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Quantification du tri des lignées incompletes et de I’introgression au
cours de I’histoire évolutive de Saccharomyces cerevisiae

Résumé

L’étude de la distribution de la variation génétique au sein des populations et entre elles permet
de mieux comprendre I’ histoire évolutive d’une espece. De plus, I’acces a de grands ensembles
de données génomiques permet d’étudier les processus évolutifs qui faconnent la variation sé-
grégative de 1’espece. Dans ce travail, nous retragons I’histoire évolutive de I’espece Saccha-
romyces cerevisiae par la détection et la classification de polymorphismes partagés avec son
espece sceur Saccharomyces paradoxus. Nous identifions des polymorphismes partagés acquis
par hybridation suivie d’introgression et des polymorphismes qui persistent a travers le pro-
cessus de spéciation et de diversification résultant en des cas de triage incomplet des lignées
(ILS).Nous définissons un ensemble de données de polymorphismes nucléotidiques simples
diagnostiques bialléliques entre Saccharomyces cerevisiae et Saccharomyces paradoxus que
nous utilisons comme marqueur diagnostique pour décrire la composition génomique de 1,673
S. cerevisiae, pour lesquels un séquencage a lecture courte du génome entier était publiquement
disponible. Nous développons une méthode basée sur les marqueurs pour la détection et la clas-
sification des marqueurs de diagnostic organisés soit en 1) blocs de marqueurs S. paradoxus
consécutifs, soit en 2) marqueurs S. paradoxus isolés a 1’échelle du génome. Pour les blocs,
nous décrivons les limites, et la distribution dans la collection S. cerevisiae et nous retragons
Porigine de S. paradoxus par comparaison de séquences avec des assemblages de génomes
entiers télomere a télomere des principales populations de S. paradoxus. Pour un événement
récurrent, nous avons effectué un test pour évaluer ’effet sur la condition physique de porter
un haplotype S. paradoxus a un locus unique englobant une paire de geénes impliqués dans
la dégradation de composés toxiques pour la levure. Nous avons démontré que 1’haplotype S.
paradoxus confere un avantage par rapport a I’haplotype S. cerevisiae dans des conditions en-
vironnementales caractéristiques de la niche habitée par la population S. cerevisiae. Pour les
marqueurs isolés, nous appliquons une méthode classique de détection des signatures d’un tri
lignager incomplet, qui peut expliquer I’exces de marqueurs S. paradoxus distribués a I’échelle
du génome dans certaines populations de S. cerevisiae. Nous montrons des preuves convain-
cantes de la rétention d’alleles ancestraux dans une seule population sauvage de S. cerevisiae
qui se trouve a la racine de ’espece. Nous émettons I’hypothese que la persistance d’une telle
variation ancestrale est due a la possibilité réduite de croisement avec d’autres populations de
S. cerevisiae dans la nature, en raison du nombre réduit de générations et des goulets d’étran-
glement moins spectaculaires qu’ont connu les autres lignées au cours de la dispersion et de la
domestication.Dans 1’ensemble, nous avons retracé I’ histoire de la divergence et des contacts
secondaires entre les populations de S. cerevisiae et de S. paradoxus et dévoilé un cas convain-

cant d’introgression interespeces avec un résultat fonctionnel.

Mots-clés : Saccharomyces, triage incomplet des lignées, hybridation, introgression, introgression

adaptative, introgression ancestrale.
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Quantifying incomplete lineage sorting and introgression throughout
Saccharomyces cerevisiae evolutionary history

Abstract

The study of the distribution of the genetic variation within and across populations provides in-
sights into the evolutionary history of a species. Moreover, the access to large genomic datasets
allows the investigation of the evolutionary processes that shape the species’ segregating varia-
tion. In this work, we retrace the evolutionary history of the species Saccharomyces cerevisiae
through the detection and classification of shared polymorphisms with its sister species Sac-
charomyces paradoxus. We identify shared polymorphisms acquired because of hybridization
followed by introgression and polymorphisms that persist across the process of speciation and
diversification resulting in instances of incomplete lineage sorting (ILS). We define a dataset of
biallelic diagnostic single nucleotide polymorphisms between Saccharomyces cerevisiae and
Saccharomyces paradoxus that we use as diagnostic markers to describe the genomic compo-
sition of 1,673 S. cerevisiae genomes, for which short-read whole-genome sequencing were
publicly available. We develop a marker-based method for the detection and classification of
diagnostic markers organized either in 1) blocks of consecutive S. paradoxus markers or in
2) genome-wide isolated S. paradoxus markers. For the blocks, we describe the boundaries,
the distribution across the S. cerevisiae collection and we retrace the S. paradoxus origin by
sequence comparison with telomere-to-telomere whole genome assemblies from the main S.
paradoxus populations. For a recurrent introgression event on chromosome IV, we performed
an assay to evaluate the fitness effect of carrying a S. paradoxus haplotype at a single locus
encompassing a gene-pair involved in the degradation of toxic compounds for the yeast. We
demonstrate that the S. paradoxus haplotype confers an advantage over the S. cerevisiae hap-
lotype in environmental conditions that are characteristic of the niche that the S. cerevisiae
population inhabits. For the isolated markers, we apply a classical method for detecting signa-
tures of incomplete lineage sorting, which can explain the excess of genome-wide distributed
S. paradoxus markers in certain populations of S. cerevisiae. We show convincing evidence of
retention of ancestral alleles in a single wild S. cerevisiae population that diverged early from
other lineages. We speculate about the persistence of such ancestral variation due to reduced
possibility of outcrossing with other S. cerevisiae populations into the wild, or due to fewer
generations and less dramatic bottlenecks that were instead experienced by the other lineages
during dispersal and domestication. Overall, we retraced histories of divergence and secondary
contacts across S. cerevisiae and S. paradoxus populations and unveiled a compelling case of

interspecies introgression with a functional outcome.

Keywords: Saccharomyces, incomplete lineage sorting, hybridization, introgression, adaptive in-

trogression, ancestral introgression.
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Incomplete lineage
sorting

In this first chapter I describe the process of incomplete lineage sorting
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1.2 — Evolution and the study of genetic variation 3

1.1 Evolution and the study of genetic variation

Evolution is largely driven by heritable alterations that living organisms pass on from one ge-
neration to the next. At the DNA level, genetic changes are inherited by descendants. The most
common DNA change is the single nucleotide polymorphism (SNP) in which one nucleotide is
replaced by another one. SNPs play a remarkable role in the evolutionary history of populations as
SNPs contribute greatly to genetic diversity. Genetic diversity makes a population better equipped
for facing diverse environmental conditions in the struggle for life ensuring or facilitating the per-
sistence of the population itself. SNPs accumulate over time and can be used to infer relatedness
at the level of individuals and populations. The study of the relatedness and evolutionary history
of populations is the main goal of phylogenetics. A common approach consists of investigating
evolutionary patterns among contemporary individuals taking advantage of genomic data. The
evolutionary affiliations that emerge are hypothesised relationships supported by a degree of dissi-
milarity and are depicted with a phylogenetic tree where each lineage is a line of biological entities
that change over time, connected by ancestry-descent relationships (Hull 1980; Neto 2019). Un-
tangling and describing the evolutionary history of different populations is a challenging task due
to the complexity of the evolutionary processes. For the sake of clarity and simplicity, I am going
to use the terms species/population, and speciation/diversification interchangeably throughout this

chapter.

1.2 The fate of genetic variants with regard to the size of the popula-

tion

One of the most accepted evolutionary theories is the nearly neutral theory of evolution propo-
sed in 1975 by Ohta (Ohta 1973). Ohta proposed that most SNPs have slightly deleterious effects
and segregate as nearly neutral rather than under a completely neutral regime as previously pro-
posed with the neutral theory of evolution (Kimura 1991). The frequency of a slightly deleterious
mutation inside a population, compared to a completely neutral variant, depends on the effective
population size. When a population is small the fate of the variant is determined by the genetic
drift i.e. by random sampling alleles, generation after generation. Under genetic drift alone one

allele at a variant site will eventually become fixed in the population (Fig. 1.1).
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Figure 1.1 — Simulation of genetic drift. On the left starting frequency of A = 0.5, population size of 1000
individuals. On the right starting frequency of A = 0.5, the population size is 100 individuals. In both cases,
I simulated 10 runs of 200 generations using the simulator online tool ’Genetic Drift Simulation - W. H.
Freeman’

In contrast, in a large population, the stochastic fluctuation of the allele frequency of the va-
riant, due to drift, becomes a negligible aspect and natural selection can instead eliminate the
deleterious variants. Moreover, as empirically shown by Chao & Carr 1993 the effective popula-
tion size is affected by the generation time of a species, so species with longer generation time
have smaller population size, and species with a shorter generation time a larger population size.
Nevertheless, generation time and population size compete against each other. A long generation
time reduces the mutation rate per year, but a small population give the possibility for variants to
drift and fix thereby increasing the fixation rate. Conversely, a short generation time increases the
mutation rate per year but a large population influences the fate of the variants by selection rather
than drift and in the long term slightly deleterious alleles are lost thereby decreasing the fixation
rate (Ridley 2004). In addition, population histories impact the fate of variants through expansion
and shrinking of population sizes. For example, both founder effects and bottlenecks affect the
population size. The migration of a small group of individuals that settles in a new niche or a
different place drastically impacts the genetic diversity of the new population as the immigrants
expand from a small subgroup of the initial population, leading to a loss of genetic variation in the
newly forming population. Scholefield & Greenberg 2007 showed the founder effect on a haplo-
type responsible for Huntington’s disease in two South African populations. On the other hand,
environmental changes, diseases, hunting, predation or habitat destruction can be responsible for

reducing the population size of a species and result in higher levels of drift and decreased genetic
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variation as, for example, has been observed in the American bison (Hedrick 2009). Overall, the

size of the population plays a central role in determining the fate of the variation of a species.

1.3 The intimate relation between species and gene trees

A species tree depicts a summary of the relationships among species. Back in the years, the
availability of few gene sequences/loci from a restricted group of individuals offered a limited
view of the evolutionary history of species. For example, the Neoaves clade of birds includes
up to 95% of bird species today known. The Neoaves clade experienced a rapid radiation that
impairs the reconstruction of a robust phylogeny. In 2008, a first phylogeny based on 19 loci for
169 species highlighted previously unrecognized relationships and changed others (Hackett et al.
2008, Fig.1.2 A). In 2014, along with the G10K project, which aims to sequence one genome
from each vertebrate genus, Jarvis et al. 2014 took advantage of whole genome data of 48 species
representing all orders of Neoaves and found out that deeper branches exhibit higher gene tree

incongruence because of incomplete lineage sorting (Fig.1.2 B).
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Figure 1.2 — In panel A, the phylogenetic tree of 19 loci across 169 species of birds, strongly supported
nodes (100% bootstrap) were collapsed. Grey polytomic branches represent unresolved nodes. In panel
B, time-calibrated phylogeny of 48 bird species from whole-genome sequencing data. The grey rectangle
highlights deep unresolved nodes. Adapted from Hackett et al. 2008 and Jarvis et al. 2014.

The advent of whole-genome sequencing approaches allowed the inclusion of hundreds or
thousands of genes from large groups of individuals providing a better inference of the species
tree. However, a phylogeny based on whole-genome data which introduces several genes relies on
the assumption that the topology of the species tree reflects the most common gene tree typologies.
We can consider three species A, B and C and their species tree along with the overall topological
gene structures which occur with the frequency of 82% and the other two at 9% each (Fig. 1.3).

Discordant gene trees are part of the evolutionary history of the species (Maddison 1997).

A B C A C B Cc B A

Figure 1.3 — The blue phylogeny is the most common phylogeny (species phylogeny) among three generic
species A, B, and C. Discordant phylogenies are depicted in black.
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For example, the diversification of the butterfly genus Heliconious was boosted by rapid spe-
ciation events driven by adaptive species radiation, a process triggered by ecological opportunities
such as the availability of new resources or the loss of predators and opened the route to ancestral
populations to adapt to new environmental niches. The H. erato clade, in particular, was shaped by
rapid radiations, widespread hybridization and introgression interrupting the bifurcation history of

the species, resulting in conflicting gene topologies (Fig.1.4).
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Figure 1.4 — The genus Heliconious is a species-rich group of butterflies. The figure describes the com-
plexity and heterogeneity of the genome ancestry inside the clade H. erato and H. sara. In A, coloured
rectangles represent tree topologies (consecutive 50-kb windows) and colours match the topologies depic-
ted in B. In B are shown the eight most common topologies. Up to 70.3% of the windows are described by
two different topologies (Treel and Tree2). Adapted from Edelman et al. 2019.

Thus, the evolutionary relationships of species are complex and the building blocks of this
complexity, for example, the evolutionary history of each single gene, potentially experienced and
followed different evolutionary pathways. Often, neighbouring genes on a chromosome evolve

following a similar path because of linkage disequilibrium but this might not be the case when



8 CHAPTER 1 — Incomplete lineage sorting

we consider genes at unlinked loci. As Maddison 1997 proposed we can think about species tree
as a "conglomerate of gene trees where the containing species tree descends and branches, while
within its branches a number of contained gene trees descend and branch" (Fig.1.5 A). A species
tree depicted as a cloud of overlapping gene trees allows us to visualize the multitude of topologies

that might be in conflict with the species tree (Fig.1.5 B).

A

suljewi]

Figure 1.5 — In panel A a graphical summary of gene trees extending over a generation. The bold line
highlights a single gene tree that descended from an ancestral species to today’s living species. The dots
are different alleles. In panel B, K. Wang et al. 2018 showed the overlap of 3306 gene trees with bootstrap
support of at least 75% across all nodes, in the Bovini tribe. The blue lines indicate the most frequent nuclear
phylogeny, which is shared by only 53.5% of the 3306 gene trees. Panel A adapted from Maddison 1997
and panel B adapted from K. Wang et al. 2018.

These topological inconsistencies are the result of different evolutionary processes. For the rest
of this chapter, I will focus on describing the incomplete lineage sorting while a more comprehen-
sive review of the causes and effects of topological tree discordance can be found in (Steenwyk et

al. 2023).
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1.4 Incomplete lineage sorting

A clear qualitative understanding of incomplete lineage sorting can be facilitated by introdu-
cing a directional timescale to a three-way species phylogenetic tree (Fig.1.6).

past

present
A B C

Figure 1.6 — A generic three species phylogeny with a timeline.

If we follow the species tree in a time-forward direction, we can define lineage sorting as the
removal of ancestral polymorphisms generating monophyletic species (Paul Moran & Irv Korn-
field 1993). When the ancestral species fail to remove ancestral polymorphisms, the retention of
ancestral alleles manifests, in phylogenetics, as hemiplasy i.e the topological discordance between
the gene tree and species tree (Avise & Robinson 2008). The unsuccessful removal of ancestral
alleles results in incomplete lineage sorting (ILS). For example, given three generic populations
(A, B and C) we can depict the phylogenetic discordance between the gene and the species tree by
overlapping their topologies (Fig.1.7). At the root of the phylogeny, the A-B-C ancestral species
contains two generic ancestral alleles (« and 3). At the first speciation event, the allele S becomes
characteristic of the C species, which survives to our time, while, on the other branch, a and 3
persist in the A-B ancestral species and ultimately sort at the second speciation event leaving the
species A with the « allele and the species B with the g allele. Attempting to reconstruct the
phylogenetic relationship starting from this allelic position results in a phylogenetic incongruence
between the gene and the species tree (Fig.1.7). The ancestral « and j3 alleles also sort : 5 in A and
« in B (not shown in Fig.1.7). Both the phylogenies in Fig.1.7 are characterized by a time span
between the two speciation events, in which the « and the § alleles persist in the A/B ancestral
population (A-B branch). Intuitively, we can think that if the time between the two consecutive
speciation events is short and/or the effective population size of the ancestral population is large,
the ILS will be more likely. Extending the reasoning to a large number of genes and assuming
that their most common evolutionary trend follows a nearly neutral evolutionary scenario, a short
speciation time does not allow the ancestral population to fix one of the ancestral alleles, by means

of genetic drift, resulting in lineages that inherit such variation at some of the loci making them



10 CHAPTER 1 — Incomplete lineage sorting

similar despite not being closely related. Similarly, a large effective population size contributes to
the persistence of variation in the ancestral population. Citing Maddison 1997 "the different genes
are competing for the same locus in the genome, and the probability that two copies will find
themselves sitting on the same chair (persist at the same locus) each time the music stops (after the
speciation event) will depend in a fairly simple way on the number of chairs" i.e. the population
size. So, although the ILS is a source of phylogenetic incongruence that obscures the evolutionary
relationships among species, this evolutionary process results in the retention of ancestral alleles
in the descending species, contributing towards the genetic diversity (Rivas-Gonzdlez et al. 2023)

and phenotypic variation (Feng et al. 2022) of extant populations.

(ILS)

forward approach

v

Figure 1.7 — On the left, overlap between the species tree (in the background in light grey) of three generic
species A, B, C; overlaid with a phylogenetic tree of a biallelic locus with « and f3 alleles (solid lines). The
green lines depict the sorting of the 3 allele. The green arrow depicts the direction to follow to describe the
repartition of the alleles as incomplete lineage sorting (from the past to the present). The sorting of o and 5
alleles is in conflict with the species tree : the (3 allele of the B population branches with the 3 allele of the C
population. B and C populations seem monophyletic, but the species tree tells us that they are paraphyletic.
On the right, overlap between the species tree (in the background in light grey) of three generic species A,
B, and C. On top of it, is a phylogenetic tree of a biallelic locus with « and (3 alleles. The orange lines depict
the sorting of the (3 allele. The orange arrow depicts the direction to follow to describe the coalescence of
the alleles (from the present to the past). The « allele of population A and 5 allele of population B coalesce
further back in time (at the node indicated with a red circle) compared to the population split (A-B node on
the species tree). So, the coalescence between o and 3 occurs deep in the phylogeny (deep coalescence).
For simplicity, only one discordant phylogeny is included in the figure.

1.4.1 Deep coalescence

For completeness, the same process can be also described in a time-backwards direction
(Fig.1.7). Instead of lineage sorting, the term coalescence refers to the case where different li-
neages find their common ancestor at the most recent branching point (Avise et al. 1983). Conse-
quently, hemiplasy is due to the failure of present-day lineages to coalesce at the more recent com-

mon ancestor. Instead of ILS, we refer to deep coalescence because the coalescence is successfully
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reached further back in time, predating the speciation event (Maddison 1997). A detailed and ri-
gorous mathematical treatment of the coalescent theory and its implementation, along with its
extended version that accounts for ancestral polymorphisms, the multi-species coalescent (MSC)
theory, can be found in Kingman 1982 and Mirarab et al. 2021. The most powerful applications of
the MSC allow the estimation of parameters of the ancestral population such as species divergence
times, and effective population sizes as well as phylogenetic tree reconstruction (Liu et al. 2019).
For example, a recent paper provided an accurate fossil-free estimation of speciation times, which
is consistent with previous estimates from fossil records, and ancestral population sizes along the

primate phylogeny (Rivas-Gonzdlez et al. 2023).

1.5 Detection of ILS

The methods for the detection and the quantification of the ILS can be divided in two main
groups :
— Coalescent-based methods

— Symmetry-based methods

1.5.1 Coalescent-based methods

I previously introduced the coalescent from a qualitative point of view. However, the coales-
cent is more than a qualitative model. Published in Kingman 1982, the coalescent is a mathe-
matical model used for describing stochastic processes in a time-backward direction, such as the
random coalescence of alleles to the most recent common ancestor. Compared to classical evolu-
tionary models, the time-backwards approach offers an advantageous way to perform simulations.
The computationally easier and more efficient implementation of the time-backwards approach
makes the coalescent one of the most attractive approaches for several applications (Rosenberg &
Nordborg 2002). For example, the coalescent hidden Markov model (CoalHMM) is a computatio-
nal technique that allows the estimation of the ancestral population size, the speciation time and
the recombination rate which are all parameters that affect the probability of observing ILS (Du-
theil et al. 2009). Recently, Rivas-Gonzdlez et al. 2023 applied the CoalHMM to a multi-species
alignment of primates to estimate the frequencies of ILS across 29 ancestral nodes of the primate

phylogeny and found out that up to 64% of the genome, at individual nodes, is affected by ILS.
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1.5.2 Symmetry-based methods

The symmetry-based methods are summary statistics based on the frequency of occurrence of
discordant trees. Given the stochastic nature of the inheritance of the ancestral alleles, for all the

discordant phylogenies, equal occurrences across the descending species are expected.

1.5.2.1 ABBA-BABA test

Given four populations indicated with the labels P1, P2, P3 and a P4 that serves as an outgroup
(or’O’), we select biallelic variants. We then define the allele in O ancestral (or ’A’) and the other,
the derived allele (or ’B’). In case of incomplete lineage sorting between P1 and P2 the segregation
of the alleles A and B, in the P1-P2 ancestral population can be resolved in two different ways :
A sorts toward the population P1 and B sorts toward the population P2 and, vice versa, A sorts
toward the population P2 and and B sorts toward the population P1. The intrinsic stochasticity of

the process of segregation gives rise to incomplete lineage sorting (Fig. 1.8).

P1 P2 P3 (0] P1 P2 P3 o
B A B A A B B A

Figure 1.8 — The phylogenies depicted show the possible segregation of ancestral alleles and the occurrence
of the ABBA and BABA patterns.

An equal or comparable occurrence of ’ABBA’ and "BABA’ patterns is indicative of the ab-
sence of gene flow and we can assume that the frequencies we observe are ascribed to random
segregation of the alleles. The frequencies are compared by calculating a value named D, also na-
med either D statistics or Patterson’s D statistics because it was first proposed by Nick Patterson

in Green et al. 2010. The D value is computed as follows :

B nBABA —nABBA
- nBABA+nABBA

where 7 represents the number of ' BABA’ or ’ABBA’ sites across the alignment. The equation

returns a D value between -1 and 1. When D is equal to 0, nBABA - nABBA are equal to 0, otherwise
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one of the two patterns has higher frequency than the other one. A standard error for the D statistic
can then be computed using a block jackknife approach. Briefly, the genome is divided into a
number of non-overlapping blocks whose size is larger than the extent of linkage disequilibrium
because nearby sites in the genome are expected to have similar histories. A distribution of D
pseudo values is constructed by measuring the D value, each time excluding a single block of the
genome in turn. (Green et al. 2010). From the estimate of the average and standard error of D,
we can compute the Z score to test whether D significantly deviates from 0. A Z score for which
|Z| > 3 is considered to be significant while a score |Z| < 3 is considered to be not significant. It
is important to highlight that this test was developed to detect gene flow between P3 and one of P1
and P2, a condition that is reflected by a large disproportion between the number of " BABA’ and
’ABBA’ patterns. The null hypothesis tested by the approach is the absence of gene flow between
P3 and one of P1 and P2. A |Z| > 3 allows the rejection of the null hypotheses of the absence
of gene flow, while a |Z] < 3 does not allow the rejection of the null hypotheses and the small
difference between " BABA’ and *ABBA’ is ascribed to the random segregation of the alleles rather

than gene flow.

1.6 Biological implications of the ILS

In recent years, ILS has been detected across various organisms and recognised as the natural
outcome of rapid speciation in large populations. In this last paragraph, I summarize evidence of
the role of ILS in biology and its relation with genomic elements. Scally et al. 2012 retraced the
evolutionary history of humans and the great ape’s chimpanzee and gorilla. They reported up to
30% of the loci exhibiting ILS with an equal amount of the discordant genealogies (i.e. ((H, G),
C) and ((C, G), H) ) that contrast the species genealogy ((H, C), G). One of the most outstanding
results concerns the distribution of the ILS for genic and intergenic regions. Scally et al. 2012
reported a marked drop in the average number of ILS sites within coding exons which extends for

hundreds of kbp from the coding gene (Fig.1.9).
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Figure 1.9 — The blue line represents the variation in ILS upstream and downstream of to the nearest gene.
The horizontal dashed line is the average value outside 300 kbp from the nearest gene. Adapted from Scally
etal. 2012.

The drop observed in ILS sites has been attributed to the effect of linkage that the loci expe-
rienced in relation to selected polymorphisms. This effect goes hand in hand with a low dN/dS ratio
reflecting purifying selection acting on genes which, on average, are expected to evolve under evo-
lutionary constraints. Similarly, Rivas-Gonzdlez et al. 2023, taking advantage of the high-quality
assemblies released by Kuderna et al. 2023, extended the study of the impact of the ILS across 50
primate species confirming an overall decrease in the level of ILS in exons compared to interge-
nic regions. Scally et al. 2012 highlighted a difference in the levels of gene expression between
closely related primates, such as chimpanzees and humans, in genes with a relatively high level of
ILS compared to those with a low level of ILS. Kuderna et al. 2023 performed a gene ontology
enrichment analyses on both genes with low and high ILS revealing that the former are enriched in
housekeeping genes with basic cellular functions while genes associated with the immune system
showed the highest level of ILS among genes, especially in the major histocompatibility complex,
a large locus containing a set of polymorphic genes, maintained by balancing selection, essential
for binding fragments of peptides derived from pathogens. Noteworthy is also the lower level of
ILS detected by both Scally et al. 2012 and Kuderna et al. 2023, between human and chimpanzee
in the former and across several nodes of the primate phylogeny in the latter, on the sex chromo-

some X compared to autosomes, suggesting a reduced effective population size of chromosome X
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in a primate common ancestors. In a recent paper Feng et al. 2022 detected high percentages of
ILS among the genomes of the South American monito del monte and Australian marsupials, i.e.
Diprotodontia (wallaby and koala) and Dasyuromorphia (Tasmania devil and Antechinus), and
demonstrated by transgenic techniques the direct functional link between an incompletely sorted
site and a skeletal morphological characteristic, thereby moving the study of the functional im-
pact of ILS one step forward. Briefly, Feng et al. 2022 first quantified the ILS and highlighted
incompletely sorted morphological traits (Fig.1.10 A) and subsequently engineered by CRISPR-
Cas9 in a mouse embryo, a non-synonymous point mutation in a gene, showing significant ILS
signal, involved in the development of the thoracic vertebrae. The differences that emerged, com-
paring the T1 and T2 spinous process between wild-type and mutated mice (Fig.1.10 B), provided
the proof-of-concept and compelling evidence for the role that the ancestral allele played in the

morphological structure of the thoracic vertebrae in marsupials.
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Figure 1.10 — On the left side of panel A the overlap between the species phylogeny and the discordant phy-
logeny that brings monito del monte and the Australian Diprotodontia (wallaby and koala) phylogenetically
closer. On the right side of panel A some morphological characteristics of marsupials reflect incompletely
sorted features. In panel B the T1 and T2 spinous process of the thoracic vertebrae of mutated and wild
type mouse. Note that the mutation results in T1 and T2 having comparable length, the same morphological
feature shared by monito del monte and the Diprotodontia. Adapted from Feng et al. 2022.






CHAPTER 2

Hybridization and
introgression
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2.1 Species concept and reproductive isolation

Species are “groups of actually or potentially interbreeding natural populations which are
reproductively isolated from other such groups” (Ernst Mayr 1942). The term species designates
populations reproductively isolated although not a single ubiquitous property can be provided to
define a universal concept of species so that several definitions exist (see De Queiroz 2007). The
origin of a reproductive barrier is a key event in the speciation process. A reproductive barrier rises
as a by-product of divergence. In the simplest scenario, two geographically separated populations
evolve apart and fix different alleles, because of drift or adaptation to different niches and thus
evolve a degree of reproductive isolation (Ridley 2004), for example, because of incompatible al-
leles at different loci (Dobzhansky-Muller incompatibilities). Although the reproductive barriers
preserve the genetic integrity of a species, over the last decades, several studies on different or-
ganisms questioned the idea of rigid reproductive barriers, shifting to a permeable concept of
reproductive barriers so that hybridization and gene flow have been emerging as a common aspect
of evolution (Taylor & Larson 2019). In this chapter, I will describe the processes of hybridization

and introgression.

2.2 Hybridization

Hybridization is the process of interbreeding between individuals from distinct populations or
species, an event known as secondary contact. The species interbreed at a geographical location
defined as a hybrid zone, producing F1 hybrids, i.e. individuals that inherit half of the genetic
material from species and half from the other species, that eventually can generate viable off-
spring with complex recombined genomes. The secondary contact can be also human-mediated as
a consequence of volunteer or accidental introductions of wild populations in a specific environ-
ment. For example, since the early 1900s, in the Foreste Casentinesi, Monte Falterona, Campigna
National Park, the Camaldolese monks, carried out intensive restocking efforts with selectively
bred specimens of Atlantic trout (Salmo trutta). These activities have significantly altered the dis-
tribution of native trout and caused widespread local extinction of the indigenous populations of
Mediterranean trout (Salmo macrostigma or Salmo cettii) through hybridization. From 2013 to

2018, the LIFE STREAMS project promoted the recovery of native species through the reintro-



20 CHAPTER 2 — Hybridization and introgression

duction of Mediterranean trout and the restocking of Italian Apennines rivers (L/IFE STREAMS
project 2023). Although hybridization may accidentally cause extinction (Todesco et al. 2016), in
the last years evidence of its role in shaping the evolutionary history of species has been docu-
mented, leading to a reevaluation of its role in the evolutionary process (Taylor & Larson 2019).
Hybridization may lead to the retention of introgressed adaptive material (adaptive introgression)
from an extant or extinct species (ancient hybridization). One example, that closely concerns our
species, is the presence of Neanderthal (Reilly et al. 2022) and Denisovan (Huerta-Sanchez et
al. 2014) introgressed DNA in modern Homo sapiens populations as well as the recent recovery
of "Denny", a first-generation daughter of a Denisovan father and a Neanderthal mother (War-
ren 2018). The outcome of these secondary contacts is not limited to the examples mentioned.
Although uncommon, hybridization can contribute to the speciation event (Hybrid speciation) in
which hybrid individuals evolve reproductive barriers against their parental lineages and adapt to
a new niche. For example, the homoploid hybridization that involved the sunflowers Helianthus
annuus and Helianthus petiolaris led to the birth of hybrid lineages that are reproductively isolated

from their parent and adapted to saline habitats (Christian Lexer 2003).

2.3 Introgression

The introgression is the process of backcrossing of an interspecific hybrid (i.e. a cross of two
species from the same genus Khan & Croser 2004) with one of its parental species. Introgres-
sion leads to the transfer of genetic material from one species (donor species) into the gene pool
of the other (recipient species). The process results in new individuals with a mosaic genome in
which the major component is represented by the parental species the hybrid backcrossed with
(i.e. the recipient species), while most of the genetic material of the donor species is lost during
the backcrossing or negatively selected against, except for loci that eventually contribute to the
improvement of the fitness of individuals in the ecological niche they occupy. Thus, introgres-
sion represents an evolutionary process of opportunities, in which the donor species provides a
wealth of diverged and ready-to-be-used functional haplotypes to the recipient species on which
selection can operate. For example, Jones et al. 2018 showed that the seasonal camouflage of
Lepus americanus is influenced by the introgressed regulatory region upstream the Agouti locus

(Fig.2.1). Lepus americanus moults to white fur during the autumnal period, while some maintain
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brown fur. Brown-fur Lepus americanus inherited the allelic regulatory region from a black-tailed
jackrabbit (Lepus californicus) and the allele reaches high frequency in populations of Lepus ame-
ricanus living in a region where snowfall is not heavy, due to a more favourable camouflage that
helps to elude predators. Moran et al. 2021 summarizes three emerging principles in the context

of purged and maintained DNA of the donor species :

1. Initial rapid and massive loss of the foreign DNA followed by a period of either a slow
removal or trim at the boundaries of adaptive alleles. The initial contribution to the donor
and the recipient species is expected to be 50% and decreases over time due to the recombi-
nation that breaks down the haplotypes. As the hybrid backcrosses with one of the parental
species, most of the foreign DNA of the donor species is progressively lost. In addition,
genetic incompatibilities between the species are removed over the generations. Veller et
al. 2023 predicted the rapid purging to last a few tens of generations in a population of
segregating hybrids. Under a backcross scenario, this effect is expected to be more rapid.
At late stages, a slow period of purging of the remaining incompatible foreign DNA or
trimming of the boundaries of the positively selected haplotypes is excepted primarily as a

function of the recombination rate of the species.

2. Genomic regions with functionally relevant roles experience less introgression. Gene-rich
genomic regions as well as conserved genomic elements are refractory to introgression.
For example, sex chromosomes in humans, Drosophila (Presgraves 2008), Heliconious
(Martin et al. 2013) and mouse (Payseur et al. 2004) are depleted in introgression. In
modern humans, there is less Neanderthal introgression closer to coding regions. On the
other hand, in yeast, introgressed regions in the Alpechin/Olive Saccharomyces cerevisiae
clade were enriched in genes that mediate the interaction with the external environment

(D”Angiolo et al. 2020) challenging the observations from other organisms.

3. Recombination plays a pivotal role in genome stabilization although evidence that corre-
lates low and high recombination rates with the occurrence of introgression is contrasting
and still debated (Moran et al. 2021). Mechanistically, the process is mediated by homolo-
gous recombination in which a certain level of sequence homology allows the replacement
of some of the loci in the recipient species with their counterpart from the donor species

largely resulting in the replacement of orthologous sequences.



22 CHAPTER 2 — Hybridization and introgression

Genome-wide tree Local Agouti tree
I ALY
MT=Montana winter-brown

PA=Pennsylvania éz&
UT=Utah
WA=Washington ‘ ‘

=
. . .
65? @ @QA winf:r-white d? Célﬁ/li/j
ut

MT U

Figure 2.1 — In the left panel, the genome-wide phylogeny of hares : at the top, the silhouette of two black-
tailed jackrabbits, at the bottom the silhouettes of four Lepus americanus (three white one brown); on the
left a mountain hare and on the right a European rabbit. In the right panel, the local topology of the Agouti
locus. The brown-fur Lepus americanus from Washington (WA) branches inside the black-tailed jackrabbit
group. The shadows in the background of the clades highlight the hares living in places where, during the
winter, the landscape is white because of heavy snowfall (winter white) and landscape where the landscape
retains typical autumn colours (winter brown). Adapted from Jones et al. 2018.

2.4 Timing, frequency and duration of introgression

Inferring the timing of introgression allows an understanding of the consequences of the pro-
cess itself and the evolutionary history of the species involved. For example, Leducq et al. 2016
proposed that the North America C* lineage (SpC*) of the yeast Saccharomyces paradoxus is
the result of the homoploid hybrid speciation between the North America C (SpC) and the North
America B lineages (SpB) (Fig.2.2).
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Figure 2.2 — In panel A the phylogenetic relationships among North American S. paradoxus sublineages
(SpC, SpB and SpC¥*). The numbers at the node are bootstraps. HO the initial hybridization step (SpC x
SpB). On the right of the phylogeny, two-letter codes are geographical locations in North America. The
numbers inside the round brackets count the number of samples. The red and blue doughnut plots depict the
ancestries of the lineages across the chromosomes. In panel B the chord diagram depicts the main structural
variants across lineages : translocations, inversions and telomere exchange. Adapted from Leducq et al.
2016.

Hibbins & Hahn 2019 developed a model based on the multispecies network coalescent to
determine the timing of introgression and simulated several scenarios that account for homoploid
hybrid speciation providing a set of population parameters estimated by the data provided in Le-
ducq et al. 2016 and previous studies in the sister species Saccharomyces cerevisiae. Hibbins &
Hahn 2019 observed that introgression between SpC* and SpB occurred after the speciation bet-
ween SpC and SpC#, rejecting the hypothesis that SpC* is, instead, the result of homoploid hybrid

speciation as proposed in Leducq et al. 2016. Thus the timing of the introgression is an interesting
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and challenging aspect to evaluate that can contribute to elucidating the evolutionary history of the
species.

Another aspect of the introgression process is the frequency and the duration of the admix-
ture, i.e. the number of times that two species admixed along their evolutionary history (referred
to as "pulses") and how long such events lasted. For example, reviewing recent discoveries and
open questions in the study of archaic hominin admixture Wolf & Akey 2018 highlights that, ini-
tially, admixture with Neanderthals occurred only once because non-Africans carry a comparable
level of Neanderthal ancestry. However, further studies reported that Neanderthal ancestry varies
among Asians, Native Americans and Europeans, with the latter having a lower level of ancestry
(0.1-0.5%). This opened the way to further speculation about the number of pulses as well as the
possibility that the Neanderthal ancestry was diluted by admixture within modern human popula-
tions. The time window within which the introgression may occur is strictly linked to the timing of
when two populations established strong reproductive barriers that either fully impair the viability
of hybrids’ descendants (i.e. making the hybrids sterile) or make the occurrence of viable des-
cendants so infrequent that introgressed individuals become a rare exception. Other reproductive
barriers that do not involve genetic factors, for example, behavioural, temporal, geographical or

morphological exist too but they will not be discussed further.

2.5 Adaptive introgression

Adaptive introgression represents cases of positively selected ancestry from the donor spe-
cies that confer a fitness advantage. In populations with large effective population sizes, adaptive
introgressions are expected to increase in frequency because natural selection promotes their main-
tenance in the environment, potentially reaching fixation. At the local scale, a consequence of this
sweep is the increase in the allele frequencies at nearby polymorphisms that are in linkage disequi-
librium with the adaptive locus promoting hitchhiking. At the same time, a longer persistence of
the adaptive introgression may result in differential shortening of the haplotype because of recom-
bination, increasing the heterozygosity at the edges of the adaptive haplotype in the population
(Moran et al. 2021). Suarez-Gonzalez et al. 2018 proposed a series of steps for claiming the adap-
tive value of introgression stating that multiple lines of evidence have to be provided. Although

the focus of the paper was on plants, these principles can be applied to virtually all organisms :
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1. Identification of the introgressed regions ruling out the persistence of ancestral genetic

variation i.e. incomplete lineage sorting ;

2. Detection of a signature of positive selection, i.e. the selective sweep characteristic of a
region under selection highlighting its persistence as well as the higher frequency in the

population of the introgressed haplotype than expected by chance;

3. Demonstrating that the inherited haplotype has an adaptive relevant phenotypic variation

that provides an advantage in the environment ;

4. Direct measurement of a fitness effect of the introgressed region in the recipient species.

Undoubtedly, establishing the adaptive significance of introgressed DNA is challenging and,
in some cases, impossible. For example, species at risk of extinction, described as threatened
or otherwise protected, cannot be incorporated into experiments. A full characterization of the
genomic elements included in the introgressed haplotype is a prerequisite for experimental tests.
In addition, depending on the specific trait, the feasibility of phenotypic tests can dramatically
vary. Traits controlled by a single gene or for which a single gene contributes significantly to
the phenotypic expression are easier to test than polygenic traits. Some phenotypes, such as the
resistance to a drug or the ability to grow in the presence of a specific nitrogen or carbon source,
can be easily tested in the laboratory, while other phenotypes may require complex experimental
setups. Song et al. 2011 detected a polymorphic region on chromosome 7 of the house mice (Mus
musculus) embedding the gene vkorcl inherited by introgression from the Algerian mouse (Mus
spretus). The Algerian allele confers resistance to warfarin, an anticoagulant used as a medication
but also as rat poison since the 1950s when it was introduced in rodenticides. Over time, the use
of such poison selected for house mice with the Algerian allele of vkorc! contributed to a selective

sweep of the allele.

2.6 Detection of introgression

2.6.1 The fixation index (Fgr)

Fst is a measure of population differentiation estimated by the expected allele frequencies

between two or more subpopulations :
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Fop = 27— s
Hr

Hrp : expected heterozygosity of the whole population;

Hy : is a weighted average of the expected heterozygosity of all the subpopulations.

The Hr is the heterozygosity expected under Hardy—Weinberg equilibrium. It is calculated
based on the allele frequencies of the population after one generation of random mating. Assuming
biallelic sites, the genotype frequencies will be p?, 2pq, and ¢°, where p? and ¢? are the frequencies
of homozygous genotypes and 2pgq the frequency of heterozygous genotypes. For example, if we

assume a biallelic position, with p = 0.3, ¢ = 0.7, we can either calculate the heterozygosity as

Hrp=2pg=2-0.3-0.7 = 0.42

or

nvariants

Hr=1- Y pi=1-[(03)*+(0.7)% =1—(0.09 4 0.49) = 0.42
=1

The Hy is a weighted average of the expected heterozygosity of all the subpopulations. Assu-

ming a simple case of two subpopulations :

ni N9
HS - ? : HTpopl + Z : HTpop2

Let’s see the simple case in which we have 50 individuals divided exactly into 25 individuals

in each subpopulation and for both the subpopulations p = 0.3, g = 0.7. We will have :

Hr = 0.42
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So that,

Hp—Hg 042-042
Hpr 042 -

Fst =

This is an extreme case in which Fgt = 0 means complete sharing of genetic material. The
two populations share the same allele frequencies. To detect introgression, this value is measured
in consecutive windows along the genome and a value close to 0 is expected under a scenario of
introgression as the sequences are expected to be almost identical between donor and recipient
species. This measure has a clear limitation, in that we are assuming that locally two populations
share the same alleles because of gene flow but natural selection can be a confounding factor
(Rosenzweig et al. 2016, see Cruickshank & Hahn 2014). In addition, if the introgressed DNA is
fixed inside a subpopulation and the same DNA is identical in the donor population, the calculation
of Fgt has an obvious mathematical limitation : there is no heterozygosity so that Ht = 0 and Fsr
is not defined. Additionally, if the introgression is recent and did not have enough time to sweep

and increase in frequency, the Fst may fail to detect its presence.

262 d,

Given two different species X and Y, d,, is the average number of differences between one
sequence randomly chosen from population X and another sequence randomly chosen from po-
pulation Y. Low values of d,, may indicate a recent introgression. This measure meets the same

limitations listed for the Fsr in terms of sequence identity. dy, is given by the formula :

1 ng 1y

> ki

Y i=1 7j=1

dyy =

Ng N
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where k represents the number of differences between a pair of sequences. The subscripts i
and j denote sequences from populations X and Y, respectively, while ny and ny the number of

sequences sampled from the two populations (Wakeley 1996).

2.6.3 ABBA-BABA test and related statistics

The ABBA-BABA test was previously described in subsection 1.5.2.1. The test was developed
to detect gene flow between P3 and one of P1 and P2. Gene flow is reflected by a large dispropor-
tion between the number of ' BABA’ and ’ABBA’ patterns. However the ABBA-BABA test is a
genome-wide summary statistic; it does not inform on the number of introgressed loci or the po-
sition, the physical extent or the origin of the introgression. A modified version of this test, named
D3 and Dpor, have been suggested : the former for accommodating cases in which an outgroup
is not available but compared to the ABBA-BABA evaluates both phylogenetic discordance and
the branch lengths (under introgression phylogenetic discordance and shorter branch lengths are
expected, see Hahn & Hibbins 2019); the latter, instead, accommodates a five-taxon phylogeny
(Pease & Hahn 2015). Recently Martin et al. 2015, tested the use of the ABBA-BABA test across
the genome in consecutive sliding windows highlighting the fact that the test is unreliable for this
purpose. The ABBA-BABA test has a large variance when applied to small genomic windows.
As an example, we can think about the extreme case in which a single informative site is present
and it happens to be an *’ABBA’ site, even in the absence of introgression. With nABBA =1 and
nBABA =0, the D measure is -1.

2.6.4 Statistics for sliding-window approaches

Examples of statistics based on sliding-window approach include f; (Martin et al. 2015), fuur

(Malinsky et al. 2015), and the distance fraction dy (Pfeifer & Kapan 2019).

2.6.4.1 fd andfdM

The f; statistic originated from the ABBA-BABA test and it uses the allele frequencies of
ancestral and derived alleles (A and B) instead of the ABBA-BABA counts to identify introgressed
loci across the genome, specifically detecting introgression between P2 and P3. In terms of allele

frequencies, we can rewrite the ABBA-BABA formula replacing B with p;; and A with 1-p;;, where
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p;j is the allele frequency of B (derived allele) at position i in the population j and A is expressed

as complementary frequency that sum to 1. In this case, ABBA for a given site i can be written as :

ABBA; = (1 —pi1) - pi2 - piz - (1 — pia)

and BABA :

BABA; = pi1 - (1 — pi2) - pia - (1 — pia)

The sum of all the ABBA; and BABA, is used for the calculation of the D value. Green et al.

2010 proposed to make use of the numerator of the D formula, expressed as :

nalleles nalleles
S(P1,P2,P3,0)= > [L—pu)-p2-p3-Q—pu)l— Y. pir-(1—p) piz-(1—pia)
i=1 i=1

Assuming the following relation among populations : ((P1, P2), P3), O), the fraction of the
genome shared between P2 and P3, after the split between P1 and P2, can be estimated by compa-
ring the observed value of S to a value of S estimated under a scenario of 100% introgression from

P3 to P2. In this case, then P2 resembles a lineage of P3 so we can write the formula :

S(P1, P2, P3,0)

/= S(P1, P3a, P3b,0)

Martin et al. 2015 addressed a few limitations of this implementation by (i) considering P3a,
and P3b as identical instead of similar (fy,,,) and fixing subsequent issues (discussed in Material
and Methods in Martin et al. 2015) and by (ii) calculating f defining a new denominator which

includes a generic donor population (PD) for each site i.e. :

S(P1, P2, P3,0)

fa= S(P1,PD,PD,0)
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PD is either P2 or P3 and it is chosen alternatively based on the population with the higher
frequency of the derived allele (B) so that f; remains below 1. Although, f; performs better than
D as statistics across consecutive small windows it does only detect gene flow from P2 to P3
or vice versa but not from P1 to P3. To address this limitation Malinsky et al. 2015 proposed a
Modified version of f;, fum. fam, like D, is symmetrically distributed around zero (if there is no
introgression) and quantifies shared variation between P3 and P2 (positive values) or between P3
and P1 (negative values). The calculation of f;; depends on the frequency of the derived allele in
P1 and P2 (Malinsky et al. 2021). If the frequency of the derived allele in P2 is higher or equal to

P1 then f, = f; otherwise, if the frequency of the derived allele in P1 is higher than in P2 then :

S(P1, P2, P3,0)
S(PD, P2, PD,0)

fom = —

2.6.4.2 The distance fraction (dy)

The distance fraction (dy) combines the pairwise nucleotide diversity dyxy and the ABBA-
BABA test. Pfeifer & Kapan 2019, considering bi-allelic SNPs only, rewrite d,, as function of
the allele frequencies instead of the counts, where B has frequency ¢ and A 1-g, and the same for
D and f;. In addition, Pfeifer & Kapan 2019 incorporates the ' BBAA’ pattern into the denominator.
Overall, dr provides an estimate of the amount of introgression and it is less sensitive to the timing

of gene flow compared to fs (Pfeifer & Kapan 2019 and Malinsky et al. 2021).
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3.1 Saccharomyces species

The Saccharomyces are yeasts, single-cell eukaryotic microorganism members of the fungi
kingdom and the Ascomycota division. The etymology of the word Saccharomyces derives from
the Greek roots of sacchar- i.e. sugar + -myces i.e. fungus (Merriam-Webster.com s. d.) proposed
by J. Meyen in 1838. The first species classification was based on phenetic data which followed
the first molecular methods on DNA leading to the definition of a group of Saccharomyces sensu
lato and a group of Saccharomyces sensu stricto. This terminology is no longer in use, and species
boundaries are defined based on evidence of reproductive isolation and genomic divergence, in
accordance with the biological species concept and phylogenetic analysis. The genus Saccharo-
myces consist of eight species : S. cerevisiae, S. paradoxus, S. mikatae, S. jurei, S. kudriavzevii, S.

arboricola, S. eubayanus and S. uvarum (Fig. 3.1).

—— S. cerevisine _———

S. paradoxus
(S. cariocanus)
— S. mikatae
L— §. jurei | S. pastorianus
(S. carisbergensis)
S. kudriavzevii (S. monacensis)
S. arboricola
- (S. arboricolus)
— S. eubayanus
| S. bayanus
S uvarum (S. bavanus var. bayanus)

(S. bavanus var. uvarum)

Figure 3.1 — Phylogenetic tree of the main Saccharomyces species (in bold). The names in parentheses are
the names of the previous classification. The blue and red lines highlight the Saccharomyces component
of two hybrid strains commonly used in industrial fermentation. Saccharomyces bayanus is used in wine-
making and cider fermentation while Saccharomyces pastorianus for the production of lager beer. Adapted
from Alsammar & Delneri 2020.

3.2 Saccharomyces cerevisiae genomics and evolution

Saccharomyces cerevisiae is the most known and studied species in the genus. It is vastly ex-
ploited in the production of fermented products across the world (Parapouli et al. 2020, Onyema

et al. 2023, Molinet & Cubillos 2020) and it is one of the most versatile model organisms across
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several fields of research (Duina et al. 2014). Because of this broad interest, it was the first euka-
ryotic organism to have its genome sequenced in 1996 (type strain S288C). The haploid genome of
Saccharomyces cerevisiae is ~ 12 million base pairs in length organised in 16 linear chromosomes
and dense in intron-free genes (~ 6,000 genes). The main ploidy of Saccharomyces cerevisiae is
the diploid (2n) and euploid state. In some industrial environments, polyploids (3n and 4n) and
aneuploid isolates are common (Gallone et al. 2016, Al Safadi et al. 2010). In 2009, the initial
high-quality whole-genome sequencing project using short-read technology for 36 isolates identi-
fied five distinct populations (Liti et al. 2009). In 2015, a larger whole-genome sequencing project
for 100 isolates reported a collection of isolates from clinical samples with mosaic genomic com-
positions, underscoring the opportunistic role of S. cerevisiae in clinical environments (Strope et
al. 2015). In 2018, a second large-scale whole-genome sequencing project (Peter et al. 2018) sca-
led up to 1,011 S. cerevisiae isolates divided in 26 main populations (Fig.3.2 B). The previous
discovery of wild Chinese isolates (Q.-M. Wang et al. 2012) and the large sequencing effort of
isolates from a broad ecological and geographical source support a single out-of-China origin of
the species (Peter et al. 2018). The same year a third large-scale whole-genome sequencing ef-
fort introduced several S. cerevisiae from typical Asiatic fermented food and beverages and from
primaeval and secondary forests in China and far East Asia (Duan et al. 2018). These latter wild
isolates gave a strong contribution to the known genetic diversity of the species (Peter et al. 2018,
Duan et al. 2018) and support China and in general far East Asia as the centre of origin for the spe-
cies. Moreover, Duan et al. 2018 provided evidence for the onset of domestication of the species
in China and proposed a nearly neutral model of evolution for wild populations of S. cerevisiae.
This hypothesis is supported by 1) the absence of genomic domestication signatures in wild clades
(De Chiara et al. 2022), 2) their strong population structure along with high sequence divergence
(Duan et al. 2018, Q.-M. Wang et al. 2012) and 3) the absence of evidence of admixture and scarce
positive selection (Duan et al. 2018) even though wild populations living in sympatry are excellent
sporulators i.e. to reproduce meiotically (Bai et al. 2022, De Chiara et al. 2022). Also, numerous
studies suggest that structural variations (SVs) play a role in the onset of reproductive isolation in
S. cerevisiae (Q.-M. Wang et al. 2012, Liti et al. 2006, Hou et al. 2014). The recent release of 142
telomere-to-telomere de novo assemblies (O’ Donnell et al. 2022), a renewed interest in the inves-
tigation of the ecology and genomics in the wild (Mozzachiodi et al. 2022, Peris et al. 2023) along

with the shift of the analytical paradigm from the use of a single reference genome to genome
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graphs (Garrison et al. 2018, Eizenga et al. 2020) will improve our understanding of the processes

that shaped the evolution of the species in the genus.
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M1ggg

Figure 3.2 — Neighbor-joining trees of the 100 (A) and 1011 (B) S. cerevisiae collections. Adapted from

Strope et al. 2015 and from Peter et al. 2018.
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3.3 Saccharomyces paradoxus

Saccharomyces paradoxus, the sister species of Saccharomyces cerevisiae, inhabits temperate
forests of the northern hemisphere and lives associated with plants of the order Fagales such as
beech, oak and birch. Its distribution is confined to North America (G. [. Naumov 1998, Leducq et
al. 2016, Eberlein et al. 2019), Hawaii (G. I. Naumov 1999), Europe (Naumov 1986) and Asia/Far
East Asia (G. Naumov et al. 1993). The preference for lower temperatures might explain its ab-
sence in subtropical and tropical forests (Robinson et al. 2016). S. paradoxus presents an overall
strong population structure with no evidence of admixture across continents (Liti et al. 2009), no
positive selection (Mousseau et al. 2020) and no signature of domestication (He et al. 2022, Fig.
3.3). Migration of isolates across the ocean is likely to have been human-mediated and, in any case,
restricted to European strains collected in North America (named SpA Leducq et al. 2016). The
genomes of S. paradoxus and S. cerevisiae are highly collinear and diverged at a level of around
12%. The only exceptions are represented by a few lineages, in both species, where structural
events drastically rearranged the genome (Yue et al. 2017). In S. paradoxus, this includes UFRJ
50816, a strain sampled in Brazil previously known as S. cariocanus (G. I. Naumov et al. 1995),
and UWOPS.91-917-1, a strain from Hawaii (Yue et al. 2017), while in S. cerevisiae massive

rearrangements are found in isolates of the Malaysian population (Yue et al. 2017).
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Figure 3.3 — Maximum likelihood tree and ADMIXTURE plot of main Saccharomyces paradoxus popula-
tions. Adapted from He et al. 2022.

3.4 Saccharomyces life cycle

Saccharomyces yeasts exist mainly as haploid (n) and diploid (2n) cells, with the diploid state
being the more common. Sex determination is established by a single locus on chromosome III,
known as the mating type locus. Haploid cells harbour either the a or the a mating locus and
can reproduce asexually through the process of mitosis (Fig. 3.4). Alternatively, haploid cells with
opposite mating type can mate to form a diploid cell (Fig. 3.4). The cell that commits to asexual

reproduction, known as the mother cell, produces a daughter cell through a process known as
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budding, where the daughter cell forms and then buds off from the mother cell (Herskowitz 1988).
The asexual reproduction is common under favourable nutritional conditions and it is the main way
Saccharomyces, both haploids or diploids, form colonies. Depending on environmental conditions
and genetic factors, a single mother cell can produce more than one daughter cell. In response
to adverse conditions such as starvation, a diploid cell undergoes sporulation. The sporulation
reduces the chromosome content to a haploid state through the meiotic process. A single diploid
cell undergoes meiosis to form four haploid spores (gametes), i.e. a tetrad, each with opposite
mating types in pairs : two a and two « gametes (Fig. 3.4). The spores are enclosed inside a
structure called ascus. When conditions become favourable, the spores germinate and may follow

different directions (Ono et al. 2020).
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Figure 3.4 — Schematic of Saccharomyces life cycle. Adapted from Morgan 2007.

The germinated spores often mate inside the ascus, reestablishing the diploid state, a process
known as intra-tetra mating (Fig. 3.5). Alternatively, the germinated spores are released outside
the ascus and return to haploid vegetative growth. After a mitotic cell division, the haploid mother
cell can switch its mating type (homothallism ability) and mates with its daughter cell (autodi-

ploidization or haploselfing) to form a diploid cell (Fig. 3.5). Rarely, the germinated spores mate
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with germinated spores from a different ascus (inter-tetrad mating, Fig. 3.5). Even more rarely,
the inter-tetrad mating involves germinated spores from asci originating from different Saccha-
romyces species (Fig. 3.5) (Tsai et al. 2008). This latter process is known as outcrossing and is

fundamental to the interspecies hybridization and introgression processes.

Asexual
0.999

Figure 3.5 — Life cycle quantification for the European S. paradoxus. Adapted from Tsai et al. 2008.
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3.5 Saccharomyces reproductive isolation

The process of introgression requires the overcoming of several reproductive barriers between
species. Both pre-and post-zygotic barriers either hamper spore mating or reduce/abort spore via-
bility. One example of a pre-zygotic barrier is the geographical isolation between different species.
The occupation of distinct (ecologically different) or separated (physically distant) niches prevents
physical contact between species, leading to reproductive isolation. Although long-term geogra-
phical separation contributes to allopatric diversification, this does not preclude the possibility that
if the geographical barrier is removed or if species are forced to mate, they can produce viable oft-
spring. As it is commonly observed in the Saccharomyces genus, Saccharomyces species can be
forced to mate resulting in viable individuals.

A high variation in spore germination timing, leading to asynchronous spore germination in
genetically identical natural isolates of Saccharomyces paradoxus, has been shown in the labo-

ratory under controlled conditions (Stelkens et al. 2016). Stelkens et al. 2016 demonstrated that
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asynchronous spore germination might serve as a bet-hedging mechanism, allowing yeast popu-
lations to survive in the wild where environmental changes can occur abruptly. The variation in
spore germination timing (Maclean & Greig 2008) and how it is affected under different environ-
mental conditions (Plante & Landry 2021), represents both an example of temporal and ecological
pre-zygotic barrier, phenomenons not extensively explored in Saccharomyces to date. In addition,
factors such as mating pheromones, mating-type-specific peptide signals, and adhesin proteins are
not considered to significantly influence species recognition or discrimination in Saccharomyces
mating partner choice (Ono et al. 2020).

On the other hand, post-zygotic barriers are well characterised and recognized across the
whole Saccharomyces genus. Although Saccharomyces species form viable hybrid individuals,
the hybrids are completely sterile or poorly fertile. The low spore viability is the result of dif-
ferent, sometimes concurrent, mechanisms that determine post-zygotic barriers : errors of failure
in chromosome segregation, structural chromosomal rearrangements, and genetic incompatibili-

ties (nuclear-nuclear or nuclear-mitochondrial incompatibilities) (Ono et al. 2020).

3.5.1 Chromosomal missegregation, structural rearrangements and genetic incom-
patibilities

Hybrid spore inviability is often due to improper chromosome segregation. Following meio-
sis, inviable spores contain aneuploid chromosomes and the lack of chromosomes in haploid
spores leads to their inability to germinate. These missing chromosomes are inherited by other
spores from the same ascus, during meiosis I (Ono et al. 2020). At the molecular level, the mis-
segregation is the result of incorrect crossover. The mismatch repair system of the cell prevents
recombination between divergent or erroneously aligned sequences maintaining the genome inte-
grity (Hunter et al. 1996). Thus, the mismatch repair system contributes to preventing recombi-
nation and increasing chromosome non-disjunction between divergent sequences. In addition to
missegregation, chromosomal structural rearrangements reduce spore viability. A single translo-
cation can compromise the viability of at least one spore out of four since it will be missing a copy
of the genes that have been translocated, rendering the spore inviable. An example can be obser-
ved in the Saccharomyces paradoxus species. The Saccharomyces paradoxus population sampled

from Brazil is reproductively isolated from the North American Saccharomyces paradoxus po-
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pulation. The sequence of the DNA showed that the two populations are only 0.1% divergent
and that chromosomal rearrangements, in the Brazilian Saccharomyces paradoxus population, are
at the source of the sterility. Other genetic incompatibilities not extensively studied yet are the
Bateson-Dobzhansky-Muller Incompatibilities (BDMIs). BDMIs include allelic incompatibilities

between loci in the nuclear and mitochondrial genome.

3.6 Saccharomyces hybrids

Saccharomyces hybrids are common in industrial environments. The most studied hybrids
were historically named S. bayanus and S. pastorianus. These names were maintained as they are
still commonly used in the industry (Fig. 3.1). In 2011, Nguyen et al. 2011 disclosed the mosaic
composition of the type strain S. bayanus CBS380" by sequencing a set of genes. From the com-
parison with publicly available Saccharomyces spp. sequences, they found out that CBS380T pre-
sented : a component of S. uvarum, an unknown species that was provisionally named S. lagerae
(later assigned to S. eubayanus Libkind et al. 2011), and S. cerevisiae. The industrial hybrid S. pas-
torianus, previously know as Saccharomyces carlsbergensis, is used for brewing lager. The ability
to ferment at low temperatures is the result of the hybrid vigour arising from its parental species
i.e. Saccharomyces cerevisiae and Saccharomyces eubayanus. Specifically, Saccharomyces cerevi-
siae contributes to S. pastorianus’ ability to ferment maltotriose while Saccharomyces eubayanus
contributes to S. pastorianus’ ability to grow at low temperatures. The origin of the hybrid is still
debated. The scarce evidence of Saccharomyces eubayanus in the European continent contrasted
the wide availability of S. pastorianus, since its first description in the 14th century in breweries,
opening a debate on the first hybridization event. In 2022, S. eubayanus was sampled in Ireland
(Bergin et al. 2022), nevertheless not a single S. eubayanus component matches the S. eubayanus
subgenome of S. pastorianus, which instead resembles a mosaic of different S. eubayanus ances-
tries (Fig. 3.6). This evidence contrasts with the hybridization between S. cerevisiae and a single

wild lineage of S. eubayanus, leaving open several questions about the origin of S. pastorianus.
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Figure 3.6 — Different S. eubayanus ancestry in S. pastorianus across chromosome XVI (panel A) and
chromosome XII (panel B). Different colours correspond to different ancestries. The red rectangle shows a
marked difference between the strain CBS 1538 and W34-70. The two strains are members of two groups of
S. pastorianus. CBS 1530 is a Saaz isolate of S. pastorianus ; W34-70 a Frohberg isolate of S. pastorianus,
two different strains that greatly differ in ploidy, chromosome content and structure (Alsammar & Delneri
2020). Adapted from Bergin et al. 2022.

The research on new flavours and properties promoted the production of new commercial hy-
brid strains. For example, VIN7 is a broadly used hybrid between Saccharomyces cerevisiae and
Saccharomyces kudriavzevii used in wine fermentation. S. cerevisiae x S. kudriavzevii hybrids
show drastic differences in ploidy and the amounts of S. kudriavzevii ancestry (Erny et al. 2012).
Borneman et al. 2016 analysed the whole genomes of a group of industrial strains from the Austra-
lian Wine Research Institute (AWRI), bringing to the light a few Saccharomyces complex hybrids
including rare crosses between S. cerevisiae and S. paradoxus and S. cerevisiae and S. mikateae,
a couple of strains obtained in the laboratory and used during the prise de mousse i.e. during the
creation of bubbles in sparkling wine. Gallone et al. 2019 reanalyzed the whole genome of indus-
trial hybrid isolates exploited in brewing. It turned out that their subgenomes adapted to different
industrial niches and originated from specific subclades. For example, the S. cerevisiae subgenome
of S. pastorianus originates from the Beer 1 subclade of S. cerevisiae, the same S. cerevisiae iso-

lates involved in ale beer production, while in the hybrid S.cerevisiae x S. kudriavzevii VINT the
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S. cerevisiae subgenome originates from a wine European isolate. In most of the S. cerevisiae x S.
kudriavzevii hybrids involved in the production of Belgian traditional beer, the S. cerevisiae sub-
genome creates a monophyletic group (within the Beer 2 subclade). Members of the Beer 2 clade
are found in Lambic and Trappist beers : the former are known for their spontaneous fermentation
and complex flavours, while the latter is brewed by monks, using different methods and coming
in a large variety of styles. In a parallel project Langdon et al. 2019 arrived at similar conclusions.
Early in 2023 a complex hybrid zone between S. cerevisiae and S. paradoxus has been identified
in the fermentation environment of the Mexican agave, used for the production of mescal and te-
quila in Mexico : a process that is carried out as spontaneous fermentation i.e. without the use of a
starter (data unpublished). This is the first evidence of such massive S. cerevisiae and S. paradoxus
hybridization in fermenting anthropic environments. Previously, the only available evidence of the
presence of a "hybrid zone" in an anthropic environment between S. cerevisiae and S. paradoxus
was the characterization of a hybrid sampled from olive oil wastewater (D’ Angiolo et al. 2020)
along with §. cerevisiae isolates with evidence of introgression collected from the same environ-
ment, even though the manufacturing process of olive oil does not require a fermentation process
(Pontes et al. 2019). More recently, the addition of the species S. jureii to the genus opened the way
to the investigation of new aromas in craft beer production by crossing S. cerevisiae and S. jureii
(Giannakou et al. 2021). In wild environments, hybrids are rare. The most convincing evidence of
a wild interspecies hybrid was described in Barbosa et al. 2016. Two S. cerevisiae X S. paradoxus
hybrid samples were collected from a non-recognised plant in the National Park Foz do Iguagu
in Brazil. It may be worth noticing that no wild S. paradoxus isolates were reported, suggesting

either a migration of these strains or the presence of a yet unsampled S. paradoxus population.

3.7 Hybridization and introgression between S. cerevisiae and S. pa-

radoxus

S. cerevisiae X S. paradoxus hybrids are viable and successfully reproduce mitotically. On the
other hand, these hybrids are largely sterile with less than 1% spore viability (Hunter et al. 1996).
The sequence divergence between these two species (/212%) is the main factor that impairs the
spore viability. The anti-recombination barrier, mediated by the mismatch repair system, prevents

the proper pairing and crossover between homologous chromosomes. The resulting spores show
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frequent aneuploidies and low levels of recombination (Hunter et al. 1996). However, despite this
reproductive isolation, an introgression event was reported, in 2007, on chromosome I of Saccha-
romyces cerevisiae strain YJIM789. The fragment originates from Saccharomyces paradoxus and
encompasses five genes encoding for putative integral membrane proteins (Wei et al. 2007). The
year before, Liti et al. 2006 described an introgressed region at the beginning of chromosome XIV
in the European Saccharomyces paradoxus population from Saccharomyces cerevisiae, suggesting
that the introgression process occurred bidirectionally between the two species. The 100-cerevisiae
collection revealed introgressed DNA of variable size with 318 ORFs from S. paradoxus. In parti-
cular, the strains YIM1078, YIM1252, and YIM248 counted more than two hundred introgressed
genes each, the majority of which were shared, indicating a recent common origin (Strope et al.
2015). More recently, introgression has been reported to be a common process that impacted the
evolutionary history of different populations of Saccharomyces cerevisiae (Duan et al. 2018, Bar-
bosa et al. 2016, Pontes et al. 2019, Peter et al. 2018). The Saccharomyces pangenome of the 1011
collection includes 913 introgressed ORFs, unambiguously assigned to S. paradoxus, out of 6,081
non-redundant non-reference ORFs. Among the 26 S. cerevisiae clades, four showed high levels of
introgression and these were all associated with human activity. Notably, Peter et al. 2018 reported
a strong match between the geographic origins of the S. cerevisiae and the corresponding regio-
nal population of S. paradoxus. The introgression in the Brazilian Bioethanol, Mexican agave and
French Guiana S. cerevisiae populations were ascribed to the American S. paradoxus population
while introgression in the European Alpechin clade was ascribed to the European population of
S. paradoxus. From a mechanistic perspective, two possible routes have been proposed to over-
come the hybrid sterility and initiate the introgression process, in yeast. In 2020, D’ Angiolo et al.
2020 proposed genome instability as a trigger of structural recombination and recovery of spore
viability while. In 2021, Mozzachiodi et al. 2021 showed that a switch from the meiotic cell cycle
to the mitotic cell cycle before the cells overcome the commitment point to complete meiosis,
results in recombined diploid hybrids. In the last few years, the massive effort carried out by the
scientific community in detecting introgression unveiled how commonly the process impacted the
evolutionary history of species although the evidence for the adaptive value of this process is still
scarce(Taylor & Larson 2019). Also in S. cerevisiae, one of the model organisms with the largest
genomic toolbox, the adaptive value of the introgression remains unexplored. Future studies of

introgression require efforts in understanding the functional implications of introgression (Suarez-
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Gonzalez et al. 2018), the ecological context in which hybridization and introgression occur and
persist (Porretta & Canestrelli 2023) and the role played in driving the evolutionary trajectory of a

population (Pontes et al. 2019, Kleindorfer et al. 2019).
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4.1 Preamble

This chapter is adapted from :
Tellini Nicolo, Matteo De Chiara, Simone Mozzachiodi, Lorenzo Tattini, Chiara Vischioni, Elena
Naumova, Jonas Warringer, Anders Bergstrom, and Gianni Liti. Ancient and recent origins of
shared polymorphisms in yeast. (2023), Research Square.

A peer-reviewed copy of the following manuscript has been accepted for publication under the

DOI : https://doi.org/10.1038/s41559-024-02352-5.

4.2 Abstract

Shared genetic polymorphisms between populations and species can be ascribed to ancestral
variation or more recent gene flow. Here, we mapped shared polymorphisms in Saccharomyces
cerevisiae and its sister species Saccharomyces paradoxus, which diverged 4—6 million years ago.
We used a dense map of single nucleotide diagnostic markers (mean distance 15.6 bp) in 1,673
sequenced S. cerevisiae isolates to catalogue 3,852 introgressed blocks (> 5 consecutive markers)
from S. paradoxus, with the majority being recent and clade-specific. The highly diverged wild
Chinese S. cerevisiae lineages were depleted of introgressed blocks, but retained an excess of
individual ancestral polymorphisms derived from incomplete lineage sorting, perhaps due to less
dramatic population bottlenecks. In the non-Chinese S. cerevisiae lineages, we inferred major
hybridisation events and detected cases of overlapping introgressed blocks across distinct clades
due to either shared histories or convergent evolution. We experimentally engineered, in otherwise
isogenic backgrounds, the introgressed PADI-FDC1 gene-pair that independently arose in two S.
cerevisiae clades and revealed that it potentiates resistance against diverse antifungal drugs and
ferulic acid. Overall, our study retraces histories of divergence and secondary contacts across S.

cerevisiae and S. paradoxus populations and unveil a functional outcome.

4.3 Main

Genetic variation segregating in natural populations enables inference of species histories and
past demographics. Extant populations diverge from ancestral progenitors by accumulating de

novo variation that is exposed to both selection and neutral evolutionary forces. One source of ge-
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netic variation among extant populations is represented by ancestral polymorphisms that arose be-
fore populations diverged. Concisely, the random segregation of ancestral neutral polymorphisms
can lead to incomplete allele sorting (ILS), resulting in individuals from a population sharing
alleles with a non-sister population (Nei et al. 2010, Schrempf & Szo6llosi 2020, Sousa & Hey
2013). The probability of observing ILS can be quantified by the coalescence theory and depends
on both the effective population size (Ne) and the speciation time (Tspeciation) (Rannala et al. s. d.,
Kingman 1982). In simple terms, the larger the N, and the shorter the Tspeciation. the greater are
the chances of ILS (Maddison 1997). An alternative source of shared alleles between non-sister
populations is introgression, initiated by hybridisation (Harrison & Larson 2014), which is per-
vasive across the eukaryotic tree of life with potential adaptive or deleterious outcomes (Taylor
& Larson 2019, Suarez-Gonzalez et al. 2018). The hybridization event is often followed by suc-
cessive rounds of backcrossing to one parental population, leading to the depletion of the other
population subgenome. Introgression blocks patterns are shaped by a complex relationship of se-
lection and recombination properties (Moran et al. 2021, Martin & Jiggins 2017). Although both
ILS and introgression result in shared polymorphisms between non-sister populations (Steenwyk
et al. 2023), they emerge from processes unfolding at fundamentally different timescales, with
introgression being more recent. Genomic surveys of modern human populations (Bergstrom et
al. 2020), archaic humans (Green et al. 2010, Slon et al. 2018) and great ape species16 have elu-
cidated the origin of genetic variation in our species. ILS has shaped the genetic relationships
between our genomes and those of our closest relatives, the bonobo and the common chimpanzee
(Mao et al. 2021). Introgression from archaic Neanderthal and Denisovan humans has introdu-
ced divergent haplotypes persisting in present-day human populations (Sankararaman et al. 2016).
Some of this introgressed variation has contributed to local adaptation, including the adaptation
to high altitude in Tibetans (Huerta-Sdnchez et al. 2014). The model organism Saccharomyces ce-
revisiae and its closest relative Saccharomyces paradoxus diverged around 4.0—5.8 million years
(My) ago (Shen et al. 2018). Even though these species are reproductively isolated, introgressed
DNA from S. paradoxus has been detected in few S. cerevisiae clades (Peter et al. 2018, Duan
et al. 2018, Ono et al. 2020). These events support at least two distinct pulses of introgression,
between the American and between the European populations of the two species, respectively.
However, these analyses have mostly relied on fragmented de novo assemblies derived from short

reads or on mapping to a single reference, approaches which have not allowed the compilation of
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a high-resolution catalogue of introgressed DNA and inference of their origins. Furthermore, ex-
perimental demonstration of the functional implications of introgressed material in budding yeast
is still lacking (Clark et al. 2022, Barbosa et al. 2016, Pontes et al. 2019). The occurrence of ILS in
the Saccharomyces genus has been recently suggested (Peris et al. 2023) but not formally demons-
trated. Given the ancient S. cerevisiae ~ S. paradoxus split (estimated time of divergence 3.27x10g
generations), it seems unlikely that ILS polymorphisms would persist at such a timescale given the
short generation time and limited effective population size (Clark et al. 2022). Recent studies des-
cribed S. cerevisiae and S. paradoxus isolates collected worldwide and generated both short-read
datasets (Peter et al. 2018, Duan et al. 2018, Pontes et al. 2019, Gallone et al. 2016, Barbosa et al.
2018, Gongalves et al. 2016, Legras et al. 2018, Ramazzotti et al. 2019, Coi et al. 2017, Almeida
et al. 2015) and high-quality whole-genome assemblies (Yue et al. 2017), paving the way for a
deep investigation of shared alleles across these two species. Here, we exploit the thousands of S.
cerevisiae genomes and the dense map of diagnostic markers between the two species to detect
S. paradoxus alleles at high resolution. We identify and describe the major hybridisation events
and report that most introgressed blocks derive from recent clade-specific hybridisations, while a
handful of ancient introgressions are shared across distinct clades. We detect rare instances of re-
current introgression blocks and experimentally demonstrate the functional effect of S. paradoxus
PADI-FDCI alleles. We also formally test and quantify abundant ancestral ILS polymorphisms
in the S. cerevisiae Chinese lineages, providing novel insights into the evolutionary processes that

shaped their genetic variation.

4.4 Results

4.4.1 Patterns of shared polymorphic markers across the S. cerevisiae species

We developed a genotyping framework based on a dense map of single nucleotide diagnostic
markers to explore the landscape of S. paradoxus alleles segregating in the S. cerevisiae popu-
lations (Methods and Supplementary Fig. 4.6). We constructed a S. cerevisiae consensus (S.c.c.)
genome by taking the most common allele among a set of strains representing the major phylo-
genetic clades within the species (Supplementary Table 1). We then ran pairwise whole-genome
alignments of the S.c.c. genome against the five reference genome assemblies of the major S.

paradoxus populations, to identify a set of 755,500 biallelic species-diagnostic single-nucleotide
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polymorphic markers (Fig. 4.1a). Finally, we mapped short-read sequencing data derived from
1,673 S. cerevisiae strains, onto the S.c.c. and European S. paradoxus (CBS432) genomes and ge-
notyped the diagnostic markers (Fig. 4.1b, Supplementary Fig. 4.7 and Supplementary Table 2-3).
We found that the strains of the Alpechin clade, characteristic of the olive oil-based environment,
contain the highest number of S. paradoxus markers (mean 28, 439+ 3, 455, single standard devia-
tion; Fig. 4.1b), consistent with deriving from a recent hybridisation (Peter et al. 2018, Pontes et
al. 2019, D’ Angiolo et al. 2020). The Mexican Agave and the South American Mix II clades also
showed high levels of S. paradoxus markers (18,598 4 5,459 and 10, 010 £ 3, 075 respectively ;
Fig. 4.1b), consistent with secondary contacts between S. paradoxus and multiple North and South
America S. cerevisiae populations (Peter et al. 2018, Barbosa et al. 2016). Surprisingly, the highly
diverged Chinese lineages (CHN-IX/Taiwanese, CHN-I and CHN-II) contain a large number of
S. paradoxus markers (29, 716 4+ 148 ; 18,253 £ 501 ; 16, 690 + 593 respectively ; Fig. 4.1b). In-
deed, the number of S. paradoxus markers in the CHN-IX clade are comparable to the Alpechin
clade, despite an overall lack of evidence for introgression (Peter et al. 2018, Duan et al. 2018).
The sole exception is a 24 kb region on chromosome XI, which appears to have been introgressed
from an unknown and possibly extinct S. paradoxus sister lineage (Supplementary Fig. 4.8). We
grouped consecutive S. paradoxus markers into blocks to define their sizes and boundaries (Sup-
plementary Fig. 4.9, Supplementary Fig. 4.10 and Supplementary Table 4). We then counted the
number of blocks, as well as the number of isolated S. paradoxus markers and measured the frac-
tion of each S. cerevisiae genome that was covered by these two groups of S. paradoxus variants
(Fig. 4.1c). Strains in the Alpechin clade had the highest fraction of their genome (3—5.9%) in-
cluded in large introgression blocks but a relatively small number of isolated markers. In contrast,
the Chinese lineages CHN-IX, CHN-I and CHN-II had very few introgression blocks, but a huge
number of isolated S. paradoxus markers. These were scattered across the genomes, with no clear
spatial clustering, and covered a much lower fraction of the genome (0.56—0.62%, 0.29—-0.33%
and 0.23—0.28% respectively). For example, the AHL Alpechin and the AMH CHN-IX strains
have comparable numbers of S. paradoxus markers (28,566 and 29,826 respectively), but dras-
tically different median inter-marker distances (11 bp vs. 194 bp) (Fig. 4.1d). In other words, S.
paradoxus markers in AHL clustered into fewer and larger blocks (e.g. 169 blocks > 5 S.p. mar-
kers) that covered 4.8% of the genome while AMH showed many isolated markers and fewer large

blocks (76 blocks > 5 S.p. markers), covering only 0.1% of the genome (Fig. 4.1e and Supple-
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mentary Fig. 4.10). The difference is even more striking considering that 64 out of the 76 AMH
blocks mapped to the single ~ 24 kb introgressed block on chromosome XI (Supplementary Fig.
4.8). These fundamentally different patterns in the genomic distribution of S. paradoxus markers

across S. cerevisiae populations suggest different mechanistic origins and evolution.

a b
<
2 4. Alpechin = x
genome wide average — Z 2z
distance = 15 bp 2 55T
S.c. consensus - .A 6 <
S.p. populations ..C............. C.. £
1 1 <
diagnostic markers g
identical @
AAAAAA o
sequence £
2 4 i 2 5% g E [ -
= 2 29 3 g 3 Ex £%
28 = ™ v bl
= 8 © 2
> <
c d e
5- Alpechin (AHL)
3 log;o(number of events)
2 @ cHnaix = I 0o 1 2 3 4 5
§25 3 a- g€ 1 (2,618)
€5 k= N 22 (50)
2 - @
£ 5 £q 3 (16)
c =
g 2 £ 3 194 bp v 4 (12)
2 . g - o g 169
E , c % =5 (169)
g5 CHN-II I =
§ g CHN-IX (AMH)
g, ) £ B 11b AN-IX (AMH)
2 N Mexican 2 P 109;0(number of events)
Agave o
- e Alpechin < v 0 1 2 3 4 5
505 %% 0 @ " : 2
3 BT g 1- g% L (25.640)
£ N E 2. (1,498)
2 0 2 g (126)
= £a 3 :I
0 1 2 3 a 5 6 0- gy 4 (32)
Genomic percentage Alpe'chin CHN-IX v § =5 [ 7](76)

(AHL) (AMH)

Figure 4.1 — The species wide landscape of S. paradoxus markers in S. cerevisiae. a, A diagnostic marker
position is defined as a biallelic SNP between the S. cerevisiae consensus (S.c.c.) sequence and in all the
S. paradoxus populations and occur genome-wide on average at a 15 bp distance. b, Bar plot of number
of S. paradoxus genotyped diagnostic markers (y-axis) across 1,673 isolates of S. cerevisiae (x-axis) with
selected clades highlighted (rectangles). Coloured clades have the highest number of S. paradoxus markers.
¢, The percentage of genome (x-axis) included within the diagnostic marker with S. paradoxus genotype.
Consecutive S. paradoxus markers are joined into blocks and their size is defined by the first and last marker
of the block. Isolated S. paradoxus markers lie between two markers with S. cerevisiae genotype and were
counted as 1bp. The y-axis shows the total number of blocks and isolated markers. Relevant clades are
coloured as in panel b. d, Distribution of the distance (in log;( base pairs) between consecutive S. paradoxus
genotyped diagnostic markers in the AHL Alpechin and AMH CHN-IX strains. Box, interquartile range
(IQR); whiskers, 1.5xIQR ; thick horizontal line, median. Data points beyond the whiskers are outliers. e,
Number of blocks of different sizes and isolated S. paradoxus markers detected in AHL and AMH strains
partitioned by size. The size of each block is given by the number of consecutive diagnostic markers with
S. paradoxus genotype. Size equal 1 corresponds to isolated S. paradoxus markers. Blocks supported by at
least 5 consecutive S. paradoxus diagnostic markers are combined into one category (>5).
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4.4.2 Deep coalescence in highly diverged S. cerevisiae lineages

We further explored the differences in patterns of S. paradoxus shared polymorphisms segre-
gating among S. cerevisiae isolates by calculating D-statistics, which is based on counts of ABBA
and BABA sites (A ancestral, B derived alleles) across a quartet of populations (Green et al. 2010)
(Methods). The D-statistic quantifies to what extent two sister populations P1 and P2 differ in how
often they share alleles with a donor population P3, at sites where P3 differs from an outgroup P4.
No difference in the numbers of ABBA and BABA sites is expected under the null hypothesis of
no introgression, and the statistical significance is assessed using block jackknife resampling. We
used multiple whole genome alignments with the S.c.c. as P1, the European S. paradoxus CBS432
(S.p.) as donor species (P3), and S. jurei (S.j.) as outgroup (P4) to perform D-statistic tests across
the entire S. cerevisiae collection (in turn P2). The quartet S.c.c.-AHL-S.p.-S.j. showed a negative
D-value (-0.65), a net difference between ABBA and BABA sites (13,952 vs 2,964) and strong sta-
tistical support (Z-score : -16.87) formally supporting abundant S. paradoxus introgression in the
Alpechin AHL strain (Fig. 4.2a). In contrast, the quartet S.c.c.-AMH-S.p.-S.j. showed a D-value
close to 0 (0.0175), a comparable number of ABBA and BABA sites (12,695 vs 12,258) with no
statistical support for S. paradoxus introgressions in the CHN-IX AMH strain (Z-score : 1.615).
Thus, for AMH, we hypothesize that the presence of S. paradoxus alleles are the consequence
of ILS, and not introgression (Fig. 4.2a, Supplementary Fig. 4.11). To test the robustness of this
result to the strains used in the ABBA-BABA test, we repeated the ABBA-BABA test but instead
used a Wine European, CHN-IV and CHN-I S. cerevisiae strains in the P1 position. We found no
evidence for introgression in AMH using any of these P1 variations (Supplementary Fig. 4.11 a-b).
We further investigated the ABBA and BABA positions in AMH that are shared across the ABBA-
BABA tests performed with S.c.c, CHN-IV and CHN-I assemblies as P1 (Supplementary Table
5). We observed 18,152 shared ABBA+BABA sites which fall into intergenic (27.8%) and genic
(72.2%) positions with an enrichment in 3rd codon positions (genic sites : 13,313 first : 2,052,
second : 1,275; third : 9,787). This distribution of the ILS sites closely resembles the genome-
wide distribution of diagnostic markers, suggesting no pervasive purifying selection acting on
these ancestral polymorphisms. Next, we inspected the presence of CHN-IX S. paradoxus alleles
in the CHN-I and CHN-II S. cerevisiae populations. We observed that approximately 71.9% and
76.1% of the S. paradoxus alleles detected in the CHN-I (strain FJ7) and CHN-II (strain BAG)
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strains are shared with CHN-IX S. paradoxus alleles detected in AMH strain (Supplementary Fig.
4.11c), consistent with their common origin as ancestral polymorphisms. Finally, we extended the
ABBA-BABA test varying the whole S. cerevisiae collection as P2 (Fig. 4.2b-c) and observed no
evidence for S. paradoxus introgression in the CHN-II clade (e.g. BAG strain D : -0.0143, ABBA :
7782, BABA : 7562, and Z-score : -1.046), while CHN-I strains showed weakly but significantly
positive D values (e.g. FJ7 strain D : 0.0528, ABBA : 8609, BABA : 9567, and Z-score : 4.834).
However, the significance of the test for both CHN-II and CHN-I strains varies with the genome
used as P1. Overall, we provided robust evidence that part of the genetic variants observed in the

highly diverged CHN-IX S. cerevisiae population is driven by persisting ancestral alleles.
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Figure 4.2 — Incomplete lineage sorting in Chinese lineages. a, Patterson’s D statistics (ABBA-BABA
test) with AHL and AMH in (P2) with the pattern S.c.c. (P1), CBS432 S.p. (P3) and S. jurei (P4). The bar
plot indicates the number of ABBA and BABA patterns observed. “A” is the ancestral allele as imposed
by P4, “B” is the derived allele. Only biallelic positions are included. b, Scatter plot of ABBA and BABA
patterns across the S. cerevisiae collection rotating in P2 with the pattern S.c.c. (P1), CBS432 S.p. (P3)
and S. jurei (P4). Nine strains resulted in empty vcf files and were excluded from the plot. The dotted
line represents the diagonal. Relevant S. cerevisiae clades are labelled. ¢, Distributions of the Patterson’s
D value across the S. cerevisiae isolates. The dot’s colour gradient reflects the Z-score values. Alpechin
and Mexican Agave strains show the strongest introgression signal, consistent with S. paradoxus diagnostic
markers arranged in large introgressed blocks. Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick
horizontal line, median. Outliers are not shown.
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4.4.3 Major hybridisation events in S. cerevisiae history

To trace past admixture events between S. cerevisiae and S. paradoxus populations, we
constructed a high-resolution strain-by-strain catalogue defining boundaries, positions, and fre-
quencies of introgressed blocks (supported by > 5 consecutive diagnostic markers with S. para-
doxus genotype, methods) across the S. cerevisiae clades (Supplementary Table 6). We observed
an overall lack of association between introgression block breakpoints and meiotic recombina-
tion hallmarks (p-value = 0.91), consistent with their resection largely being shaped by mitotic
recombination events (D’ Angiolo et al. 2020). Grouping the strains by shared introgressed blocks
globally recapitulates their SNPs-based phylogenetic relationships, reflecting that evolution from
the original hybridisations to the current day introgressed blocks were shared within clades (Sup-
plementary Fig. 4.12). We further investigated this evidence by extending our computational fra-
mework to identify the S. paradoxus population ancestry within the introgressed blocks. We also
included four S. cerevisiae - S. paradoxus hybrids, with nearly complete subgenomes from both
parental species, that may represent the ancestors of extant introgressed strains (Methods, Supple-
mentary Fig. 4.6). We unveiled two major hybridisation events that likely occurred on the Euro-
pean continent. The first can be traced to the AQF S. cerevisiae - S. paradoxus hybrid isolated in
Spain (Fig. 4.3a) and recognized as a clonal descendant of the ancestor of the Alpechin lineage
(D’Angiolo et al. 2020). Despite the scattered geographical locations and broad sampling timeline
(Supplementary Table 2), all Alpechin isolates extensively share common introgression blocks
(Supplementary Fig. 4.12). The S. paradoxus introgressed sequence displays a uniformly high de-
gree of similarity to the AQF hybrid sequence, thus supporting a single hybridisation origin of the
entire clade (Fig. 4.3b). The second European hybridisation event is represented by the OS162 S.
cerevisiae - S. paradoxus hybrid, which was isolated from oak tree bark in England. Its genomic
profile revealed a triploid hybrid, with one copy of S. cerevisiae and two copies of S. paradoxus
subgenomes, devoid of loss of heterozygosity (LOH) regions (Fig. 4.3a), the precursors of in-
trogressions (D’ Angiolo et al. 2020). Phylogenetic analysis placed the S. paradoxus subgenomes
of OS162 in close relationship with the CBS432 European S. paradoxus reference strain (Fig.
4.3b), but not with AQF strain, supporting that distinct European S. paradoxus populations expe-
rienced interspecific hybridisation independently. We also identified two hybrids on the American

continent. The first includes the UFMG-CM-Y652 Brazilian strain (Fig. 4.3a and Supplementary
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Fig. 4.13) that coexists in a wild environment with multiple S. cerevisiae lineages with S. pa-
radoxus introgressions (Barbosa et al. 2016). We compared the S. paradoxus subgenome of the
UFMG-CM-Y652 hybrid with the S. paradoxus introgression blocks found in the French Guiana,
Mexican agave and the wild Brazilian S. cerevisiae strains. The phylogenies are not consistent
with UFMG-CM-Y 652 wild Brazilian hybrid being the direct ancestors of the three introgressed
American S. cerevisiae clades, and that either the ancestor, has not been found, or that subsequent
admixture events further moulded the genome of extant introgressed clades (Supplementary Table
7). Finally, the second American hybrid, OS2389 strain, was isolated from a koa tree in Hawaii
(Fig. 4.3a). The S. paradoxus subgenome of OS2389 hybrid showed different ancestry from the
Hawaiian S. paradoxus lineage (UWOPS91-917.1), being instead related to the continental North
(YPS138) and South (UFRJ50816) American S. paradoxus populations (Fig. 4.3c, Supplementary
Fig. 4.13). Although OS2389 and the Brazilian hybrid UFMG-CM-Y 652 do not show strong evi-
dence of overlapping breakpoints at LOHs, both their S. paradoxus and S. cerevisiae subgenomes
ancestries support a close parental origin making it difficult to conclude if they originated from
independent hybridisation events (Supplementary Fig. 4.13). We further investigated the origin of
the S. paradoxus subgenome on chromosome II (from 758,700 to 782,580 bp), which corresponds
to a S. paradoxus introgressed block that is present in several wild Brazilian S. cerevisiae strains.
Within this region, both the Brazilian hybrid UFMG-CM-Y 652 and the Hawaiian hybrid OS2389
displayed the highest sequence similarity with the North American S. paradoxus (YPS138). In
contrast, the wild S. cerevisiae Brazilian introgressed strains radiate from an independent branch,
confirming that this block derives from a separate, and as of yet unknown, hybridization event
(Fig. 4.3d). Overall, we identified at least two independent S. paradoxus - S. cerevisiae hybridiza-
tions that persisted as full hybrids in Europe and two hybrids in the American continent. One of
the European hybridizations supports the single origin of the European Alpechin clade, whereas
S. paradoxus introgressions in the American S. cerevisiae involves a more complex admixture

scenario.
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Figure 4.3 — Independent hybridisation events. a, S. cerevisiae and S. paradoxus genomic composition of
the Spanish (AQF), Brazilian (UFMG-CM-Y 652, BR : Brazilian), and the newly discovered hybrids from
the UK (OS162) and Hawaii (0OS2389, HW : Hawaiian). Colours represent homozygous S. paradoxus (red),
homozygous S. cerevisiae (blue) and heterozygous (grey) regions. The map represents the geographic origin
of the hybrids (coloured circles with black borders) and introgressed clades (coloured areas). European and
American continents are represented at different scales and Hawaii (small box) has been moved to fit the
layout. b, Maximum likelihood phylogeny of the shared S. paradoxus components across hybrid strains with
European S. paradoxus ancestry (AQF and OS162) and the Alpechin S. cerevisiae clade. ¢, Maximum like-
lihood phylogeny of the shared S. paradoxus subgenome of hybrid strains with the American S. paradoxus
component. d, Maximum likelihood phylogeny of the S. paradoxus region on chrII : 758,700 — 782, 580
(YPS138 coordinates) introgressed in a subgroup of South American S. cerevisiae strains and both the Bra-
zilian and Hawaiian hybrids (UFMG-CM-Y652 and OS2389). Across all the phylogenies, the circles at the
nodes represent the percentage of bootstrap SH-aLRT (approximate likelihood ratio test (Guindon et al.
2010) > 95% and UFboot (ultrafast bootstrap approximation Minh et al. 2013, Hoang et al. 2018) > 95%.
The size of the node reflects the value of UFboot. N44 Far East, CHN (BJ-DLS32 — 26) Chinese, SpB
(14,01B) North American, UWOPS91 — 917.1 Hawaiian, UFRJ50816 South American S. paradoxus.

4.4.4 A shared introgression underlies an ancient admixture event

We calculated the density of S. paradoxus diagnostic markers with American or Eurasian an-
cestry across strains and observed a generally uniform ancestry within clades (Supplementary Fig.

4.14a). However, we detected a widespread high density of European-Far East Asian S. paradoxus
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markers across multiple lineages, including strains characterised by genome-wide introgressions
S. paradoxus American ancestry (Fig. 4.4a). We found this signal to be driven by a single intro-
gression that encompasses the chromosome III centromeric region (CEN3). This introgression was
shared across eighty-three S. cerevisiae strains, 75 belonging to the non-Asian domesticated clades
while the other 8 belonging to the Asian domesticated clade (Fig. 4.4b). The introgression block is
absent in the highly diverged Chinese wild lineages, implying that its origin postdates their diver-
gence. The origin of the segment can be unambiguously assigned to the European S. paradoxus,
with its phylogeny supporting a single origin, i.e. it derives from the same hybridization event
(Fig. 4.4c and Supplementary Fig. 4.14b). In all the 83 strains, the block encompassed the genes
located between YCLO02C and YCROO5C, but in some strains, it also spanned genes further away
from CEN3 (up to YCLOO9C and YCROI0C). A clustering based on the introgression boundaries
showed no correlation with the S. cerevisiae populations phylogeny (Supplementary Fig. 4.14c-
d). S. cerevisiae centromeres have a low recombination rate and CEN3 is particularly refractory
given its linkage with the MAT locus (Mancera et al. 2008). Thus, the position of this introgressed
block likely increased its chance of persisting over the generations and reduced the probability
of it being lost or resected in the absence of strong deleterious effects. The low frequency in the
population suggests that CEN3 introgression might not generally contribute to increasing fitness,
nevertheless, functional implications (e.g. related to centromere functions or flanking genes) can-
not be ruled out. The presence of an introgression with relatively conserved boundaries and shared
ancestry across distinct domesticated S. cerevisiae strains point toward an ancestral event with a
deep root in time. To test this scenario, we investigated the flanking regions outside the CEN3
introgression block in the industrial AHQ S. cerevisiae strain isolated in Taiwan from molasses
(Supplementary Fig. 4.14e-f). Although the genomic background of AHQ is related to the Sake S.
cerevisiae strains from the Asian domestication group, the 2-kb sequence upstream of the intro-
gression block robustly branched with the Wine/European S. cerevisiae clade from the non-Asian
domestication group (Supplementary Fig. 4.14f). This result, along with the common ancestry of
the S. paradoxus CEN3 introgression, supports the evidence that the introgression was introduced
into the Asian lineages through admixture with a Wine/European S. cerevisiae rather than from
a distinct introgression event. In addition, the absence of introgression in wild Chinese lineages
is consistent with a S. cerevisiae / S. paradoxus hybridisation that occurred after the initial out-

of-China event, while the spread of the introgression across the clades was likely favoured by
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domestication offering opportunities to move and interbreed (Liti et al. 2009). Thus, we report an
ancient secondary contact between S. cerevisiae and a European S. paradoxus that likely occurred
on the European continent either before or in concomitant with the S. cerevisiae wine domestica-

tion, leaving behind CEN3 introgression block.
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Figure 4.4 — Ancient introgression on chromosome III. a, Density of diagnostic markers with Eurasian
(x-axis) and American (y-axis) S. paradoxus genotypes in S. cerevisiae strains with introgressed blocks.
Red circles indicate a set of strains with the CEN3 introgressed block. The Alpechin strains were excluded
to better visualise the other clades. b, On the left, barplot with the percentage of isolates with the introgres-
sion on CHR III (log scale). On the right, rooted neighbour-joining phylogeny of the 1,673 S. cerevisiae
strains. The colours annotate wild basal lineage (WBL) and both non-asian and asian domesticated groups
(NADG and ADG), while numbers are counts of strains with the CEN3 introgression block. ¢, Ultrametric
maximum likelihood phylogeny of the CEN3 introgression block in S. cerevisiae strains and the corres-
ponding orthologous region in European Saccharomyces paradoxus strains. 95 indicates the percentage of
phylogenies supporting the CEN3 introgression branch. The branch length was removed to magnify the
branch topology.

4.4.5 A convergent adaptive introgression

While most shared introgressions across S. cerevisiae strains are explained by common origin,
events that arose independently and are maintained over time represent strong candidates of adap-
tive introgressions. We searched for introgressed genes that were independently acquired from
different S. paradoxus populations and detected one striking case, corresponding to an introgres-
sion block encompassing the PADI-FDC1 gene pair (Fig. 4.5a-b). The two genes are functionally
related and promote the transformation of the toxic compound cinnamic acid and related phenolic
acids into potentially useful derivatives, like coumaric, caffeic, ferulic, and sinapic acids (Ramos-
Cormenzana et al. 1996). The PADI-FDCI alleles are introgressed in 55 S. cerevisiae strains,
belonging to the Alpechin, Bioethanol, Mosaics R3, South American Mix 2 and Mix 3 clades

(Supplementary Table 8), with all 40 Alpechin strains retaining such introgression blocks (Sup-
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plementary Fig. 4.12a). We found the PADI-FDCI alleles were introgressed and retained in S.
cerevisiae at least twice, from either the European or the American S. paradoxus subpopulations
(Fig. 4.5b), strongly arguing for an adaptive role. The selection for retaining this PADI-FDC] in-
trogressions across the Alpechin and Bioethanol clades could be exerted by the abundance of cin-
namic acid and other phenolic acids in the olive oil wastewater environment (Jamoussi et al. 2005)
and in intermediates of bioethanol production (Klinke et al. 2004). We experimentally tested this
hypothesis by swapping the functional copy PADI-FDCI alleles (Fig. 4.5c) from an alpechin S.
cerevisiae (CPQG) into the Wine/European S. cerevisiae genome (strain DBVPG6765) that closely
resembles the S. cerevisiae genomic background of the Alpechin strains but lacks introgressions.
Thus, we performed a competitive growth assay with DBVPG6765 wild type (DBVPG6765%T)
and DBVPG6765 with the Alpechin introgressed PADI-FDCI copy (DBVPG6765A1F). We tag-
ged DBVPG6765%T and DBVPG67654LF with two distinct fluorescent proteins (yGamillus, GFP
and mRuby?2, RFP) ; we then mixed DBVPG6765%T with DBVPG6765AL in equal proportion (=
50% DBVPG6765WT ~ 50% DBVPG6765ALP) and let the strains grow and compete in different
stressful environments (Fig. 4.5¢). We tracked the growth in the presence of selective stresses cha-
racteristic of the olive oil wastewater or brine environments (Ferulic acid, tyrosol, NaCl) as well
as phenolic azoles and rapamycin, to which S. cerevisiae laboratory strain lacking PADI or FDCI
activity are known to be sensitive (Hillenmeyer et al. 2008). At the end, we quantified the RFP
and GFP fluorescence with the cytometer at two different time points, Ty (starting point) and
T3 (end competitive experiment) and calculated the ratio (RFP/GF P)r,/(RFP/GF P)t, (Me-
thods, Fig. 4.5d). We found that the Alpechin PADI-FDC] alleles conferred no fitness advantage
in the absence of stress, but improved the growth in the presence of phenolic azoles, caffeine and
ferulic acids (Fig. 4.5d and Supplementary Fig. 4.15). On the other hand, the Alpechin alleles did
not confer tolerance to NaCl, ethanol, rapamycin or tyrosol, which is abundant in olive wastewater,
but not known to be degraded by yeast. To our knowledge, this is the first experimental validation

of an adaptive S. paradoxus introgression in S. cerevisiae.
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Figure 4.5 — Adaptive introgression of the genes PADI/FDCI. a, Heatmaps of the S. paradoxus intro-
gression block at the end of chromosome IV, in the Alpechin and Bioethanol clades. The colour indicates
the fraction of strains in each clade that carries the introgressed block. PADI-FDCI positioning is indi-
cative. b, Maximum likelihood unrooted phylogenetic tree underlies the distinct S. paradoxus ancestries
of the PAD-FDCI introgressions. ¢, Graphical representation of the genetic engineering of PADI-FDCI1
introgression in the S. cerevisiae Wine/European DBVPG6765. d, Fitness in different environments (x-
axis) of a S. cerevisiae DBVPG6765 strain carrying the Alpechin PADI-FDCI alleles (DBVPG676541F)
compared to DBVPG6765YT strain. Fitness was measured by competing fluorescently tagged asexual ver-
sions of each strain over three growth cycles in each environment and measuring the intensity of each
fluorescence, before and after the competition experiment. The y-axis reports the fluorescence ratio as
[(RFP/GFP)r,/(RFP/GFP)1,] — 1 (named p(t3/t0) — 1) i.e the ratio between DBVPG67654LF
and DBVPG6765VT fluorescence after the competition (T3) and before competition (Ty), such that a
positive number represents higher fitness for the strain carrying the S. paradoxus PADI-FDCI alleles
(DBVPG67654LF). Circles represent biological replicas, four replicas were run for the non-stress condi-
tion (SDC) and two replicas for each of the stresses.

4.5 Discussion

Shared polymorphisms between populations can be ancient, predating their split, and persist by
ILS. We reported abundant ILS polymorphisms in the highly diverged S. cerevisiae lineages that
separated from the S. cerevisiae last common ancestor before the out-of-China event. The abun-
dance of ancestral polymorphisms in the highly diverged Asian lineages might reflect different

evolutionary histories compared to lineages that post-date the out-of-China event. Asian S. cere-
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visiae lineages were isolated in a tropical forest environment (Q.-M. Wang et al. 2012, T. J. Lee
et al. 2022), which can be perceived as the species ancestral ecological niche. Their persistence in
a stable ecological niche without novel selective pressures and dispersal has resulted in fewer or
less dramatic population bottlenecks maintaining a larger effective population size that favoured
the persistence of ILS alleles. This finding somewhat mirrors African human populations, which
share many variants with Neanderthals and Denisovans despite having little or no admixture from
these archaic groups (Bergstrom et al. 2020). An alternative source of shared polymorphisms de-
rives from the introgression process. We reported a detailed catalogue of introgression blocks in S.
cerevisiae and unveiled multiple hybridisation events that shaped the species’ evolution after the
out-of-China dispersal. These hybridisations are not restricted to domestic environments, illustra-
ting that they can occur in nature and perhaps can be selected for in human-made environments,
where introgressed strains have been observed more frequently (Peter et al. 2018). Strikingly, three
out of the four described hybrids present a signature of genome instability in the form of LOH,
which enables introgressions to emerge in reproductively isolated yeast species (D’ Angiolo et al.
2020). This finding supports that genome instability leading to LOH is a common mechanism and
contributes to shaping the patterns of introgression across the genome. The remaining hybrid wi-
thout LOH might represent a recent hybridisation event or did not yet experience the conditions
that trigger the genome instability. Hybrids containing full subgenomes from both species enable
in-depth phylogenetic analysis. While the UK, Spanish and Brazilian hybrids have subgenome
ancestries consistent with the modern S. cerevisiae and S. paradoxus populations in these regions,
the Hawaiian hybrid subgenomes seem to have originated elsewhere. The S. cerevisiae subge-
nome is very close to the Ecuadorian isolates and the S. paradoxus subgenome does not relate to
Hawaiian S. paradoxus, but instead to the American clade. Therefore, the Hawaiian hybrid or its
founding parents likely migrated from the American mainland. Overall, our study detected either
complete hybrids with nearly full subgenomes from both parental species or isolates with up to
6% introgression. On the other hand, we have not detected isolates with more abundant introgres-
sion that represent the F1 hybrid in their backcrossing stages. This is consistent with experimental
data showing that gametes with chimeric genomes are highly unfit (D’ Angiolo et al., 2020) as a
consequence of widespread genetic incompatibilities (Bozdag et al. 2019). Selection against in-
trogressions has been observed in primates (Vilgalys et al. 2022) and produced deserts depleted

of introgression in the human genome (Wolf & Akey 2018), perhaps suggesting that the decay of
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introgressed material is rapid after the initial hybridisation. The yeast genetic toolbox enabled us
to demonstrate the functional impact of the introgressed PADI-FDCI gene pair on growth in the
presence of antifungal drugs and ferulic acid. Such conditions might be relevant in the agricultural
and industrial environments and underlie an adaptive potential for this introgression. These genes
are known to metabolise cinnamic acid and to produce an off-flavour phenolic derivative (4-vinyl
guaiacol) in alcoholic beverages. Selection against the undesired 4-vinyl guaiacol production has
promoted the spread of loss-of-function alleles across the S. cerevisiae beer clades (Gallone et
al. 2016). Both the Alpechin and Bioethanol isolates, which independently acquired and main-
tained the PADI-FDCI introgression, are not used for fermented beverage production, but they
share large swaths of the Wine/European and beer genetic backgrounds and potentially carried
non-functional PADI-FDCI alleles. An intriguing scenario is that introgressed material in yeast
domesticated lineages helps to restore alleles that accumulated loss of function across many genes

and pathways during domestication (De Chiara et al. 2022).

4.6 Data availability

The gVCF of the S. cerevisiae collection and raw data of the diagnostic markers and intro-
gressed blocks coordinates are available at https://bitbucket.org/yeastgenomics.
The genome sequences generated in this study are available at the European Nucleotide Archive

(ENA) under the accession code PRIEB71987.

4.7 Code availability

The developed computational pipelines and scripts are available at https://bitbucket

.org/yeastgenomics.
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4.11 Supplementary

4.11.1 Methods

Saccharomyces collections

Genome sequences analysed in this study were previously published. The majority of the iso-
lates belong to the 1011 S. cerevisiae collection (Peter et al. 2018). We included additional data-
sets to widen the sample size of several clades and specifically added strains from the following
sources : wild and industrial Chinese (Duan et al. 2018), wild Brazilian (Barbosa et al. 2016),
olive oil (Pontes et al. 2019), wild North American (Almeida et al. 2015), beer (Gallone et al.
2016,Gallone et al. 2019), Brazilian Cachaga (Barbosa et al. 2018) , flor (Coi et al. 2017), clinical
(Ramazzotti et al. 2019) and industrial (Gongalves et al. 2016,Legras et al. 2018). We checked the
fastgs files’ quality with FastQC and assembled a collection of 1,676 strains that covers all the
currently known S. cerevisiae diversity in terms of both ecology and geography (Supplementary

Table 2). The Alpechin strains from Greece and Italy have been recently sequenced by us and not
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included in the global analysis of this paper, but they present an introgression pattern consistent
with the previously described ones. We also included strains with a complete S. cerevisiae X S.
paradoxus hybrid genome that had been either previously published or sequenced specifically for
this study. We reanalysed the Alpechin living ancestor hybrid strain AQF (D’ Angiolo et al. 2020).
This strain is the equivalent of the CBS7002, which was also sequenced by Pontes et al. 2019
as a monosporic isolate, thus explaining the recombined genome configuration in this study. Two
strains, UFMG-CM-Y651 and UFMG-CM-Y 652, isolated in Brazil (Barbosa et al. 2016) also har-
bour a hybrid genome structure. While the UFMG-CM-Y 652 was sequenced in its natural state,
the UFMG-CM-Y651 was sequenced as a monosporic isolate, consistent with its recombined ge-
nome profile. The genome composition of the UFMG-CM-Y651 is consistent with the original
diploid strain being similar to the UFMG-CM-Y652 and therefore likely belonging to the same
F1 hybrid population. Finally, we sequenced two hybrid strains : OS162 and OS2389 isolated in
the UK and Hawaii respectively. These strains were sequenced at The Earlham genomics facilities
(www.earlham.ac.uk) according to the LITE pipeline (Perez-Sepulveda et al. 2021). The resulting
libraries were run as a 384-plex pool on two NovaSeq SP lanes with 150 bp paired-end reads.
For each lane, it generated 540M clusters passing filters (84%) with 92% bases > Q30. In addi-
tion to the S. cerevisiae strains and genomes, we used five reference-quality genome sequences
representative of S. paradoxus populations (Yue et al. 2017) for detecting the S. paradoxus shared
polymorphisms.

S. cerevisiae phylogeny

The short reads were mapped against the Saccharomyces cerevisiae consensus S.c.c. by BWA
(v.0.7.16a options -/M -/t) and samtools view (v. 1.7 — 12 options -bS -F 1284). Not primary
aligned, unmapped and duplicated reads were filtered out. samtools sort and index (default op-
tions) were used to sort the bam files and produce the indexes (bai). We generated genome VCFs
(gVCFs) by beftools mpileup (options -q 5 —annotate DP —skip-indels) and beftools call (-m -Oz).
We streamlined the gVCFs by rewriting the structure with beftools query (options -f *%CHROM t
%POS t %REF t %ALT t %QUAL t %INFO/DP t %FORMATn’) and performed custom filtering
with awk (using a threshold of 20 for quality and 10 for depth). The phylogenetic tree was built
in R with the SNPRelate package as follows : generation of gds file snpgdsVCF2GDS (option
method="biallelic-only”), import gds file snpgdsOpen, construct the dissimilarity matrix compa-

ring each pair of strains (snpgdsDiss, options autosome.only = F, missing.rate=0.01), run bionj
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algorithm (Gascuel 1997), laddered the tree with ladderize function. The phylogenetic tree was
printed out using iTol with an unrooted layout (Supplementary Fig. 2). Based on the new exten-
ded phylogeny, we revised the clade nomenclature to accommodate geographical and ecological
information. We remained faithful to the previous naming with few exceptions. We grouped the
clades “French Dairy” (Peter et al. 2018) and “Milk Chinese” (Duan et al. 2018) in a single “Dairy
products” clade ; we labelled two distinct Sake subclades (Sake-A and Sake-B). We kept the desi-
gnation of “Asian fermentation” from the 1011 collection (Peter et al. 2018), despite these strains
are not monophyletic in this extended phylogeny and are scattered in other Asian clades (Duan et
al. 2018). Wild Chinese clades were maintained as in Duan et al. 2018. Finally, the wild Brazilian
clades (B1, B2, B3 and B4, from Barbosa et al. 2016) and the Cachagca strains (Barbosa et al. 2018)
were regrouped under the “South America Mix 17, “South America Mix 2” and “South America
Mix 3”.

S. cerevisiae consensus (S.c.c.) sequence construction

To minimise the bias due to the use of a single reference sequence, we constructed a S. ce-
revisiae consensus genome. We selected 48 representative strains of the 1011 S. cerevisiae high
coverage collection described in Peter et al. 2018 (Supplementary Table 1) and we calculated
the allele frequency across the selected strains for each single nucleotide polymorphism (SNPs).
Alternative alleles with frequencies higher or equal to 0.75 (15,559 positions) replaced the corres-
ponding reference alleles in the SGD reference genome (strain : S288C ; version : SGD R64-1-1).

Restoring collinearity in S. paradoxus genomes

The two genome assemblies from S. paradoxus isolates bearing large chromosomal rearran-
gements (UFRJ50816 and UWOPS91 — 917.1) were modified to obtain a collinear structure with
respect to the S.c.c. genome. We used the break points previously described and the genomic
annotations of UFRJ50816 and UWOPS91 — 917.1 were modified accordingly. The restored col-
linearity was inspected by aligning the original and the modified S. paradoxus genomes to the
S.c.c. genome with MUMmer v3 (nucmer algorithm options —mum). We filtered the delta file with
delta-filter (options -q -r and -u) to keep the one-to-one alignments and we inspected the result
through mummerplot (options —postscript, —color).

Saccharomyces cerevisiae strains ploidy estimation
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We quantified the ploidy of the isolates using the allele balance (AB) at heterozygous positions
called with freebayes (v.1.2.0 default options). The AB is defined as the number of reads suppor-
ting the alternative allele (ALT) divided by the total number of reads mapping to that position.

Definition of diagnostic markers dataset

The six assemblies of S.c.c., CBS432, N44, YPS138, UFRJ50816 and UWOPS91 — 917.1
were masked in correspondence of both repetitive elements (LTR, Core X, Y’, Ty elements) and
rapidly evolving sequences such as telomeric regions, introns, pseudogenes and noncoding exons,
replacing the sequences with ‘N’ values. We ran MUMmer v3 (nucmer algorithm options —mum)
to align the masked assemblies in pairwise combinations, chromosome by chromosome, taking
advantage of their restored collinearity. The delta files were filtered with delta-filter (-r -q -1 400)
keeping reference-query alignments longer than 400 bp and allowing for inversions. show-snps
(options -CIrT) was used to extract the polymorphic positions. We identified a set of 1,257,196
marker positions; 1,205,445 (95.9%) were biallelic, 50,835 (4%) triallelic and 916 (0.07%) tetral-
lelic. We retained only the biallelic markers for the downstream analysis. We identified and flagged
different allele patterns occurring at each biallelic marker position, across the assemblies, defining
ten categories. The first set, which is the most abundant, consists of 775,500 biallelic markers in
which S. paradoxus allele is conserved across the five assemblies, while the S.c.c. allele is different
(species-specific markers). These alleles are considered to have arisen after the split between the
species. The second set consists of 67,837 markers in which alleles are specific to the euroasia-
tic S. paradoxus populations (CBS432 and N44 assemblies), while S.c.c. allele is shared with the
American S. paradoxus populations (YPS138, UFRJ50816 and UWOPS91 — 917.1 assemblies).
The third set consists of 78,463 markers in which alleles are specific to the American S. para-
doxus populations. S.c.c. allele is shared with the two Euroasiatic S. paradoxus populations. The
fourth set consists of 62,987 markers in which the alleles are specific to the continental American
S. paradoxus populations (YPS138, UFRJ50816 assemblies) while the S.c.c. allele is shared with
the Euroasiatic S. paradoxus populations and the Hawaiian S. paradoxus. The fifth set consists of
36,968 markers in which one allele is private of the European S. paradoxus population (CBS432
assembly). The sixth set consists of 34,300 markers in which one allele is private to the Far Eastern
S. paradoxus population (N44 assembly). The seventh set consists of 7,975 markers in which one
allele is private to the North American S. paradoxus population (YPS138 assembly). The eighth

set consists of 10,641 markers of which one allele is private to the South American S. paradoxus
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population (UFRJ50816 assembly). The ninth set consists of 81,547 markers of which one allele
is private to the Hawaiian S. paradoxus population (UWOPS91 — 917.1 assembly). The tenth and
last set consists of 49,227 markers in which the allelic patterns do not follow the phylogeny of
the species. We collected the number of markers in 1-kb non-overlapping windows (Supplemen-
tary Fig. 1) and we measured the markers’ density across the chromosomes (density = number of
markers in one chromosome / total size of the blocks aligned with MUMmer) showing that the
markers are evenly distributed across the chromosomes (Supplementary Fig. 1).

Identification of S. paradoxus alleles and introgressions through marker patterns in S.
cerevisiae

We used a modified version of MuLoYDHS7 to screen 1,673 S. cerevisiae strains to identify
those enriched in S. paradoxus alleles using as input the dataset of species-specific markers sto-
red as BED files with either S.c.c. or CBS432 coordinates. The FASTA genomes were indexed
with samtools faidx and bwa index (default options). The mapping of the short reads, against both
S.c.c. and CBS432, was performed by piping BWA (v.0.7.16a options -M -t) and samtools view
(v.1.7—12 options -bS -F 1284). Not primary aligned, unmapped and duplicated reads were filtered
out. samtools sort and index (default options) sorted the bam files and produced the indexes (bai).
We collected the statistics about the short read mapping (samtools flagstat) and the coverage (sam-
tools depth option -a piped with awk). The markers positions were genotyped using the sorted bam,
piping samtools mpileup (options —positions -u -min-MQ5 —output-tags AD,ADF,ADR,DP,SP —
skip-indels —redo-BAQ) and bcftools call (—ploidy -c¢ -Oz). The ploidy option was set up to ei-
ther 1 or 2; whenever this information was missing (NA), or the ploidy was higher than 2, we
performed the call with the default option (—ploidy 2). A preliminary step with GEM-indexer
(v.1.423 options -c dna) followed by GEM-mappability (v.1.315 options -1) provided the read-
length specific mappability information for both the FASTA genomes. Control-FREEC v10.7 was
run to detect the copy number variants of the sample with known ploidy levels. A per-sample
configuration file was prepared with custom yeast parameters (telomeric=4000, coefficentOfVa-
riation=0.05, minExpectedGC=0.35, maxExpectedGC=0.40) ; the significance of Control-FREEC
predictions was assessed with assess_significance.R which returns two p-values (from a Wilcoxon
and Kolmogorov-Smirnov test) for each CNVs. Only CNVs detected against both the references
and supported by both p-values < 0.01 were retained. CNVs were only investigated on samples

with known ploidy. Markers genotyped against both the input assemblies were filtered following a
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strict strategy to keep the number of false positive calls low. We discarded marker positions from
the mitochondrial genome and both telomeric and subtelomeric regions because of their known
highly-content variability (Yue et al. 2017). Furthermore, we extended the filtering on chrXIV
from 1 to 38,500 because the European S. paradoxus population contains an introgression from S.
cerevisiae (Liti et al. 2006) that would produce false-positive introgressions. Markers genotyped
against S.c.c., but not those against S. paradoxus, were quality filtered (QUAL > 20). In addition,
we only retained markers whose genotypes were consistent across both mappings (example : REF
A ALT G against S.c.c. must correspond to REF G ALT A against CBS432). For haploid and
diploid strains, the positions embedded in CNVs were filtered out because the altered ploidy may
compromise the step of genotyping. We generated a catalogue of introgression blocks supported
by at least 5 consecutive diagnostic markers with S. paradoxus genotype by a custom-made R
scripts (Supplementary Table 4). The selected value of >5 consecutive diagnostic markers was
based on the introgression blocks abundance and distribution across the genome and represented a
conservative threshold to retain highly confident events for a subset of follow-up analysis. To trace
back the origin of the introgressions, we performed a second mapping that requires as input all six
assemblies. We selected a few strains to maximise different patterns of introgressions. The FASTA
genomes were indexed with samtools faidx and bwa index (default options). The mapping of the
short reads, against S.c.c., CBS432, YPS138, UFRJ50816 and UWOPS91 — 917.1 were perfor-
med piping BWA (v.0.7.16a options -M -t) and samtools view (v. 1.7 — 12 options -bS -F 1036).
samtools sort and index (default options) sorted the bam files and produced the indexes (bai). The
markers positions were genotyped across the short-read sorted bam, piping samtools mpileup (op-
tions —positions -u -min-MQ5 —output-tags AD,ADF,ADR,DP,SP —skip-indels —redo-BAQ) and
beftools call (—ploidy -c -Oz). The markers were kept when the alternative allele was concordant
in at least 4 out of the 6 mappings. The presence of markers private to specific subpopulations was
used to infer the origin of the event.

Comparing whole-genome phylogeny with gene-based trees

S. paradoxus has a well-defined population structure. To identify genomic regions having a
discordant evolutionary history, we extracted 5,191 1-to-1 orthologous genes across S. paradoxus
and S.c.c. assemblies based on genome annotations. We discarded ambiguously annotated, broken
or double-annotated sequences. For each ortholog, we performed multisequence alignment with

MUSCLE (v3.8.31) and we generated a UPGMA gene tree (MUSCLE with -maketree default
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options). We used the Robinson—Foulds metric (RF.dist function in R package phangorn v.2.10.0)
to measure the distance of gene trees from the species tree. Most gene trees (4, 569/5191; 88%)
retraced the species tree structure and are informative for detecting potentially introgressed genes.
Gene-based trees with a phylogeny discordant to the species phylogeny (622/5,191; 11%) were
reported. Among these 569 were 2 operations distant from the species tree, 48 measured 4 opera-
tions and 6 trees 5 operations. In order to assess the presence of S. cerevisiae introgression within
S. paradoxus, we extracted and compared the phylogenies for 5,191 1-to-1 orthologs which were
determined on the basis of the annotations of 5 S. paradoxus genomes, representing the available
populations, and the S. cerevisiae reference genome.

Identification of introgressions from S. paradoxus using statistical tests

We developed a pipeline that, taking as input either short read datasets or de novo assemblies,
performs Patterson’s D (Green et al. 2010), f (Martin et al. 2013,Durand et al. 2011) and df (Pfeifer
& Kapan 2019) statistics. These statistics rely on the comparison of alleles across 4 populations
(P) whose phylogenetic relationship can be described as (((P1,P2),P3),0) where O stands for out-
group. In our study, P1 and P2 represent two different populations of S. cerevisiae, P3 a population
of S. paradoxus while S. jurei is used as an outgroup in O. For each S. cerevisiae strain selected,
we generated an artificial whole genome assembly by replacing the specific isolated alternative al-
leles on the scaffold of S.c.c. To do this, we mapped the selected S. cerevisiae short-reads against
S.c.c. by piping BWA (v.0.7.16a options -M -t) and samtools view (v.1.7 — 12 options -bS). Du-
plicated reads were filtered out. samtools sort and index (default options) sorted the bam files and
produced the indexes (bai). The variant calling was performed piping samtools mpileup (options —
positions -u -min-MQ3 —output-tags AD,ADF,ADR,DP,SP —skip-indels -redo-BAQ) and bcftools
call (-vm -Oz). Variants with QUAL < 20 were discarded as well as INDELs and multiallelic
positions. Finally, the alternative allele of the remaining variants was used to replace the allele on
the S.c.c scaffold with a homemade script. We then performed multiple whole-genome alignments
with progressiveMauve (Darling et al. 2004) (released 2015 — 02 — 13) default option. All the ali-
gnments were run respecting the input order imposed by the phylogeny : (((P1,P2),P3),0) where
P1 rotated between S.c.c., a Wine/European, a CHN-IV and a CHN-I isolate. Every S. cerevisiae
isolate of the collection was used as P2, P3 is the de novo assembly of the European S. paradoxus
(CBS432) and O is the de novo assembly of S. jurei. We extracted the SNPs from the xmaf file

with org.gel.mauve.analysis.SnpExporter. The P2 alleles were considered reference (0 in the vcf)
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and only biallelic positions were kept. We took advantage of the availability of S.c.c. and CBS432
annotations for excluding the SNPs in telomeric and subtelomeric regions and SNPs located in
different chromosomes when the chromosomes of P1 P2 and P3 were compared as these genomes
are collinear. The resulting VCF was equipped with a VCF header for downstream analysis.

Patterson’s D statistics

We integrated the script written by Joana Meier ( convertVCFtoEigenstrat.sh option rec=0.3
cM/Kb) for converting the VCF file in the corresponding map, geno and ind files. Patterson’s D
statistics were run with ADMIXTOOLS (v.7.0.2) in R using the package admixr (v.0.9.1) function
d(). Assuming around 2.2 million SNPs per sample we tested different blgsize and we selected 0.12
which resulted in around 345 blocks for the jackknife resampling. A number of 345 blocks cor-
responds to around 6,300 SNPs per block; given 1 SNP every 5.5 bp (11,000, 000bp/2, 200, 000
SNPs =5.5) each block covers a genome length of around 34,650 bps (6, 300snps * 5.5bp) a dis-
tance at which the linkage disequilibrium approaches low r? values close to the baseline (Green et
al. 2010, Tsai et al. 2008, Schacherer et al. 2009). The D values were reported together with the
sd error, the Zscore and the number of sites for both ABBA and BABA patterns.

f statistics

The f statistics estimates the fraction/percentage of genome introgressed. We ran the f statis-
tic implemented in the R package PopGenome (v.2.7.5) with introgression.stats (vcf, do.D =T,
do.df=F, do.RNDmin = F, block.size = F, keep.site.info = TRUE).

df statistics

We subset the VCF chromosome-by-chromosome and ran the df statistics implemented in the
R package PopGenome (v.2.7.5)65 in 200 bp non-overlapping sliding windows ; we then highligh-
ted windows for which df values were 5 times higher than the whole-chromosome mean value.

Proof of concept

As a proof of concept, we reconstructed the genome of an Alpechin strain known to be intro-
gressed (AHL) and a CHNIX (AMH) strain for which one introgression block from an unknown
Saccharomyces spp on chrXI was detected (Peter et al. 2018). For both the strains we compared
the results obtained with 1) the reconstructed false genome and 2) the de novo genome.

Introgression breakpoint and hotspot association

The association between the introgression breakpoints detected in the Alpechin strains and

DSB/recombination hotspots was tested by means of the regioneR package (v.1.30.0) (Gel et al.
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2016). The association tests were performed by means of the function overlapPermTest setting
the parameters ntimes = 10000, and alternative = “greater”. The fasta suite (Pearson & Lipman
1988) (fasta36 -b 3 -d 3 -m 8, version : 36.3.8d April 2016) was used to convert the coordinates of
the hotspots regions detected in the original reference genomes (SGDr62 — 1 — 150090218 and
SGDR58 — 1 — 150080305 for the hotspots reported by Pan et al. 2011 and Mancera et al. 2008,
respectively) to the corresponding coordinates of the S.c.c. genome. Introgression breakpoint re-
gions were defined, e.g., as the genomic interval between the first marker of an introgression region
and the closest flanking marker which does not belong to the same introgression region. Overall,
we tested 3868 hotspot regions (median width 196 bp) and 13,267 introgression breakpoints (me-
dian width 19 bp), detecting 482 overlaps. Our test did not reveal any association between the
DSB/recombination hotspots and introgression breakpoints (p = 0.95). The robustness of the ap-
proach was previously assessed by applying the test to a collection of LOH breakpoints formed
through the return-to-growth protocol and recombination hallmarks, revealing a strong association
(Mozzachiodi et al. 2021).

Phylogeny of the introgression on chromosome II1

We collected 30 short read sequencing for European S. paradoxus populations sampled from
Canada (Eberlein et al. 2019), USA (Leducq et al. 2016), UK, Russia, Ukraine, Italy, Spain, Por-
tugal, Germany and Latvia (Koufopanou et al. 2020); one North American S. paradoxus strain
(YPS138) (Yue et al. 2017) that served as an outgroup and 18 representative strains with the in-
trogression on chrlll from different clades : Wine European, Alpechin, Bioethanol, Mosaics beer,
Mantou 7, Mosaics, the Alpechin hybrid described in D’ Angiolo et al. 2020 and its spore descri-
bed by Pontes et al. 2019. For each strain, we ran bwa in a competitive mapping concatenating
S.c.c. and CBS432 (European S. paradoxus genomes) and we removed PCR duplicated reads. As
all the samples (except the hybrid) were homozygous and diploid we performed position geno-
typization (ploidy 2) restricted to the shortest shared introgressed area against chrlll of CBS432
from position 129,241 to 159,904 (samtools mpileup -u -1 CBS432.chrlll.bed —adjust-MQ 50 -
min-MQ5 —output-tags AD,ADF, ADR,DP,SP —redo-BAQ -f CBS432.genome.fa sample | beftools
call -m -Oz > sample.chrlll.variants.gvcf.gz). The resulting gvcf were filtered for the variant qua-
lity (veftools —gzvef —minQ 20 —recode —recode-INFO-all —out). For each strain, we reconstructed
its FASTA sequence by using the sequence of CBS432 as a scaffold and replacing the positions

corresponding to a variant site with the ALT allele. Since we wanted to compare intra-lineage
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short sequences we performed a stringent masking to keep only reliable positions. We masked
the following segments : 129,241 — 132,000; 132,977 — 133,178; 153,001 — 153,799 and
159,530 — 159,904 ; plus 1) the positions corresponding to INDELs ; 2) multi allelic variant po-
sitions ; 3) positions for which we were not able to identify the alleles in more than 4 samples and
4) positions missing against the outgroup (North American S. paradoxus) as we could not assume
sequence identity with the European S. paradoxus. We then refined the masking. For each gene
within the introgression, we counted the number of masked positions (Ns) and if more than 5%
of the gene length was replaced by Ns the entire sequence was completely masked; 5/15 genes
were completely masked (YCLOO9C, YCLOOSC, YCLOOSW, YCLOO5SW-A and YCROO3W). We joi-
ned the FASTA of the samples in a single multi-FASTA file and we constructed the phylogeny
with MEGA X (v.10.1.8) using the Maximum Likelihood method and Kimura 2-parameter model
(other options included complete deletion and initial tree generation by mean Neighbour-Join and
BioNIJ algorithms ; non-coding nucleotide sequence were assumed).

Phylogeny across shared S. paradoxus introgression

For each strain from South American mix1, South American mix 2, French Guiana and Mexi-
can Agave clades we performed a competitive mapping using bwa and concatenating S.c.c. and
European S. paradoxus CBS432 genomes and we removed PCR duplicated reads. We perfor-
med whole-genome position genotypization (samtools mpileup -u -1 CBS432.bed -min-MQ3 —
output-tags AD,ADF,ADR,DP,SP —-redo-BAQ -f CBS432.genome.fa sample | bcftools call -m -Oz
> sample.gvcf.gz). The resulting gvcfs were filtered for the variant quality and read depth; we
retained only the biallelic positions and we discarded the INDELs (vcftools —gzvef —minQ 20 —
minDP 10 —max-alleles 2 —-remove-indels —recode —recode-INFO-all —out). We reconstructed the
FASTA sequence for each strain by using the CBS432 as scaffold for the sequence and replacing
the corresponding variant site positions with the ALT allele. We performed masking to keep only
reliable positions and replaced with N all the bases for which one sample selected for a specific
introgression was missing the call. We joined the FASTA of the samples in a single multi-FASTA
file. Only multi-FASTA with a reasonable number of masked positions were visually inspected
for short read alignment and used to construct the phylogeny with MEGA X (v.10.1.8) using the
Maximum Likelihood method and Kimura 2-parameter model (other options included complete
deletion and initial tree generation by mean Neighbor-Join and BioNJ algorithms; non-coding

nucleotide sequence were assumed).
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Phylogeny of S. cerevisiae and S. paradoxus hybrid subgenomes

For each hybrid strain, we performed a competitive mapping using bwa and concatenating
S288C reference genome (version : R64 — 1 — 1) and either the AmericanS. paradoxus YPS138
for the American hybrids or the European S. paradoxus CBS432 genomes for the European hy-
brids. For the phylogeny of the S. cerevisiae subgenome, we included representative strains from
the main S. cerevisiae clades. From the bam files, we performed whole-genome position genoty-
pization for each sample (bcftools mpileup -E -Ou -q 5 -a DP -f genome.fa sample.bam | bcftools
call -mO v | beftools view —max-alleles 2 —exclude-types indels -e ’"QUAL < 20 || FORMAT/DP
< 10’ | beftools annotate -x ID,INFO,FILTER | bgzip > sample.gvcf.gz"). We then merged the
gvcfs in a single multi-sample gvcf file and kept only the positions against the S288C reference
genome that was genotyped across all the samples. The multi-sample gvcf file was converted in
the PHYLIP file format with vcf2phylip.py with options -m 1000 -o CEI. CEI is a CHN-IX S. ce-
revisiae strain and it was used as an outgroup. The PHYLIP file was the input for the construction
of the phylogeny with the software IQ-tree (igtree -s file.phy -bb 1000 -alrt 1000 -bnni -nt AUTO
-m TEST+ASC). The phylogenetic tree was represented using iTol with a rooted circular layout
(Supplementary Fig. 8b, panel on the right). For the phylogeny of the S. paradoxus subgenome of
the European hybrids we included : the Alpechin S. cerevisiae strains, the European S. paradoxus
CBS432, and one representative for each Euroasiatic S. paradoxus population while the American
S. paradoxus was used as an outgroup. Instead, for the phylogeny of the S. paradoxus subgenome
of the American hybrids we included the American S. paradoxus strains from Eberlein et al. 2019
and Yue et al. 2017. Using the gvcfs generated as described above, we merged the sample gvcfs
in a single multi-sample gvcf file but, we kept : the positions against the European S. paradoxus
CBS432 reference genome for the European strains and, the positions against the American S.
paradoxus YPS138 reference genome for the American strains. In both cases, we kept only the
positions genotyped across all the samples. The two gvcf files, for the European and American S.
paradoxus ancestry, were converted in PHYLIP files and the phylogenies were obtained as descri-
bed above. The phylogeny of the S. paradoxus ancestry of the European strains was depicted in
Fig. 4.3b while the phylogeny of the S. paradoxus ancestry of the American strains was depicted
in Supplementary Fig. 8b (panel on the left). The same competitive mapping strategy was used,
with different groups of strains, for the phylogenies depicted in Fig.4.3c, Fig. 4.3d and Fig. 4.4d.

CRISPR/Cas9 plasmid assembly and introgression engineering
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The introgression encompassing the genes PADI and FDCI was engineered using CRIS-
PR/Cas9 genome editing. The plasmid pUDP004 harbouring Cas9 was obtained from Addgene
(www.addgene.org). The resistance to acetamide in pUDP004 was replaced with the resistance
cassette to Nourseothricin generating the plasmid pL.59. The plasmid pL59 was linearized using
Bsal. Two gRNAs cutting on the border of the introgression were designed on UGENE and or-
dered as a synthetic oligo from Eurofins Genomics (™). The synthetic oligos were cloned into a
single linearized plasmid by using the Gibson assembly kit (NEB, Gibson Assembly®) and the
ligation reaction was carried out for 1 hour at 50 °C. The assembled plasmid was transformed into
DHS5-alpha competent bacteria by heat shock and the bacteria were incubated in 3 mL of LB broth
for 1 hour to induce the synthesis of the antibiotic resistance molecules and then plated on LB
plates containing 100 ug/uL of ampicillin. The following day, cells were screened by polymerase
chain reaction (PCR) using primers to validate the correct golden gate assembly of the construct.
Successfully transformed bacterial colonies were inoculated in LB broth containing 100 pg/uL. of
ampicillin and incubated overnight at 37 °C. Cells were harvested from the overnight incubation
and the plasmid was extracted using the QIAprep Spin Miniprep Kit following the manufactu-
rer’s instructions. The introgressed region was amplified from the Alpechin strain OS872 using
oligos with 60 nucleotides of homology flanking the PADI-FDCI region in the Wine European
strain DBVPG6765. Yeast samples were transformed using 50 uL. of PCR reaction, and 200 ng
of the constructed CRISPR/Cas9 plasmid using the lithium acetate protocol. Cells were then pla-
ted on selective media containing kanamycin (400 pg/mL) and incubated at 30 °C for 5 days.
Candidate-transformed clones were validated by PCR using a primer designed outside the artifi-
cially introgressed region and one inside the introgressed region. Positive clones were streaked on
YPD (Yeast extract 1%, Peptone 2%, Dextrose 2%, Agar 2%) and grown for 2 days at 30 °C to
allow plasmid loss. Plasmid loss was then confirmed by plating again the colonies in the selective
medium and positive ones were patched on YPD and stored at -80 °C in 25% glycerol tubes.

Insertion of a cassette encoding fluorescent proteins at the HO locus

The fluorescent protein yGamillus was amplified by PCR from the plasmid pL42, while the
fluorescent protein mRuby?2 was amplified by PCR from the plasmid pL71. The sequence of yGa-
millus was obtained from the Genescript construct pUC57-Kan-yGamillus TEF1ov. The sequence
of mRuby?2 was obtained from the plasmid pFA6a-link-yomRuby2-Kan generated by Kurt Thorn’s
lab (S. Lee et al. 2013). The plasmid targeting the HO locus was generated using the pUDP004


https://www.addgene.org/101165/

4.11-4.11.1 Methods 79

backbone as described above, but in this case, two gRNAs targeting the HO locus were used.
The transformation of the cassettes bearing the fluorescent proteins to be inserted in the HO locus
upon Cas9 editing was carried out as described above. Colonies were validated first by diagnostic
PCR, using a primer binding inside the coding sequence of the fluorescent protein and one pri-
mer binding outside the HO locus and later by flow cytometry screening to validate the correct
fluorescence of the proteins.

Competitive growth assay

The two competing strains ygl4147 (MATa, ho : :yGamillus, ura3 : :KanMX) and ygl4151
(MATa, ho : :mRuby, ura3 : :KanMX, pad1-fdc1Sc : :PAD1-FDC1Sp) were patched from glycerol
stocks onto YPD plates and incubated overnight at 30°C. The following day part of the patch was
transferred to two different falcon tubes per strain containing 5 mL liquid SDC media (0.67% YNB
w/o amino acids, 2% dextrose) and grown overnight (16-18 hours) at 30°C with shaking at 220
rpm. The following day we measured the OD600 of the four independent cultures and transferred
an equal amount of cells of the two competing strains (total OD600 = 1) from the overnight cultures
to two new tubes containing SDC or an SDC-based media to which we added one of the following
reagents : ferulic acid (800 pg/mL or 1200 ug/mL), caffeine (0.002 mM), rapamycin (30 nM),
ethanol (10% v/v), tebuconazole (0.0037 mg/mL), ketoconazole (0.0075 mg/mL), NaCl (0.6 mM)
or tyrosol (0.6 mg/mL). We took 200 uL of cultures, which were sonicated and then analysed by
flow cytometry using the filters B525-FITC and Y585-PE on the Cytoflex LX (Beckman Coulter)
to evaluate the difference of the GFP/RFP ratio at Ty in the population. The cultures were grown
for 24 hours at 30°C with shaking at 220 rpm. The following day the OD600 of the cultures was
measured and diluted to an OD600 of 1 in fresh media containing the same compounds that were
added at the beginning of the experiment and repeated the same transfer the following day. Finally,
we collected 200 pL. from each culture and transferred them to a 1.5 mL Eppendorf tube. The
samples were sonicated and then analysed following the same procedure used for the T and using
the same gating strategy as in the Ty. Events that were not included in the Ty gates were discarded
as they were often small (low FSC-H) compared to the median cell size of the population and were

likely cell debris.
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Figure 4.6 — Methods overview. a, Workflow of the pipeline. Abbreviations : PWGA : pairwise whole-genome alignment; CHR :
chromosome. b, biallelic patterns across marker positions. A : S.c.c. allele; B : alternative allele. Numbers on the phylogeny represent
whole-genome sequence divergence between S.c.c. and S. paradoxus and within the main S. paradoxus populations. In red the abbre-
viation of the main S. paradoxus populations. EU : European, FE : Far Eastern, NA : North American, SA : South American, HW :
Hawaiian. The columns indicate the marker positions used to define the introgression boundaries (common abbr. comm.) and the
origin (the remaining columns). The counts correspond to the number of marker positions available for each pattern. ¢, A cartoon of
the strategy adopted to construct the S.c.c. sequence, which is explained in the methods. Briefly, for each clade of the 1,011 collection,
we picked 2 strains and extracted the SNPs against the SGD reference genome. We then used SGD genome as a scaffold and changed
the alleles in the positions in which the ALT allele was more frequent than the REF allele (freq. > 0.75). d, Example of restoring the
collinearity of the translocated genomic region between S.c.c. and HW S. paradoxus on the translocation chromosome V/ chromosome
XIII described in Yue et al. 2017. The colour of the line reflects the sequence divergence between S.c.c. and the HW S. paradoxus.
e, The blue rectangles represent the genomic regions, in S.c.c. coordinates, which were effectively aligned across S.c.c. and all the
S. paradoxus whole-genome assemblies. f, Distribution of the diagnostic markers distance along the genome (1st Qu. : 3, mean :
14.59, median : 8, 3rd Qu. :16). Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick horizontal line, median. Circles represent
outliers. g, The per-chromosome marker density (MD) is measured as the number of diagnostic markers divided by the sum of the
aligned regions depicted in the g. panel. h, UPGMA phylogenies across the genome assemblies of 5,191 S. cerevisiae - S. paradoxus
1-to-1 orthologs. In blue, the most abundant individual gene topologies follow the structure of the species tree. In red and green two
contrasting gene topologies. i, zoom in on the distribution of contrasting gene phylogenies across the assemblies. On the left, the S.
cerevisiae introgression on chromosome XIV on the European population of S. paradoxus. In red, the genes with the phylogeny are
depicted in the central panel in i. On the right, the introgression / ancestral variation shared by the South American and the Hawaiian S.
paradoxus on the region surrounding the centromeric position of chromosome V. In green, the genes with the phylogeny are depicted
in the right panel in j; in grey, gene trees with alternative topologies. In both the zoom-in, the blue rectangles represent genes whose
phylogeny respects the species tree topology.
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Tree scale: 1

01: wine/european

02: mosaics region 1
03:alpechin

04: bioethanol and south american mix 3
05: mediterranean oak
06: Dairy

07: mosaics beer
08:mosaics region 2
09: mosaics beer

10: mixed origin

11: french guiana

13: mexican agave
14: mosaics region 3

15: asian fermentation

16: sake

17: malaysian

18: african palm wine

19: south american mix 1

20: CHN-VI and North American
21: Far East

22: CHN-V

23: CHN-X

24: CHNAII

25:CHN-IV

27: CHN-I

& 28: CHN-IX

Figure 4.7 — Global S. cerevisiae phylogeny. Unrooted neighbour-joining tree of the 1,673 S. cerevisiae strains analysed in this work.
Coloured clades are discussed in the main text.
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Figure 4.8 — Unknown origin introgression on chromosome XI in AMH. a, df statistics support the presence of the introgression
on chromosome XI. Red dots represent genomics windows characterised by an absolute value of df 5 folds or higher compared to
the average value across the chromosome. b, Polymorphism ancestry plot shows that the origin of the chromosome XI introgression
cannot be retraced to any S. paradoxus population, consistent with its origin from an unknown sister species. The grey bar indicates
the position of the introgression. ¢, Introgression boundaries in chromosome XI on AMH. The red blocks represent homozygous in-
trogressions while the blue blocks are homozygous for S. cerevisiae. d-f, Maximum likelihood phylogenies of the sequences spanning
the genes YKRO64W-YKRO78W derived from de novo whole-genome assemblies (Yue et al. 2017, O’Donnell et al. 2022, Naseeb et
al. 2018). SGD : S. cerevisiae reference genome, BAG : CHN-IIL S. cerevisiae, BAL : CHN-I S. cerevisiae, AMH : CHN-IX S. cerevi-
siae, CBS432 : European S. paradoxus, SRR17688670 : Chinese S. paradoxus, YPS138 : American S. paradoxus and NCYC3947 :
Saccharomyces jurei (outgroup). The tree on panel d and f are derived from 25 kb flanking regions before and after the introgression,
while the tree in panel e is the introgressed region. The blue circles at the nodes represent the percentage of SH-aLRT > 95% and
UFboot > 95%.
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Figure 4.9 — Introgression blocks sizes and location. a, distribution of the diagnostic markers with S. paradoxus genotypes groped
by size across different clades. For each clade, isolated markers and introgressed blocks with the same boundaries are counted once.
Overlapping blocks with different boundary coordinates are counted as separate events. The last column included all the blocks with
at least 5 consecutive S. paradoxus markers. The Y-axis is on logj( scale. The absolute value of the counts is indicated at the top
of each column. The label “Other” indicates S. cerevisiae strains that could not be placed in a specific clade. b, physical positioning
and frequency of the introgression blocks supported by > 5 consecutive S. paradoxus markers across 1,459 out of 1,673 S. cerevisiae
samples. The coloured scale reflects the number of times a specific block is shared across the 1,459 S. cerevisiae strains. Two blocks
shared by more than 156 S. cerevisiae strains were dropped to 156 to allow the visualisation of less common events. The genomic
coordinates indicate positions in the S.c.c. genome.
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Figure 4.10 — Introgression block size. a, introgression lengths distributions across S. cerevisiae clades defined as the number of

consecutive S. paradoxus markers. b, introgression lengths distributions across S. cerevisiae clades defined as the total length (in

bp) of regions within S. paradoxus markers. Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick horizontal line, median. Fully

coloured data points beyond the whiskers are outliers. Empty dots represent values of clades with a number of values < 20.
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Figure 4.11 — Patterson’s D statistics and whole-genome alignments. a, D values measured across the 1,671 S. cerevisiae collection
using different quartet input arrangements. The strains on the top of each plot represent the P1 (WE : ADS, CHN-IV : BJ3 and CHN-I :
BAL) population. P3 and P4 (Outgroup) are fixed and represented by the European S. paradoxus (CBS432) and S. jurei, respectively.
Multiple D values are calculated, for each sample, by mean jack-knife resampling of genomic blocks. The gradient colour reflects the
Z-score. D values associated with a Z-score equal to or greater than the absolute value of 3 are considered statistically significant and
the null hypothesis of the absence of gene flow can be rejected. Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick horizontal
line, median. Outliers are not shown. b, Absolute counts of both ABBA and BABA sites across the S. cerevisiae strains. ¢, S. par.
alleles at polymorphic positions. On top, the cartoons represent examples of the polymorphic sites taken into account; in the middle,
the Venn diagrams show the private and shared S. paradoxus alleles between the Chinese isolates ; at the bottom, the boxplots show
the distribution of the only shared S. par. alleles between the Chinese isolates. In the squared brackets the name of the strains; in the
round brackets the number of sites obtained using the de novo genome assemblies51 of BAG, AMH and CBS432 isolates depicted in
the cartoon above. Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick horizontal line, median. Outliers are not shown.
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Figure 4.12 — Highly introgressed clades. a, Frequency and genomic position of the introgressions detected across the Alpechin
(N=40, on the left) and Mexican Agave (N=7, on the right) clades. b, The heatmap shows the S. paradoxus percentage of introgressed
genes across S. cerevisiae strains with at least 5 introgressed genes. To reduce the complexity of the heatmap, we retained only
the genes introgressed in at least one of the remaining S. cerevisiae strains (322 strains x 1305 genes). The hierarchical clustering
was performed across the strains (columns). We coloured the branches of the strains for which the patterns strictly follow the clade
division. Because of the dimension of the heatmap, to better visualise the patterns, the heatmap cells with a percentage value of gene
introgressed between 0 and 10% were removed (white areas inside the heatmap).
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Figure 4.13 — Hybrid subgenome ancestries. a, Fraction of allelic pattern, at marker positions, detected across the S. paradoxus
subgenomes of the four hybrid isolates, b, Maximum likelihood phylogenies of the S. paradoxus (on the left) and S. cerevisiae (on
the right) subgenomes of hybrid isolates (red label). The S. paradoxus phylogeny was constructed including American S. paradoxus
strains (Eberlein et al. 2019), while the S. cerevisiae phylogeny was constructed with a selection of S. cerevisiae strains from previous
studies (Peter et al. 2018,Duan et al. 2018). The circle represents nodes with SH-aLRT > 95% and UFboot > 95%. The size of the
circle at the nodes reflects the value of SH-aLRT and UFboot (from 95 to 100). ¢, genomic profiles of hybrid-descendant pairs from
Spain (on the left) and Brazil (on the right). Details of the strain and genome origin are given in the methods (section Saccharomyces
collections). Red and blue blocks represent homozygous S. paradoxus and S. cerevisiae regions respectively, while grey blocks are

heterozygous regions.
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CHAPTER 5

Conclusions and

Perspectives

5.1 Evidence of ancestral alleles in highly divergent wild Chinese po-

pulation and evolutionary modes

By studying the distribution of the alleles segregating at specific diagnostic genomic positions,
which discriminate most of the today’s known S. cerevisiae and S. paradoxus populations, we re-
ported evidence of ancestral variation persisting in contemporary wild S. cerevisiae populations
sampled in primaeval forests in China, especially in the CHN-IX/Taiwanese population. Peris et
al. 2023 reported cases of loss of monophyly in the relation ((S.cer, CHN-IX), S.par) detecting
discrepancies in which CHN-IX occurred either 1) as an outgroup of both the species [ ((S.cer,
S.par), CHN-IX) ] or 2) an early split of S. paradoxus species [ (CHN-IX, S.par), S.cer) ]. Thus,
we proposed that the retention of ancestral alleles might result from a low number of generations,
moderate population bottleneck and persistence in the same environment since the split from the
last common ancestor S.cer-S.par. This evidence raises questions about the evolutionary modes of
wild populations because the persistence of ancestral variation is expected as a result of neutrally
segregating sites when populations remain large. Estimates on the population size of wild popu-
lations are absent in S. cerevisiae but, for S. paradoxus, Tsai et al. 2008 estimated the effective
population size of two wild populations to be in the order of ~107. In addition, wild S. cerevisiae
populations are highly monophyletic, homozygous, show small fractions of genes under selection
(Duan et al. 2018) and when found living in sympatry do not show signs of intercrossing among
them. As reported in Bai et al. 2022, CHN-III and CHN-V S. cerevisiae populations collected from

Wuzhi Mountain in the tropical island of Hainan do not show evidence of admixture and this is
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true also for the CHN-I population sampled in the same island. This might be explained by both
1) the presence of an undetected reproductive barrier and 2) rare opportunities for outcrossing
which nevertheless contrast with their excellent ability to sporulate, i.e. to reproduce meiotically.
Q.-M. Wang et al. 2012 was able to explain part of the reproductive isolation across some isolates
due to structural variations (SVs). The recent release of 142 S. cerevisiae telomere-to-telomere
assemblies and future larger sequencing efforts will offer the opportunity to investigate in detail
the role of SVs in wild populations. Saccharomyces species reproduce both mitotically and meio-
tically, but we have a limited understanding of the frequencies at which these processes occur
and the impact they have on the evolution of the species in the wild. Future studies should aim
to further quantify the frequency and the possible outcomes of the meiotic process in the wild,
which is expected to be prevalent as wild isolates face recurrent environmental changes. Another
challenging aspect concerns the investigation of the phenotypic impact of S. paradoxus alleles
segregating in the S. cerevisiae background. An interesting opportunity would be the comparison
across wild populations isolated across different continents such as the Ecuadorean, North Ameri-
can and Mediterranean S. cerevisiae which represent the completely wild remnants postdating the
single out-of-China event. The approaches we exploited take advantage of the datasets available
at the time this project started, but identification of the ILS sites should be reevaluated as de novo
assemblies are released. Software such as ASTRAL can be used to estimate the population tree,
given a set of gene trees, under the multi-species coalescent model and can provide the opportunity
to evaluate and resolve population relationships inside the S. cerevisiae phylogeny, accounting for
ILS. Moreover, the coalescent Hidden Markov Model approach can be used across multi-sequence
whole-genome alignments to identify ILS regions but also to estimate population parameters and
diversification times that, as shown in Rivas-Gonzalez et al. 2023, are as accurate as fossil esti-
mates in primates. These approaches are potentially promising for the study of Saccharomyces

evolution, in the absence of fossil records.

5.2 8. cerevisiae X S. paradoxus hybrids are rare but occur occasio-

nally

Because of the high sequence divergence between S. cerevisiae and S. paradoxus (= 12%),

the assessment of polymorphic positions across the genomes easily allows the identification of hy-
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brid strains. In this project, we characterized 4 S. cerevisiae x S. paradoxus hybrids. The isolates
collected in Brazil by Barbosa et al. 2016, UFMG-CM-Y652 and UFMG-CM-Y651, represent
strong evidence of the presence of a complex hybrid zone in the wild between S. cerevisiae and S.
paradoxus as the distribution of their parental ancestries varies notably along the genome. The S.
paradoxus ancestry of the Hawaiian OS2389 hybrid is not traceable to the only known Hawaiian
S. paradoxus (UWOPS91—-917.1), but to closely related North/South American S. paradoxus (i.e.
SpB). However, the S. paradoxus ancestry of these hybrids do not match the ancestry of the S. pa-
radoxus introgressions detected in S. cerevisiae isolates collected from close areas, suggesting the
possibility of co-occurring unsampled S. paradoxus populations in the area. Similarly, the S. cere-
visiae component groups with the South American mix 1 clade suggesting that the hybrid either
migrated to Hawaii or that both the parental isolates are also present in the Hawaiian archipelagos.
The scarce evidence of both of S. cerevisiae and S. paradoxus from Hawaii and South America do
not allow us to provide a conclusive explanation of its origin. Interestingly, OS2389 was sampled
in Hawaii from a koa tree, one of the most abundant endemic plants in the archipelagos which
represents a unique niche. The UK hybrid OS162 collected from an oak tree shows Wine/Euro-
pean S. cerevisiae and European S. paradoxus ancestries in line with its geographical location. It
is the only hybrid with full ancestry components of both the species and harbours one copy of S.
cerevisiae and two copies of S. paradoxus subgenome. Taken together, these isolates demonstrate
that the occurrence of hybridization in the wild is evident but rare. Although the strains that we
described span a large geographical range, they have been sampled during a long time window of
over 50 years, from the 1970s when the Hawaiian isolate was sampled. Future efforts in sampling
from wild environments could help us to understand the ecology, geographical boundaries and

prevalence of hybridization of Saccharomyces yeasts.
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5.3 Introgressed regions provide insights into common evolutionary
histories and offer opportunities for adaptation to diverse ecolo-

gical niches.

The detection of the introgression on chromosome III across isolates from domestic environ-
ments reinforces the evidence of secondary contact between the European S. paradoxus popula-
tion and, probably, the European S. cerevisiae population, from which most of the non-Chinese
domestic isolates derived. These interactions resulted in a parallel exchange of DNA in which
S. cerevisiae retained the introgression on chromosome III and the European S. paradoxus the
introgression on chromosome XIV (Liti et al. 2006). This latter sweep reached fixation in the
European S. paradoxus population, suggesting either a functional role or a recent strong bottle-
neck. In the case of the introgression on chromosome III of S. cerevisiae, although it occurs at
low frequencies across isolates of different clades, we can not rule out a functional implication of
the event. On the other hand, the introgression encompassing the PADI-FDCI gene pair happe-
ned independently in two distinct events of hybridization, in Europe and America, representing a
clear case of convergent evolution in the Alpechin and Bioethanol populations, respectively. The
proof of its functional effect improving the fitness in isolates subjected to stressful environmental
conditions characteristic of olive oil manufacturing is the first evidence of the adaptive role of S.
paradoxus introgression on S. cerevisiae and likely contributed to the adaptation of the population
to this niche. Other introgressed genes, especially in the Alpechin clade, are good candidates for
functional investigation and future studies should aim to unveil their impact. However, the quan-
titative contributions of these events to phenotypic traits are nontrivial to disentangle, given the
complexity of the phenotypes and the possible epistatic interactions among different introgression

blocks, that may need to be tested in combination.
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Simulation of genetic drift. On the left starting frequency of A = 0.5, population
size of 1000 individuals. On the right starting frequency of A = 0.5, the population
size is 100 individuals. In both cases, I simulated 10 runs of 200 generations using
the simulator online tool ’Genetic Drift Simulation - W. H. Freeman’ . . . . . . .
In panel A, the phylogenetic tree of 19 loci across 169 species of birds, strongly
supported nodes (100% bootstrap) were collapsed. Grey polytomic branches re-
present unresolved nodes. In panel B, time-calibrated phylogeny of 48 bird species
from whole-genome sequencing data. The grey rectangle highlights deep unresol-
ved nodes. Adapted from Hackett et al. 2008 and Jarvis et al. 2014. . . . . . ..
The blue phylogeny is the most common phylogeny (species phylogeny) among
three generic species A, B, and C. Discordant phylogenies are depicted in black. .
The genus Heliconious is a species-rich group of butterflies. The figure describes
the complexity and heterogeneity of the genome ancestry inside the clade H. erato
and H. sara. In A, coloured rectangles represent tree topologies (consecutive 50-
kb windows) and colours match the topologies depicted in B. In B are shown the
eight most common topologies. Up to 70.3% of the windows are described by two
different topologies (Treel and Tree2). Adapted from Edelman et al. 2019. . . . .
In panel A a graphical summary of gene trees extending over a generation. The
bold line highlights a single gene tree that descended from an ancestral species
to today’s living species. The dots are different alleles. In panel B, K. Wang et
al. 2018 showed the overlap of 3306 gene trees with bootstrap support of at least
75% across all nodes, in the Bovini tribe. The blue lines indicate the most frequent
nuclear phylogeny, which is shared by only 53.5% of the 3306 gene trees. Panel A
adapted from Maddison 1997 and panel B adapted from K. Wang et al. 2018.

A generic three species phylogeny with a timeline. . . . ... .. ... .....
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2.1

On the left, overlap between the species tree (in the background in light grey)
of three generic species A, B, C; overlaid with a phylogenetic tree of a biallelic
locus with v and 3 alleles (solid lines). The green lines depict the sorting of the 3
allele. The green arrow depicts the direction to follow to describe the repartition
of the alleles as incomplete lineage sorting (from the past to the present). The
sorting of « and f3 alleles is in conflict with the species tree : the 3 allele of the
B population branches with the 3 allele of the C population. B and C populations
seem monophyletic, but the species tree tells us that they are paraphyletic. On the
right, overlap between the species tree (in the background in light grey) of three
generic species A, B, and C. On top of it, is a phylogenetic tree of a biallelic
locus with o and [ alleles. The orange lines depict the sorting of the S allele.
The orange arrow depicts the direction to follow to describe the coalescence of the
alleles (from the present to the past). The « allele of population A and 3 allele
of population B coalesce further back in time (at the node indicated with a red
circle) compared to the population split (A-B node on the species tree). So, the
coalescence between « and § occurs deep in the phylogeny (deep coalescence).
For simplicity, only one discordant phylogeny is included in the figure. . . . . . .
The phylogenies depicted show the possible segregation of ancestral alleles and
the occurrence of the ABBA and BABA patterns. . . . . ... ... .......
The blue line represents the variation in ILS upstream and downstream of to the
nearest gene. The horizontal dashed line is the average value outside 300 kbp from
the nearest gene. Adapted from Scally etal. 2012. . . . . . . . .. ... ... ..
On the left side of panel A the overlap between the species phylogeny and the dis-
cordant phylogeny that brings monito del monte and the Australian Diprotodontia
(wallaby and koala) phylogenetically closer. On the right side of panel A some
morphological characteristics of marsupials reflect incompletely sorted features.
In panel B the T1 and T2 spinous process of the thoracic vertebrae of mutated
and wild type mouse. Note that the mutation results in T1 and T2 having compa-
rable length, the same morphological feature shared by monito del monte and the
Diprotodontia. Adapted from Feng et al. 2022. . . . ... ... ... ... ...

In the left panel, the genome-wide phylogeny of hares : at the top, the silhouette
of two black-tailed jackrabbits, at the bottom the silhouettes of four Lepus ame-
ricanus (three white one brown); on the left a mountain hare and on the right a
European rabbit. In the right panel, the local topology of the Agouti locus. The
brown-fur Lepus americanus from Washington (WA) branches inside the black-
tailed jackrabbit group. The shadows in the background of the clades highlight the
hares living in places where, during the winter, the landscape is white because of
heavy snowfall (winter white) and landscape where the landscape retains typical
autumn colours (winter brown). Adapted from Jones et al. 2018. . . . . . . . ..
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In panel A the phylogenetic relationships among North American S. paradoxus
sublineages (SpC, SpB and SpC¥*). The numbers at the node are bootstraps. HO the
initial hybridization step (SpC x SpB). On the right of the phylogeny, two-letter
codes are geographical locations in North America. The numbers inside the round
brackets count the number of samples. The red and blue doughnut plots depict the
ancestries of the lineages across the chromosomes. In panel B the chord diagram
depicts the main structural variants across lineages : translocations, inversions and
telomere exchange. Adapted from Leducq et al. 2016. . . . . . . ... ... ...

Phylogenetic tree of the main Saccharomyces species (in bold). The names in
parentheses are the names of the previous classification. The blue and red lines
highlight the Saccharomyces component of two hybrid strains commonly used in
industrial fermentation. Saccharomyces bayanus is used in winemaking and cider
fermentation while Saccharomyces pastorianus for the production of lager beer.
Adapted from Alsammar & Delneri 2020. . . . . ... ... ... L.
Neighbor-joining trees of the 100 (A) and 1011 (B) S. cerevisiae collections.
Adapted from Strope et al. 2015 and from Peter et al. 2018. . . . . . .. ... ..
Maximum likelihood tree and ADMIXTURE plot of main Saccharomyces para-
doxus populations. Adapted from Heetal. 2022.. . . . . . ... ... ... ...
Schematic of Saccharomyces life cycle. Adapted from Morgan 2007. . . . . . . .
Life cycle quantification for the European S. paradoxus. Adapted from Tsai et al.
2008. .o e e e
Different S. eubayanus ancestry in S. pastorianus across chromosome XVI (pa-
nel A) and chromosome XII (panel B). Different colours correspond to different
ancestries. The red rectangle shows a marked difference between the strain CBS
1538 and W34-70. The two strains are members of two groups of S. pastoria-
nus. CBS 1530 is a Saaz isolate of S. pastorianus; W34-70 a Frohberg isolate
of S. pastorianus, two different strains that greatly differ in ploidy, chromosome
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content and structure (Alsammar & Delneri 2020). Adapted from Bergin et al. 2022. 44
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4.2

The species wide landscape of S. paradoxus markers in S. cerevisiae. a, A
diagnostic marker position is defined as a biallelic SNP between the S. cerevi-
siae consensus (S.c.c.) sequence and in all the S. paradoxus populations and occur
genome-wide on average at a 15 bp distance. b, Bar plot of number of S. para-
doxus genotyped diagnostic markers (y-axis) across 1,673 isolates of S. cerevisiae
(x-axis) with selected clades highlighted (rectangles). Coloured clades have the
highest number of S. paradoxus markers. ¢, The percentage of genome (x-axis)
included within the diagnostic marker with S. paradoxus genotype. Consecutive
S. paradoxus markers are joined into blocks and their size is defined by the first
and last marker of the block. Isolated S. paradoxus markers lie between two mar-
kers with S. cerevisiae genotype and were counted as 1bp. The y-axis shows the
total number of blocks and isolated markers. Relevant clades are coloured as in pa-
nel b. d, Distribution of the distance (in log;¢ base pairs) between consecutive S.
paradoxus genotyped diagnostic markers in the AHL Alpechin and AMH CHN-
IX strains. Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick horizontal
line, median. Data points beyond the whiskers are outliers. e, Number of blocks
of different sizes and isolated S. paradoxus markers detected in AHL and AMH
strains partitioned by size. The size of each block is given by the number of conse-
cutive diagnostic markers with S. paradoxus genotype. Size equal 1 corresponds
to isolated S. paradoxus markers. Blocks supported by at least 5 consecutive S.
paradoxus diagnostic markers are combined into one category (>5). . . . . . ..
Incomplete lineage sorting in Chinese lineages. a, Patterson’s D statistics
(ABBA-BABA test) with AHL and AMH in (P2) with the pattern S.c.c. (P1),
CBS432 S.p. (P3) and S. jurei (P4). The bar plot indicates the number of ABBA
and BABA patterns observed. “A” is the ancestral allele as imposed by P4, “B” is
the derived allele. Only biallelic positions are included. b, Scatter plot of ABBA
and BABA patterns across the S. cerevisiae collection rotating in P2 with the pat-
tern S.c.c. (P1), CBS432 S.p. (P3) and S. jurei (P4). Nine strains resulted in empty
vcf files and were excluded from the plot. The dotted line represents the diagonal.
Relevant S. cerevisiae clades are labelled. ¢, Distributions of the Patterson’s D va-
lue across the S. cerevisiae isolates. The dot’s colour gradient reflects the Z-score
values. Alpechin and Mexican Agave strains show the strongest introgression si-
gnal, consistent with S. paradoxus diagnostic markers arranged in large introgres-
sed blocks. Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick horizontal
line, median. Outliers arenotshown. . . . . . . . . . . . .. ... .. ......
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4.3

4.4

Independent hybridisation events. a, S. cerevisiae and S. paradoxus genomic
composition of the Spanish (AQF), Brazilian (UFMG-CM-Y 652, BR : Brazilian),
and the newly discovered hybrids from the UK (OS162) and Hawaii (0S2389,
HW : Hawaiian). Colours represent homozygous S. paradoxus (red), homozygous
S. cerevisiae (blue) and heterozygous (grey) regions. The map represents the geo-
graphic origin of the hybrids (coloured circles with black borders) and introgressed
clades (coloured areas). European and American continents are represented at dif-
ferent scales and Hawaii (small box) has been moved to fit the layout. b, Maximum
likelihood phylogeny of the shared S. paradoxus components across hybrid strains
with European S. paradoxus ancestry (AQF and OS162) and the Alpechin S. cere-
visiae clade. ¢, Maximum likelihood phylogeny of the shared S. paradoxus subge-
nome of hybrid strains with the American S. paradoxus component. d, Maximum
likelihood phylogeny of the S. paradoxus region on chrll : 758,700 — 782, 580
(YPS138 coordinates) introgressed in a subgroup of South American S. cerevi-
siae strains and both the Brazilian and Hawaiian hybrids (UFMG-CM-Y 652 and
0S2389). Across all the phylogenies, the circles at the nodes represent the per-
centage of bootstrap SH-aLLRT (approximate likelihood ratio test (Guindon et al.
2010) > 95% and UFboot (ultrafast bootstrap approximation Minh et al. 2013,
Hoang et al. 2018) > 95%. The size of the node reflects the value of UFboot.
N44 Far East, CHN (BJ-DLS32 — 26) Chinese, SpB (14;01B) North American,
UWOPS91 — 917.1 Hawaiian, UFRJ50816 South American S. paradoxus. . . . .
Ancient introgression on chromosome III. a, Density of diagnostic markers
with Eurasian (x-axis) and American (y-axis) S. paradoxus genotypes in S. ce-
revisiae strains with introgressed blocks. Red circles indicate a set of strains with
the CEN3 introgressed block. The Alpechin strains were excluded to better visua-
lise the other clades. b, On the left, barplot with the percentage of isolates with the
introgression on CHR III (log;¢ scale). On the right, rooted neighbour-joining phy-
logeny of the 1,673 S. cerevisiae strains. The colours annotate wild basal lineage
(WBL) and both non-asian and asian domesticated groups (NADG and ADG),
while numbers are counts of strains with the CEN3 introgression block. ¢, Ul-
trametric maximum likelihood phylogeny of the CEN3 introgression block in S.
cerevisiae strains and the corresponding orthologous region in European Saccha-
romyces paradoxus strains. 95 indicates the percentage of phylogenies supporting
the CEN3 introgression branch. The branch length was removed to magnify the
branch topology. . . . . . . ...
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4.5 Adaptive introgression of the genes PADI/FDCI. a, Heatmaps of the S. pa-

radoxus introgression block at the end of chromosome IV, in the Alpechin and
Bioethanol clades. The colour indicates the fraction of strains in each clade that
carries the introgressed block. PADI-FDCI positioning is indicative. b, Maxi-
mum likelihood unrooted phylogenetic tree underlies the distinct S. paradoxus
ancestries of the PAD-FDCI introgressions. ¢, Graphical representation of the ge-
netic engineering of PADI-FDCI introgression in the S. cerevisiae Wine/Euro-
pean DBVPG6765. d, Fitness in different environments (x-axis) of a S. cerevisiae
DBVPG6765 strain carrying the Alpechin PADI-FDCI alleles (DBVPG67654F)
compared to DBVPG6765VT strain. Fitness was measured by competing fluo-
rescently tagged asexual versions of each strain over three growth cycles in
each environment and measuring the intensity of each fluorescence, before and
after the competition experiment. The y-axis reports the fluorescence ratio as
[(RFP/GFP)r,/(RFP/GFP)1,|—1 (named p(t3/t0)—1) i.e the ratio between
DBVPG67654F and DBVPG6765WT fluorescence after the competition (T3) and
before competition (Tp), such that a positive number represents higher fitness
for the strain carrying the S. paradoxus PADI-FDCI alleles (DBVPG67654F),
Circles represent biological replicas, four replicas were run for the non-stress
condition (SDC) and two replicas for each of the stresses. . . . . . .. ... ...
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4.6 Methods overview. a, Workflow of the pipeline. Abbreviations : PWGA : pair-

4.7

wise whole-genome alignment; CHR : chromosome. b, biallelic patterns across
marker positions. A : S.c.c. allele; B : alternative allele. Numbers on the phylo-
geny represent whole-genome sequence divergence between S.c.c. and S. para-
doxus and within the main S. paradoxus populations. In red the abbreviation of
the main S. paradoxus populations. EU : European, FE : Far Eastern, NA : North
American, SA : South American, HW : Hawaiian. The columns indicate the mar-
ker positions used to define the introgression boundaries (common abbr. comm.)
and the origin (the remaining columns). The counts correspond to the number of
marker positions available for each pattern. ¢, A cartoon of the strategy adopted to
construct the S.c.c. sequence, which is explained in the methods. Briefly, for each
clade of the 1,011 collection, we picked 2 strains and extracted the SNPs against
the SGD reference genome. We then used SGD genome as a scaffold and changed
the alleles in the positions in which the ALT allele was more frequent than the
REF allele (freq. > 0.75). d, Example of restoring the collinearity of the translo-
cated genomic region between S.c.c. and HW S. paradoxus on the translocation
chromosome V/ chromosome XIII described in Yue et al. 2017. The colour of the
line reflects the sequence divergence between S.c.c. and the HW S. paradoxus. e,
The blue rectangles represent the genomic regions, in S.c.c. coordinates, which
were effectively aligned across S.c.c. and all the S. paradoxus whole-genome as-
semblies. f, Distribution of the diagnostic markers distance along the genome (1st
Qu. : 3, mean : 14.59, median : 8, 3rd Qu. :16). Box, interquartile range (IQR);
whiskers, 1.5xIQR ; thick horizontal line, median. Circles represent outliers. g,
The per-chromosome marker density (MD) is measured as the number of diag-
nostic markers divided by the sum of the aligned regions depicted in the g. panel.
h, UPGMA phylogenies across the genome assemblies of 5,191 S. cerevisiae - S.
paradoxus 1-to-1 orthologs. In blue, the most abundant individual gene topologies
follow the structure of the species tree. In red and green two contrasting gene to-
pologies. i, zoom in on the distribution of contrasting gene phylogenies across the
assemblies. On the left, the S. cerevisiae introgression on chromosome XIV on
the European population of S. paradoxus. In red, the genes with the phylogeny are
depicted in the central panel in i. On the right, the introgression / ancestral varia-
tion shared by the South American and the Hawaiian S. paradoxus on the region
surrounding the centromeric position of chromosome V. In green, the genes with
the phylogeny are depicted in the right panel in j; in grey, gene trees with alter-
native topologies. In both the zoom-in, the blue rectangles represent genes whose
phylogeny respects the species tree topology. . . . . . . ... ... ...
Global S. cerevisiae phylogeny. Unrooted neighbour-joining tree of the 1,673 S.
cerevisiae strains analysed in this work. Coloured clades are discussed in the main
XL L e e e e e e e e e
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4.8

4.9

4.10

Unknown origin introgression on chromosome XI in AMH. a, df statistics sup-
port the presence of the introgression on chromosome XI. Red dots represent geno-
mics windows characterised by an absolute value of df 5 folds or higher compared
to the average value across the chromosome. b, Polymorphism ancestry plot shows
that the origin of the chromosome XI introgression cannot be retraced to any S. pa-
radoxus population, consistent with its origin from an unknown sister species. The
grey bar indicates the position of the introgression. ¢, Introgression boundaries in
chromosome XI on AMH. The red blocks represent homozygous introgressions
while the blue blocks are homozygous for S. cerevisiae. d-f, Maximum likelihood
phylogenies of the sequences spanning the genes YKRO64W-YKRO78W derived
from de novo whole-genome assemblies (Yue et al. 2017, O’Donnell et al. 2022,
Naseeb et al. 2018). SGD : S. cerevisiae reference genome, BAG : CHN-II §. ce-
revisiae, BAL : CHN-I S. cerevisiae, AMH : CHN-IX S. cerevisiae, CBS432 :
European S. paradoxus, SRR17688670 : Chinese S. paradoxus, YPS138 : Ameri-
can S. paradoxus and NCYC3947 : Saccharomyces jurei (outgroup). The tree on
panel d and f are derived from 25 kb flanking regions before and after the intro-
gression, while the tree in panel e is the introgressed region. The blue circles at the
nodes represent the percentage of SH-aLRT > 95% and UFboot > 95%. . . . . .
Introgression blocks sizes and location. a, distribution of the diagnostic mar-
kers with S. paradoxus genotypes groped by size across different clades. For
each clade, isolated markers and introgressed blocks with the same boundaries are
counted once. Overlapping blocks with different boundary coordinates are counted
as separate events. The last column included all the blocks with at least 5 conse-
cutive S. paradoxus markers. The Y-axis is on logjq scale. The absolute value of
the counts is indicated at the top of each column. The label “Other” indicates S.
cerevisiae strains that could not be placed in a specific clade. b, physical positio-
ning and frequency of the introgression blocks supported by > 5 consecutive S.
paradoxus markers across 1,459 out of 1,673 S. cerevisiae samples. The coloured
scale reflects the number of times a specific block is shared across the 1,459 §.
cerevisiae strains. Two blocks shared by more than 156 S. cerevisiae strains were
dropped to 156 to allow the visualisation of less common events. The genomic
coordinates indicate positions in the S.c.c. genome. . . . . .. . ... ... ...
Introgression block size. a, introgression lengths distributions across S. cerevi-
siae clades defined as the number of consecutive S. paradoxus markers. b, in-
trogression lengths distributions across S. cerevisiae clades defined as the total
length (in bp) of regions within S. paradoxus markers. Box, interquartile range
(IQR); whiskers, 1.5xIQR; thick horizontal line, median. Fully coloured data
points beyond the whiskers are outliers. Empty dots represent values of clades
with a number of values < 20. . . . . . . . . . . ..
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4.11

4.12

4.13

Patterson’s D statistics and whole-genome alignments. a, D values measured
across the 1,671 S. cerevisiae collection using different quartet input arrangements.
The strains on the top of each plot represent the P1 (WE : ADS, CHN-IV : BJ3 and
CHN-I : BAL) population. P3 and P4 (Outgroup) are fixed and represented by the
European S. paradoxus (CBS432) and S. jurei, respectively. Multiple D values are
calculated, for each sample, by mean jack-knife resampling of genomic blocks.
The gradient colour reflects the Z-score. D values associated with a Z-score equal
to or greater than the absolute value of 3 are considered statistically significant
and the null hypothesis of the absence of gene flow can be rejected. Box, inter-
quartile range (IQR); whiskers, 1.5xIQR ; thick horizontal line, median. Outliers
are not shown. b, Absolute counts of both ABBA and BABA sites across the S.
cerevisiae strains. ¢, S. par. alleles at polymorphic positions. On top, the cartoons
represent examples of the polymorphic sites taken into account; in the middle, the
Venn diagrams show the private and shared S. paradoxus alleles between the Chi-
nese isolates; at the bottom, the boxplots show the distribution of the only shared
S. par. alleles between the Chinese isolates. In the squared brackets the name of
the strains; in the round brackets the number of sites obtained using the de novo
genome assemblies51 of BAG, AMH and CBS432 isolates depicted in the cartoon
above. Box, interquartile range (IQR); whiskers, 1.5xIQR ; thick horizontal line,
median. Qutliers are not shown. . . . . . . . ... ... L L oL,
Highly introgressed clades. a, Frequency and genomic position of the introgres-
sions detected across the Alpechin (N=40, on the left) and Mexican Agave (N=7,
on the right) clades. b, The heatmap shows the S. paradoxus percentage of intro-
gressed genes across S. cerevisiae strains with at least 5 introgressed genes. To
reduce the complexity of the heatmap, we retained only the genes introgressed in
at least one of the remaining S. cerevisiae strains (322 strains x 1305 genes). The
hierarchical clustering was performed across the strains (columns). We coloured
the branches of the strains for which the patterns strictly follow the clade division.
Because of the dimension of the heatmap, to better visualise the patterns, the heat-
map cells with a percentage value of gene introgressed between 0 and 10% were
removed (white areas inside the heatmap). . . . . . . . . ... ... L.
Hybrid subgenome ancestries. a, Fraction of allelic pattern, at marker positions,
detected across the S. paradoxus subgenomes of the four hybrid isolates, b, Maxi-
mum likelihood phylogenies of the S. paradoxus (on the left) and S. cerevisiae (on
the right) subgenomes of hybrid isolates (red label). The S. paradoxus phylogeny
was constructed including American S. paradoxus strains (Eberlein et al. 2019),
while the S. cerevisiae phylogeny was constructed with a selection of S. cerevisiae
strains from previous studies (Peter et al. 2018,Duan et al. 2018). The circle re-
presents nodes with SH-aLRT > 95% and UFboot > 95%. The size of the circle
at the nodes reflects the value of SH-aLRT and UFboot (from 95 to 100). ¢, geno-
mic profiles of hybrid-descendant pairs from Spain (on the left) and Brazil (on the
right). Details of the strain and genome origin are given in the methods (section
Saccharomyces collections). Red and blue blocks represent homozygous S. para-
doxus and S. cerevisiae regions respectively, while grey blocks are heterozygous
FEZIONS. . o v v v o i e e e e e e e e e e e e e e e e e
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4.14 Ancient introgression on chromosome III. a, Density of S. paradoxus diagnostic

4.15

markers across a subset of introgressed strains. The x-axis and y-axis respectively
indicate the density of S. paradoxus diagnostic markers that support a Euroasiatic
or American origin of the introgressions. Chromosome III has diagnostic markers
with Euroasiatic ancestry and also in clades with genome-wide introgressed blocks
with American origins. b, Ancestry plot of diagnostic markers within the chromo-
some III introgression block in Brazilian bioethanol and a Mantou 7 strains. The
origin of diagnostic markers is attributed to different S. paradoxus populations
(listed along the Y-axis). Genomic coordinates are from the S.c.c. genome. ¢, Map
of introgressed blocks detected around chromosome III centromere (black dot)
across different S. cerevisiae strains. Red and grey colours represent homozygous
and heterozygous S. paradoxus introgression respectively, blue indicates the S.
cerevisiae genome. d, heatmap with introgressed genes (x-axis) detected on the
region encompassing the centromere of chromosome III across different S. cerevi-
siae strains. The strains are clustered by their introgression profile (left side), while
the coloured bar (right side) indicates their phylogenetic assignment illustrated in
4.4b. e, Alignment of the short reads against S.c.c. of a selection of four strains.
CHA, Wine European, AHQ Mantou 7, APA and CME Sake strains. The rec-
tangles 1 and 2 highlight shared SNPs between CHA and AHQ which are absent
in the Sake strains. The rectangles 3, 4, 5, and 6 highlight private SNPs of the Sake
clade. The rectangle 7 encloses the SNPs in AHQ shared with the Sake strains but
absent in the Wine European strain (CHA). f, Maximum likelihood phylogenies
of the arms of chromosome III, external to the introgressed block, and the 2 kb
left-side flanking region of the introgression for a selection of strains. The intro-
gression and the subtelomeric/telomeric regions are excluded. Red circles indicate
strains with introgressed CEN3. . . . . . . . .. ... ... .. .. . ..
FACS experiment results. a, Flow-cytometry cell distribution at time Ty (left pa-
nels) and Tj (right panels) in SDC (panels at the top) and Tebuconazole (0.0037
mg/mL, panels at the bottom). The gating of the Ty population was used to
monitor the ratio of RFP/GFP. The violet shapes surround the population of
cells with the PADI-1FDC] alpechin introgressed copy labelled with mRuby?2
(DBVPG67654F) while the green shapes surround the population of cells with
the PAD1-FDCI S. cerevisiae copy labelled with yGamillus (DBVPG6765%T).
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Accurate Tracking of the Mutational Landscape of Diploid Hybrid Genomes

Lorenzo Tattini! Nicolo Tellini!, Simone Mozzachiodi!, Melania D’Angiolol, Sophie Loeillet?
Alain Nicolas? and Gianni Liti'.

1. CNRS UMR7284, INSERM, IRCAN, Universite Cote d’ Azur, Nice, France 2. CNRS
UMR3244, Institute Curie, PSL Research University, Paris, France

Abstract

Mutations, recombination, and genome duplications may promote genetic diversity and trigger
evolutionary processes. However, quantifying these events in diploid hybrid genomes is challen-
ging. 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 va-
riants, small insertions/deletions, copy-number variants, aneuploidies, and loss-of-heterozygosity.
Pairs of haploid Saccharomyces parents were combined to generate ancestor hybrids with pha-
sed genomes and varying levels of heterozygosity. These diploids were evolved under different
laboratory protocols, in particular mutation accumulation experiments. Variant simulations en-
abled 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 un-
precedented quantitative insight into the evolutionary processes that mold diploid yeast genomes
and can be generalized to other genetic systems.

Keywords : genome evolution, mutation rate, hybrid genomes, heterozygosity,
loss-of-heterozygosity, Saccharomyces paradoxus

N.T. Analyzed the data and performed simulations.






B Pipelines

B.1 Intropipeline

An automated computational framework for detecting Saccharomyces paradoxus introgres-
sions in Saccharomyces cerevisiae strains from paired-end Illumina sequencing. The pipeline is
described in the Supplementary of Chapter 4. Intropipeline is accessible at Intropipeline. Intropi-
peline is the main pipeline developed during the PhD project. A version 2 is under construction

with several improvements in speed and robustness.

B.2 MuLoYDH

MuLoYDH pipeline performs the analysis of paired-end short-read sequencing experiments
of clonal samples from yeast diploid hybrids. MuLLoYDH is accessible at MuLoYDH. MuLoYDH
is the pipeline developed by Lorenzo Tattini published in Tattini et al. 2019. I contribute with
proposals for improving the data parsing speed and RAM usage. My journey in R began with
MuLoYDH.

B.3 LRSDAY vl1.6-Patch

Patch for LRSDAY v1.6 © Jia-Xing Yue for Debian-based OS and SUSE. The debugging was
performed with Ubuntu 18.04 and OpenSUSE Leap 15.4. The patch is accessible at LRSDAY
v1.6-Patch. LRSDAY is the pipeline developed by Jia-Xing Yue published in Yue & Liti 2018.
LRSDAY installs 63 software, I wrote a patch for v. 1.6, simplifying the installation script to make
debugging easier in case of installation failures. This allows for individual software installations

as needed.

B4 LICO

LInk COntroller (LICO) is a schedulable utility for monitoring the link integrity that allows
to promptly identify broken links that crack the installation process of a pipeline. LICO tests the
integrity of the links that point to a specific version of a tools integrated into your pipeline. LICO
operates silently in the background in a scheduled manner and returns a report to your Telegram
account with info concerning the integrity of the links. LICO is accessible at LICO. LICO went
out along with LRSDAY patch. It ensures the integrity of links pointing to LRSDAY software but
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can be applied to any scheduled activity. It sends a notification to the user via text message on

Telegram.






Quantification du tri des lignées incompletes et de I’introgression au
cours de I’histoire évolutive de Saccharomyces cerevisiae

Résumé

L’étude de la distribution de la variation génétique au sein des populations et entre elles permet
de mieux comprendre I’ histoire évolutive d’une espece. De plus, I’acces a de grands ensembles
de données génomiques permet d’étudier les processus évolutifs qui faconnent la variation sé-
grégative de 1’espece. Dans ce travail, nous retragons I’histoire évolutive de I’espece Saccha-
romyces cerevisiae par la détection et la classification de polymorphismes partagés avec son
espece sceur Saccharomyces paradoxus. Nous identifions des polymorphismes partagés acquis
par hybridation suivie d’introgression et des polymorphismes qui persistent a travers le pro-
cessus de spéciation et de diversification résultant en des cas de triage incomplet des lignées
(ILS).Nous définissons un ensemble de données de polymorphismes nucléotidiques simples
diagnostiques bialléliques entre Saccharomyces cerevisiae et Saccharomyces paradoxus que
nous utilisons comme marqueur diagnostique pour décrire la composition génomique de 1,673
S. cerevisiae, pour lesquels un séquencage a lecture courte du génome entier était publiquement
disponible. Nous développons une méthode basée sur les marqueurs pour la détection et la clas-
sification des marqueurs de diagnostic organisés soit en 1) blocs de marqueurs S. paradoxus
consécutifs, soit en 2) marqueurs S. paradoxus isolés a 1’échelle du génome. Pour les blocs,
nous décrivons les limites, et la distribution dans la collection S. cerevisiae et nous retragons
Porigine de S. paradoxus par comparaison de séquences avec des assemblages de génomes
entiers télomere a télomere des principales populations de S. paradoxus. Pour un événement
récurrent, nous avons effectué un test pour évaluer ’effet sur la condition physique de porter
un haplotype S. paradoxus a un locus unique englobant une paire de geénes impliqués dans
la dégradation de composés toxiques pour la levure. Nous avons démontré que 1’haplotype S.
paradoxus confere un avantage par rapport a I’haplotype S. cerevisiae dans des conditions en-
vironnementales caractéristiques de la niche habitée par la population S. cerevisiae. Pour les
marqueurs isolés, nous appliquons une méthode classique de détection des signatures d’un tri
lignager incomplet, qui peut expliquer I’exces de marqueurs S. paradoxus distribués a I’échelle
du génome dans certaines populations de S. cerevisiae. Nous montrons des preuves convain-
cantes de la rétention d’alleles ancestraux dans une seule population sauvage de S. cerevisiae
qui se trouve a la racine de ’espece. Nous émettons I’hypothese que la persistance d’une telle
variation ancestrale est due a la possibilité réduite de croisement avec d’autres populations de
S. cerevisiae dans la nature, en raison du nombre réduit de générations et des goulets d’étran-
glement moins spectaculaires qu’ont connu les autres lignées au cours de la dispersion et de la
domestication.Dans 1’ensemble, nous avons retracé I’ histoire de la divergence et des contacts
secondaires entre les populations de S. cerevisiae et de S. paradoxus et dévoilé un cas convain-

cant d’introgression interespeces avec un résultat fonctionnel.

Mots-clés : Saccharomyces, triage incomplet des lignées, hybridation, introgression, introgression

adaptative, introgression ancestrale.



	Page 1
	1 Incomplete lineage sorting
	1.1 Evolution and the study of genetic variation
	1.2 The fate of genetic variants with regard to the size of the population
	1.3 The intimate relation between species and gene trees
	1.4 Incomplete lineage sorting
	1.4.1 Deep coalescence

	1.5 Detection of ILS
	1.5.1 Coalescent-based methods
	1.5.2 Symmetry-based methods

	1.6 Biological implications of the ILS

	2 Hybridization and introgression
	2.1 Species concept and reproductive isolation
	2.2 Hybridization
	2.3 Introgression
	2.4 Timing, frequency and duration of introgression
	2.5 Adaptive introgression
	2.6 Detection of introgression
	2.6.1 The fixation index (FST)
	2.6.2 dxy
	2.6.3 ABBA-BABA test and related statistics
	2.6.4 Statistics for sliding-window approaches


	3 The Saccharomyces genus
	3.1 Saccharomyces species
	3.2 Saccharomyces cerevisiae genomics and evolution
	3.3 Saccharomyces paradoxus
	3.4 Saccharomyces life cycle
	3.5 Saccharomyces reproductive isolation
	3.5.1 Chromosomal missegregation, structural rearrangements and genetic incompatibilities

	3.6 Saccharomyces hybrids
	3.7 Hybridization and introgression between S. cerevisiae and S. paradoxus

	4 Ancient and recent origins of shared polymorphisms in yeast
	4.1 Preamble
	4.2 Abstract
	4.3 Main
	4.4 Results
	4.4.1 Patterns of shared polymorphic markers across the S. cerevisiae species
	4.4.2 Deep coalescence in highly diverged S. cerevisiae lineages
	4.4.3 Major hybridisation events in S. cerevisiae history
	4.4.4 A shared introgression underlies an ancient admixture event
	4.4.5 A convergent adaptive introgression

	4.5 Discussion
	4.6 Data availability
	4.7 Code availability
	4.8 Acknowledgments
	4.9 Author contributions
	4.10 Competing interests
	4.11 Supplementary
	4.11.1 Methods
	4.11.2 Figures


	5 Conclusions and Perspectives
	5.1 Evidence of ancestral alleles in highly divergent wild Chinese population and evolutionary modes
	5.2 S. cerevisiae x S. paradoxus hybrids are rare but occur occasionally
	5.3 Introgressed regions provide insights into common evolutionary histories and offer opportunities for adaptation to diverse ecological niches.

	Références
	List of Figures
	Annexes
	A Publications
	B Pipelines
	B.1 Intropipeline
	B.2 MuLoYDH
	B.3 LRSDAY v1.6-Patch
	B.4 LICO





