of spontaneously arising mutations.[image: ]


Figure 3: Fitness effects of individual mutations.[image: ]
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Extended Data Figure 1 Genetic system and experimental protocol for evolution of sexual populations.
Genotypes of the two haploid mating types are indicated at bottom, with selectable markers that are expressed in each strain indicated in colour. Steps in our experimental protocols involving these markers are indicated in the corresponding colour. STE5pr is a haploid-specific promoter and STE2pr and STE3pr are a- and Î±-specific promoters respectively, so haploid a cells express URA3 and HIS3, while haploid Î± cells express URA3 and LEU2. The drug resistance markers KANMX and HPHB, tightly linked to the a and Î± mating loci respectively, are constitutively expressed. URA3 is counterselectable; it is not expressed in diploids, rendering them resistant to 5-FOA.


Extended Data Figure 2 Adaptation to 17â€‰Â°C and sporulation conditions.
a, b, Relative fitness of evolved asexual (blue) and sexual (orange) populations over four days in 17â€‰Â°C (a) and sporulation conditions (b). Fitness changes are reported averaged over a complete experimental cycle (90 generations; mean of three replicate fitness assays, error bars Â± s.e.m.). Mean fitness differences between asexual and sexual evolved strains are not significant in either the 17â€‰Â°C (two-sided t-test, Pâ€‰=â€‰0.5) or sporulation (two-sided t-test, Pâ€‰=â€‰0.8) treatment.


Extended Data Figure 3 Adaptation in mixed and non-mixed asexual populations.
Fitness increases after 990 generations of evolution in mixed (blue) and non-mixed (pink) alternative asexual control populations (mean of four replicate fitness measurements, error bars Â± s.e.m.). Each non-mixed line was maintained independently. Subpopulations from mixed populations were mixed in pairs every 90 generations; each pair is indicated by a corresponding light and dark circle.


Extended Data Figure 4 Read-depth variation analysis of sequenced clones.
Denoised, normalized coverage in 100-bp windows along the genome (Methods). Each panel represents a clone isolated from one of four independent populations. Pairs of clones from the same population are adjacent and indicated by the population label on the left. Regions containing putative amplifications and deletions (Extended Data Table 4) are highlighted in orange.


Extended Data Table 1 Leakage of diploids through the sexual cycleFull size table


Extended Data Table 2 Mutation frequency in YPD, sporulation and 17â€‰Â°C treatmentsFull size table


Extended Data Table 3 Classification of observed mutationsFull size table
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