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ABSTRACT

Populations evolving independently in divergent environments accumulate genetic differences and potentially evolve reproduc-
tive isolation as a by-product of divergence. The speed and mechanisms underlying this process are difficult to investigate because
we rarely get the opportunity to witness them in natural settings, and histories of selection and gene flow between populations
are often unknown. Here, we experimentally evolved yeast for 1000 generations of evolution in both divergent and parallel en-
vironments. At regular time points during experimental evolution, we made crosses between parallel- and divergent-evolving
populations to measure postzygotic reproductive isolation (gamete viability). We used whole genome population sequencing to
determine the mutational load, the number and types of structural variation, and other genomic features of the parent, F1 and
F2 intraspecific hybrids. We found evidence for large-scale phenotypic and genome-wide differentiation in response to diver-
gent laboratory selection. Divergent-selected populations produced hybrids with reduced gamete viability—a classic signature of
postzygotic reproductive isolation in the form of hybrid breakdown. Parallel-selected populations, on the other hand, remained
more reproductively compatible (with exceptions). We found that F2 hybrid genomes contained vast genomic instability, that is,
new structural variants (especially insertions, deletions and interchromosomal translocations) that were not observed in parent
and F1 genomes, which is likely a result of chromosome missegregation and recombination errors in hybrid meiosis. Our results
provide phenotypic and genomic evidence that partial reproductive isolation evolved due to adaptation to divergent environ-
ments, consistent with predictions of ecological speciation theory.

1 | Introduction (Mayr 1947; Rice and Hostert 1993; Schluter 2001; McKinnon

et al. 2004; Nosil 2012). Long-term monitoring of natural pop-
Ecological speciation implies a process by which adaptation ulations has been valuable in linking ecological traits with the
to different ecological niches, in allopatry or sympatry, leads emergence of reproductive barriers (e.g., Filchak et al. 2000;
to the evolution of reproductive isolation between populations Rundle et al. 2000; Grant and Grant 2003; Funk et al. 2006;
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Sawada et al. 2022), providing convincing arguments for eco-
logical factors to play a role in driving population divergence.
However, ecological speciation remains difficult to demon-
strate because it usually proceeds over extended evolutionary
times (Hendry et al. 2007), trait divergence is often cryptic
(Struck et al. 2018; Sparks et al. 2022), and the evolutionary
histories of natural populations are challenging to recon-
struct. It is usually unknown whether divergent selection was
present, how long it lasted, and what the timing and amount
of gene flow was between populations. Thus, it often remains
unclear, especially between allopatric species pairs occupying
different niches, whether divergent, ecology-based selection
was the driving force underlying their divergence, eventu-
ally leading to speciation (Anderson and Weir 2022; Irestedt
et al. 2024; Miiller et al. 2025). Due to these constraints, stud-
ies have often relied on combinatorial approaches, using (i)
data on niche divergence in traits related to habitat use, such
as resource utilisation or foraging behaviour (e.g., (Hatfield
and Schluter 1999; Nosil and Crespi 2006; Munar-Delgado
et al. 2024), (ii) data on reproductive barriers, such as differ-
ences in mating behaviours or flowering times reducing gene
flow between populations adapted to different ecological
niches (e.g., Dieckmann et al. 2004; Villa et al. 2019)) and (iii)
genetic data, detecting signatures of selection and divergence
in genetic regions associated with ecological adaptation and
reproductive isolation (e.g., Nosil and Schluter 2011; Hérer
et al. 2021; Louder et al. 2024).

Microbial experimental evolution provides a powerful tool
for investigating questions in evolutionary biology. It has
been used to describe the dynamics and genetic mechanisms
underlying adaptation to stable (Lenski et al. 1991; Good
et al. 2017; Johnson and Desai 2022), heterogeneous (Rainey
and Travisano 1998) or changing environments (Bell and
Gonzalez 2011; Gorter et al. 2016, 2017) and to test theoreti-
cal predictions about adaptation rates in sexual versus asexual
populations (McDonald et al. 2016; Kosheleva and Desai 2018;
Leu et al. 2020). Experimental evolution with microbes can
also provide insights on fundamental questions in speciation,
especially about the early stages of divergence, that is, why,
how and when lineages split (Stelkens 2024). Microbial ge-
nomes are often small and generation times are short, allowing
for evolve-and-resequencing approaches to capture speciation
and its underlying genetic basis in action. For instance, exper-
imental evolution with a virus (lambda bacteriophage) and its
bacterial host (Escherichia coli) has demonstrated that diver-
gent ecological selection caused the phages to split into two
genetically distinct lineages with different host preferences,
and that barriers to gene flow formed as a consequence of eco-
logical specialisation, which resulted in reproductive isolation
(Meyer et al. 2016). Experiments with yeast and other fungi
have shown that divergent selection can lead to phenotypic
divergence and rapid ecological differentiation (Dettman
et al. 2007, 2008; Ament-Veldsquez et al. 2022), even under
high rates of gene flow (Tusso et al. 2021). But generally, there
is a lack of studies that combine both organismal and ge-
netic approaches to measure reproductive isolation (Westram
et al. 2022). Work investigating the emergence and dynamics
of reproductive isolation using repeated measures of hybrid
viability across generational time scales, from the begin-
ning to later stages of parental divergence under controlled

environmental conditions, could significantly advance our
understanding of what can drive the evolution of reproductive
isolation in the early stages of speciation.

Here, we used experimental evolution with the budding yeast
Saccharomyces cerevisiae and propagated replicate, asexually
reproducing populations in both different and parallel (same)
environments for 1000 mitotic generations (Figure 1). At regu-
lar time points of population divergence, we generated sexual
F1 and F2 (hybrid) crosses between and within environments,
to test whether reproductive isolation evolved and increased
with time. We evolved populations in four distinct selective
environments and profiled parental phenotypes in 90 differ-
ent environments to test for phenotypic divergence over time.
We then used whole genome sequencing on parental, F1 and
F2 hybrid populations to measure their mutational load and
other measures of genomic stability. By the endpoint of exper-
imental evolution, we found that divergent-selected popula-
tions were up to 50% reproductively isolated due to reduced
hybrid gamete viability, while most crosses made between
parallel-selected populations remained genetically compat-
ible. We detected vast structural variation in the F2 hybrid
genomes, including up to three times more deletions, inser-
tions, inversions, tandem duplications and interchromosomal
translocations than in the diploid parental and F1 hybrid ge-
nomes. Consistent with predictions of ecological speciation
theory, our results suggest that divergent adaptation has led
to partial reproductive isolation, accompanied by severe ge-
nomic instability in the hybrids. This instability may be the re-
sult of structural genetic differences accumulating in parental
populations causing recombination errors and chromosome
missegregation during hybrid meiosis, but further work is
needed to test if this genetic mechanism underlies the evolu-
tion of reproductive isolation in our system.

2 | Materials and Methods
2.1 | Founder Populations

We generated large diploid and genetically diverse founder
populations of yeast through mating and mass sporulation
of two related S. cerevisiae strains (SK1 and Y55; Figure 1)
as previously described (Ament-Veldsquez et al. 2022), for
which high quality reference genomes are available (Peter
et al. 2018; Bendixsen, Gettle, et al. 2021). Briefly, SK1 and
Y55 were genetically modified to introduce auxotrophies,
which were used as selective markers to exclude non-mated
haploids (non-hybrids). From these strains, two founding
populations were generated that only differed in the selective
markers they carried. These selective markers allowed us to
mass-mate the NaCl-evolved populations with populations
evolving in the other three environments, while safely remov-
ing all non-hybrid parental genotypes using a selective growth
medium. In the synthetic complete growth medium we used
for experimental evolution, these auxotrophic markers have
no detectable fitness effect as all essential amino acids are pro-
vided. The founders of populations evolving in NaCl (called
“N founder” below) are the diploid recombined offspring of
a cross between SK1 (MATa ho:KanMX ura3::ClonNat) and
Y55 (MATa ho leu2::HygMX ura3::ClonNat). Founders of the
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Overview of experimental approaches. (A) Experimental Evolution: A founder population was generated by the mating of two S.

cerevisiae strains (SK1 and Y55), followed by mass sporulation (meiosis). This genetically diverse, diploid founder was split into four different envi-
ronments, containing growth medium with either 0.75M NaCl, 8% EtOH, 0.01 M lithium acetate or 0.02M lithium acetate, and evolved for up to 1000
asexual generations by serial transfer, in three or four independent biological replicates per environment (Ament-Velasquez et al. 2022). 2N indicates
diploid; 1N indicates haploid genotypes. (B) Crossing design: At seven points of parental divergence (indicated by the curved grey lines in A), sexual
hybrid crosses were made between NaCl-populations and populations from all other environments (with replication). Control crosses were made
between parallel-evolved, replicate populations from the same environment. Crosses from five time points were then sporulated and the viability

of the haploid F2 offspring was assessed after tetrad dissection. (C) High throughput phenotyping: To assess phenotypic divergence, the growth of

parental populations sampled from five time points of experimental evolution was measured in 90 non-selection environments using colony image

scans. (D) Comparative genomics using pool sequencing of parental, F1 and

populations evolving in ethanol and two different concentra-
tions of lithium acetate (called “LE founder” below) are the
diploid recombined offspring of a cross between SK1 (MAT«a
ho:KanMX lys2::ClonNat) and Y55 (MATa ho leu2:HygMX
lys2::ClonNat). Despite having different selective markers, it is
important to note that both founders maintain the same strain
background and differ only in their fitness-neutral auxotrop-
hic markers.

2.2 | Experimental Evolution of Parental
Populations

From these founders, replicate populations (from here on ‘pa-
rental’ populations) were experimentally evolved in four di-
vergent environments, each with four replicates (considered
parallel-evolved) for up to 1000 asexual generations (Figure 1).
The number of generations was estimated by counting cells
after 48 h growth in selective media in the highest stress envi-
ronment (0.75M NacCl, see Ament-Velasquez et al. 2022). This
approach is conservative because it likely underestimates the
number of generations in the other, less stressful environ-
ments. All evolution environments contained synthetic com-
plete (SC) medium (2% glucose, 0.67% bacto-yeast nitrogen
base without amino acids, 0.00079% Formedium CSM powder
(product code DCS0019), made up to 1L with sterilised de-
ionised water) plus one of the following substances to induce

F2 populations sampled at seven time points of experimental evolution.

stress: 0.75M sodium chloride (from here on NaCl), 8% ethanol
(C,H,O, from here on EtOH) and two different concentrations
of lithium acetate (C,H,LiO,, from here on LiAc0.01M and
LiAc0.02M). The correct volume of EtOH was added to the
test tube just before inoculation to limit evaporation. We have
previously demonstrated that these four media significantly
differ in how much they reduce the fitness of populations, and
we have provided phenotypic and genetic evidence that pop-
ulations become differentially adapted to these environments
(Ament-Velasquez et al. 2022).

Three to four replicate populations were evolved in separate
test tubes containing 5mL of SC media with one of the four
substances. Then, we serially transferred 10 uL of yeast culture
every 48 h to fresh media (approximately seven generations, esti-
mated by counting cells after 48 h). Every five transfers (10days,
i.e., ~35 generations), a 900 1L sample of each population was
frozen in 44% glycerol at —70°C for later use. The experiment
was run for a total of ~300days. After some cross-replicate
contamination was detected using sequencing data (Ament-
Velasquez et al. 2022), we excluded two NaCl-evolved replicate
populations (R1 and R4) at 1000 generations, all LiAc0.01M
and LiAc0.02M-evolved populations at 1000 generations, and
one LiAc0.01M-evolved population (R3) at all generations. No
crosses were generated from these contaminated populations.
Retained populations showed no signs of cross-contamination
in terms of shared single nucleotide variants.
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2.3 | Hybridization at Increasing Timepoints
of Parental Divergence

We generated hybrid crosses at 100, 300, 500, 700 and 1000
generations of parental divergence, between all four replicate
NaCl-populations (excluding R1 and R4 at 1000 generations
due to contamination) and up to four replicate populations
from each of the three other environments (LiAc 0.01M (3
replicates), LiAc 0.02M (4 replicates) and EtOH (4 replicates);
Figure 1). Due to the selectable markers present in the parents,
NaCl-populations could be mass-crossed with the other three
populations while safely removing all non-hybrid parental
genotypes using a selective medium (described below). First,
we mass-sporulated the diploid parental populations. For this,
500 L of saturated culture were added to 50 mL of sporula-
tion medium (1% potassium acetate, 0.05% glucose, 0.1% yeast
extract and H,O to 1L) and left for 5days with gentle shaking
at room temperature. We then mixed 500 uL of each of the two
parent spore cultures together in a 1.5mL Eppendorf tube,
and centrifuged the culture down to a pellet to induce mating.
To select for F1 hybrids, we inoculated 25 uL of the pellet in
5mL of -lys SD medium with G418 (0.67% bacto-yeast nitrogen
base without amino acids, 2% glucose, dropout powder (—lys),
G418 400mgL~! and H,O to 1L). This selects for F1 hybrid
genotypes in bulk, which are heterozygous for both selective
markers (—lys and G418). Note that this mass mating and spor-
ulation protocol permitted F1 hybrid populations to contain
genetic diversity, depending on how many different parental
genotypes participated in the mass mating. To generate F2 hy-
brid populations, we put F1 hybrid populations through one
round of meiosis by mass sporulating them in 50 mL of spor-
ulation medium for 5days with gentle shaking at room tem-
perature. F1 and F2 hybrid populations were stored at —70°C
in 22% glycerol solution for whole genome sequencing.

2.4 | Assessing Parental Phenotypic Divergence

We phenotypically profiled all parent populations (i.e., popu-
lations evolved in NaCl, LiAc 0.01 M, LiAc 0.02M and EtOH)
in 90 different environments at five time points of divergence
(at 100, 300, 500, 700 and 1000 generations), using the Scan-
o-Matic system for high-throughput microbial phenotyping
(Zackrisson et al. 2016; Li et al. 2019; Alalam et al. 2020;
Mukherjee et al. 2021; Persson et al. 2022; Stenberg et al. 2022)
version 2.2 (https://github.com/Scan-o-Matic/scanomatic.git).
Parental populations were precultured in SC media for 48 h
in 96-well plates at 30°C without shaking and frozen. Then,
cultures were pinned directly from thawed cryo-stocks in
96-format for preculturing on agar plates (for more detailed
methods see (Persson et al. 2024)). Samples were split into
duplicates (two 96-well plates). A third plate was used for
the propagation of a spatial control, containing a Y55 diploid
strain. After preculture, populations were pinned onto 1536
colony arrays on agar plates robotically (Singer ROTOR HDA),
allowing for accurate measuring of colony growth using the
Scan-o-matic software. The spatial control was placed in every
fourth position (in total 384 colonies per plate) to remove any
spatial bias, irregularities in the plates, or other bias from the
local area. In total, 52 distinct stressors were used in differ-
ent concentrations, resulting in 90 distinct environments,

including superoxidative stress (e.g., paraquat), heavy metals
(e.g., CuSO,), different carbon sources (e.g., maltose) and an-
tifungal drugs (e.g., Clotrimazole). Phenotypic data, that is,
growth measurements, are reported in Table S1, with the full
list of environments in Table S2. Cultivation plates were main-
tained undisturbed and without lids for the entire duration of
the assay (72h) in high-resolution desktop scanners (Epson
Perfection V800 PHOTO scanners, Epson Corporation, UK)
at 30°C, in moisture-controlled thermostatic cabinets with air
circulation. We imaged plates at 20-min intervals using trans-
missive scanning at 600 dpi and extracted intensities for pixels
included in and outside each colony. We estimated the sum
pixel intensity for each colony, subtracted the median pixel
intensity of the local background, and transformed the re-
maining cell-associated pixel intensity to cell counts by using
a pre-established calibration function, established using both
spectrometry and flow cytometry (Zackrisson et al. 2016). We
smoothed and quality-controlled growth curves, rejecting ap-
proximately 0.3% of growth curves as erroneous, blind with
respect to sample identities. Based on the number of cells after
72h, we used the yield normalised against the spatial control
(Y55 diploid).

A custom ‘ParentalDivergence’ function was generated in R,
using normalised yield, the number of generations in experimen-
tal evolution, and the type of population comparison. Mean and
double standard deviations of normalised yields were first com-
puted for each of the 90 environments for each of the replicate
parent 1 (P1) and 2 (P2) populations. This was done for each type
of population comparison, that is, divergent-environment com-
parisons (NaCl x EtOH, NaCl x LiAc0.01, NaCl x LiAc0.02) and
parallel-environment comparisons (NaCl x NaCl, EtOH x EtOH,
LiAc0.01 X LiAc0.01, LiAc0.02 x LiAc0.02). We considered fit-
ness to be higher if the normalised mean yield of P2 was larger
than the normalised mean yield of P1 plus P1's double standard
deviation (i.e., mean P2>mean P1+20). We considered fitness
to be lower if the normalised mean yield of P2 was lower than
the normalised mean yield of P1 minus P1's double standard de-
viation, following previous protocols (i.e., mean P2 < mean P1—
20; see de Vicente and Tanksley 1993; Brice et al. 2021). Parental
phenotypic divergence is thus defined as the proportion of the
90 environments in which there was a large difference in yield
between the two populations compared.

2.5 | Assessing Reproductive Isolation

To measure productive isolation between the parental yeast
populations evolving in divergent and parallel environments,
we mated together individual parent genotypes to produce F1
crosses, after 100, 300, 500, 700 and 1000 generations of ex-
perimental evolution. F1 were then sporulated to produce F1
spores (gametes), which are their recombined, haploid F2 off-
spring, and reproductive isolation was measured as the frac-
tion of unviable F2 gametes. For this, F1 crosses were plated
onto solid YPD agar medium (1% yeast extract, 2% peptone, 2%
glucose, 2% agar made up to 1L with sterilised deionised H,0)
and grown for 2days, followed by replica plating onto solid
KAc medium (1% potassium acetate, 0.05% glucose, 0.1% yeast
extract and H,O to 1L) for sporulation. Populations were left
for 2-7 days until tetrads were identified under the microscope.
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Yeast tetrads usually contain four spores (gametes), which
are the recombined haploid products of meiosis. Sporulated
cultures with tetrads were incubated for 1h at room tempera-
ture in 10uL of filter sterilised zymolyase solution (1mg of
zymolyase per 1 mL of 1 M sorbitol solution) to kill vegetative
(unsporulated) cells and digest the outer membrane of the tet-
rads, surrounding the ascospores. Cell lysis was terminated
by adding 500 uL of sterilised H,O. To assess the fertility of
F1 hybrid crosses, we dissected 10-20 individual F1 tetrads
and measured the survival rates of their haploid F2 offspring.
Tetrads were dissected on YPD plates using a Singer MSM 400
robot. Individual spores were then left to germinate and grow
for 72h at 30°C, at which point spore viability was assessed.
Spores were counted as viable based on the presence of colo-
nies visible to the eye. Thus, gamete viability was assessed as
the capacity to germinate and show sufficient growth to form
macroscopic colonies, which is a standard method in yeast ge-
netics. The total proportion of unviable spores per cross was
calculated from 20 dissected tetrads (80 spores) at 100, 700
and 1000 generations, and 10 tetrads (40 spores) at 300 and
500 generations of parental divergence.

To assess the F1 fertility of the control crosses, that is, crosses
between replicate parental populations that evolved in parallel
environments, we used the same mating, sporulation and dis-
section protocols as described above. The total proportion of
unviable spores (gametes) per cross was calculated from 10 dis-
sected tetrads (40 spores) at 100, 500, 700 and 1000 generations
of parental divergence.

2.6 | DNA Extraction and Whole-Genome
Sequencing

DNA was extracted as described in (Ament-Velasquez
et al. 2022). We extracted DNA from whole parental, F1 and F2
hybrid populations, respectively, at seven time points each (0,
100, 200, 300, 400, 500, 700 and 1000 generations). Extraction
was carried out on overnight culture, with ~ImL of culture
used. Library preparation and sequencing were performed at
the Science for Life Laboratories (Stockholm, Sweden), using
the Illumina Nextera Flex protocol. Sequencing was done
using either NovaSeq S4-300 (2x150bp) or NovaSeq S-Prime
(2x150bp) to an estimated median depth of coverage per sam-
ple of around 30X to 780x. The raw sequences were deposited
in the European Nucleotide Archive; parental populations are
available at accession number PRJEB46680, while hybrids are
available at accession number PRJEB83568.

2.7 | Sequencing Read Quality and Genome
Alignment

FastQC v.0.11.9 (Andrews 2010) was used to assess the qual-
ity of raw sequencing reads, and reads were trimmed using
Trimmomatic v0.36 (Bolger et al. 2014). Sequencing reads were
aligned to a S288C reference genome (R64; GenBank acces-
sion GCA_000146045.2) using BWA mem v0.7.17-r1188 (Li and
Durbin 2009) and SAMtools vl1.11 (Danecek et al. 2021) was used
to sort and index the resulting mapping file. Duplicated reads
were flagged and removed using Picard v3.1.0 (http://broadinsti

tute.github.io/picard/), followed by quality assessment using
Qualimap v2.3 (Okonechnikov et al. 2016).

2.8 | Assessing the Genomic Mutational
Landscape

To assess the mutational landscape of each experimentally
evolved, parental yeast population and the F1 and F2 crosses
made between them, we measured the amount of variants de-
tected across mutational scales, ranging from single nucleotide
variants to entire chromosome aneuploidies. To identify small
mutational variants (SN'V and indels), we used freebayes v1.3.6
(Garrison and Marth 2012) with default parameters. Identified
variants were filtered using VCFtools v0.1.16 (Danecek
et al. 2011) to include only variants with minimum quality
(minQ) >30 and sequencing read depth (minDP) > 5. SnpEff
v5.2 (Cingolani et al. 2012) was used to assess and annotate
the effect of identified mutational variants on genes using the
database of the reference genome R64-1-1.105 with canonical
transcripts. To identify structural variants including insertions,
deletions, inversions, tandem duplications and interchromo-
somal translocations, we used Manta v1.6.0 (Chen et al. 2016)
with default parameters. Structural variant detection is limited
by the read pair fragment size. To more comprehensively assess
the genome-wide copy number variation (amplifications and
deletions), we used Control-FREEC v11.6 (Boeva et al. 2011,
2012) with baseline ploidy=2, a break-point threshold=0.8
and coefficient of variation =0.5 (Scopel et al. 2021). We further
optimised the CNV detection by limiting the expected GC con-
tent to between 0.35 and 0.55. Variants were further filtered to
only include copy number calls that were statistically significant
(p<0.05) using the Wilcoxon Rank Sum Test and a Kolmogorov
Smirnov Test. Two metrics of CNVs were assessed for differ-
ences across time and between populations: CNV load and the
fraction of the genome altered. CN'V mutational load is the num-
ber of CNV events (amplification or deletion) detected within
a population. The fraction of genome altered incorporates the
size of each CNV event to determine the amount of the genome
that is altered by CN'Vs. We also differentiated between small
(<10kb) and large (> 10kb) CN'Vs. Chromosomes were further
considered aneuploid if > 60% of the chromosome was identified
as amplified or lost. To better assess the differences that might
have existed between the two founding populations and poten-
tially their lasting effects through time, we re-analysed sequenc-
ing data from the original study (Ament-Veldsquez et al. 2022),
which was focused on the genetic basis of evolutionary adap-
tation of these founders. This study included sequencing data
collected at shorter time points, in particular within the first 100
generations (30 and 60 generations). We analysed the relative se-
quencing read depth to determine how persistent the aneuploi-
dies identified in the founding populations (generation 0) were
during adaptation.

2.9 | Calculating Population Differentiation (F,)
and Genome Similarity (Jaccard Index)

We calculated pairwise F_ between all divergent and parallel-
evolving parental populations at each of the sampled timepoints,
based on single nucleotide polymorphisms (SNPs). We first
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combined the vcf files generated from freebayes using bcftools
v1.19 (Danecek et al. 2011), with parallelisation of file compres-
sion by gnuparallel v20230422 (Tange 2011), using the default
parameters of bcftools merge and the R package poolfstats
v2.2.0 (Gautier et al. 2022) on R v3.4 (R Core Team 2023). First,
the vcf files were converted to pooldata objects, using vef2pool-
data with the default parameters. F, was then calculated using
pairwiseFST with the nsnp.per.bjack.block =150 to calculate the
Block-Jackknife estimation of standard error, using an ANOVA
framework (Hivert et al. 2018). Similarities between copy num-
ber variation calls in different populations and through time
were assessed based on the Jaccard similarity coefficient using
CNVmetrics R package v3.20 (Belleau et al. 2021; Deschénes
et al. 2022).

3 | Results

We experimentally evolved yeast populations for 1000 genera-
tions in divergent and parallel environments. The four selection
environments contained either salt, ethanol or two different
concentrations of lithium acetate, and significantly differed in
the degree to which they reduced the fitness of the founder pop-
ulations. We have previously provided phenotypic and genetic
evidence that these populations become differentially adapted
to these environments (Ament-Veldsquez et al. 2022). At five
time points during experimental evolution, we made crosses
between the parallel- and divergent-evolving populations (the
‘parents’) to measure postzygotic reproductive isolation (F1
spore viability). At seven time points, we used whole population
genome sequencing on parents, F1 and F2 hybrids to assess their
mutational load, that is, the number and types of structural vari-
ation, and other genomic features.

3.1 | Parental Phenotypic Divergence

We phenotypically profiled the evolving parent populations in
90 non-selection environments. These environments contained
the same medium (SC) as the selective environments used for

experimental evolution, but they also each contained an addi-
tional growth-limiting substance (Table S2). Thus, our measure
of phenotypic divergence between populations is likely a con-
servative estimate. Note that we only assessed the phenotypic
divergence of evolving parent populations here (not the F1 or F2
crosses) to test for adaptation as a result of divergent ecological
selection in the parents.

As expected, with increasing generations of experiment evolu-
tion in different environments, divergent-selected parent pop-
ulations significantly diverged in phenotype (regression across
all divergent-evolved populations: R=0.14, p=0.007; when re-
moving the outliers at G1000: R=0.09, p=0.036; Figure 2A).
Regression of individual environment comparisons resulted in
significantly increasing phenotypic divergence in the NaCl vs.
EtOH-evolved populations (R=0.41, p=0.004), but not for the
other two comparisons.

In contrast, parent populations evolving in parallel in the
same environment did not diverge phenotypically (R=9.34e-
04, p=0.81; when removing the outliers at G1000: R=0.002,
p=0.768; Figure 2B). Here, individual regression of the EtOH vs.
EtOH-evolved populations resulted in a significant decrease in
phenotypic divergence with generations (R=0.51, p=0.006) but
this trend was no longer significant when removing the outlier
at G1000 (R=0.30, p=0.066). This suggests that the phenotypic
divergence of populations evolving under different selection
pressures was caused by ecological differences between the four
selection environments.

3.2 | Genetic Population Differentiation

When comparing parental populations, genetic popula-
tion differentiation (genome-wide F ) was generally larger
(mean=0.25) in pairwise comparisons between divergent-
selected (grey boxes in Figure 3A) and parallel-selected pop-
ulations (mean=0.19, coloured boxes). The only exception
was comparisons between parallel-selected LiAc0.01 popu-
lations (purple), which produced slightly higher F -values
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Bonferroni corrections (adjusted p-values <0.001 =***, <0.01 =**, <0.05=%*). Dashed horizontal lines indicate the measured differentiation between

the founder populations at the beginning of evolution.

but were not significantly larger than the divergent-selected
populations. F -values increased with the number of gen-
erations of evolution in both divergent and parallel environ-
ments (Figure 3A, Figure S1), except for comparisons between
divergent-selected NaCl and LiAc0.02 populations. NaCl and
LiAc0.02 populations tended to decrease in F_, over time. This
may be the result of populations losing genetic variation over-
all, which was particularly the case for LiAc0.02 populations
as discussed below. Importantly, the two founding popula-
tions with compatible selective markers were found to have a
very low pairwise F-value suggesting a high level of genetic
similarity and low amount of differentiation (Figure S2).

Consistent with their lower F values overall, the genomes of
parallel-selected populations remained significantly more
similar (using the Jaccard similarity index) than the genomes
of divergent-selected populations (grey boxes in Figure 3B).
Together, this suggests that the larger genetic divergence of
populations evolving under different selection pressures was
caused by ecological differences between the four selection
environments.

3.3 | F2 Hybrid Viability

The viability of F1 spores made between divergent-selected
populations was significantly lower than the viability of crosses
made between parallel-selected populations on average, when

analysed across all cross types and all time points (Wilcoxon
rank sum test with continuity correction; W=1395.5, p=0.046;
Figure 4, top left hand boxplot). Analysing cross types sepa-
rately, the viability of offspring from parallel-selected popula-
tions was significantly higher than the viability of hybrids made
from divergent-selected parents in two of the three cross types,
when averaged across all time points (Kruskal-Wallis: NaCl
X EtOH: X?>=7.6216, p=0.022; NaCl x LiAc0.02: X?>=14.209,
p=0.001). In the NaCl x LiAc0.01 cross type, the viability be-
tween parallel-selected populations was similar to that between
divergent-selected populations (X?=5.834, p=0.054).

Following the breakdown of hybrid viability over time, the
viability between divergent-selected parents was still rel-
atively high at early time points of divergence (on average
89.1% £0.02% at 100 generations), but then decreased sub-
stantially between 250 and 500 generations to on average
66% +0.08% (Figure 4, top left hand line plot) below that of
parallel-selected crosses. This pattern was not consistent
among all cross types. The viability of two parallel-selected
cross types (LiAc0.01 X LiAc0.01, EtOH x EtOH) was higher
than that of the divergent-selected crosses on average (al-
though not all within-time point comparisons were signifi-
cant), but a notable exception was the crosses made between
the parallel-selected LiAc0.02 X LiAc0.02 populations, which
dropped in viability after 500 generations, to a similar extent
as that of the divergent-selected NaCl x LiAc0.02 hybrids. We
discuss potential explanations for this below.
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3.4 | The Genome-Wide Mutational Landscape
of Adaptation and Hybridization

In an effort to find the genetic mechanisms potentially un-
derlying postzygotic reproductive isolation, we assessed the
genome-wide mutational landscape of the divergent-evolved
parental populations, and the F1 and F2 hybrid crosses made
between them, at all seven sampled time points. We focused
on three major mutational classes: single nucleotide variants
(SN'Vs), large structural variants (SVs) and copy number vari-
ants (CN'Vs).

As might be expected from selective sweeps during direc-
tional selection, we found that all populations showed re-
duced SNV mutational diversity compared to the founder
population within the first 100 generations of evolution
(dashed black lines in Figure S3A). Most identified mutations
were single nucleotide variants; fewer were insertions and
deletions (indels) (Figure S4). The mutational SNV load in
LiAc0.02 populations was consistently lower than in popula-
tions evolving in NaCl and in their F1 and F2 hybrids, and
it remained low through time (Kruskal-Wallis: X?=44.95,
p<0.001, Figure S3A). This pattern remained after filtering
for mutational variants estimated by SnpEff to have high
impact (Kruskal-Wallis: X?=13.07, p=0.004, Figure 5A).
LiAc0.02 populations also showed a lower SNV mutational
load than the populations evolving in the weaker concentra-
tion of lithium acetate (LiAc0.01). It is possible that this is the
result of stronger purifying selection in LiAc0.02 populations
from the start. But since populations evolving in the stronger
concentration of lithium acetate have likely also undergone
fewer mitotic generations, this may also reflect mutations

accumulating primarily as a function of reproductive time. In
the other three parental population types (NaCl, LiAc0.01 and
EtOH), SNV mutational load decreased over time (Figure 5B)
and the pattern stayed consistent when filtering for only muta-
tions with high impact on fitness (Figure S5A). Conversely, in
the F1 (R=0.48, p<0.01, in grey) and F2 hybrid populations
(R=0.57, p<0.01, in yellow), we found a total increase in mu-
tational load over time (Figure 5B). Thus, the more the paren-
tal populations diverged phenotypically and genetically over
time, the more single nucleotide mutational variants were de-
tected in their resulting F1 and F2 hybrid populations.

Analysis of structural variants (i.e., insertions, deletions, dupli-
cations, inversions and interchromosomal translocations that
are >8bp) showed that the total number of SVs found in the
evolving parental populations remained comparable to the lev-
els in the founder population (dashed black lines in Figure 5C).
Unlike the pattern we found in SNV mutational load, the num-
ber of SVs harboured in parental populations increased over
time (Figure 5D). This positive linear relationship was con-
sistent for populations evolving in NaCl (R=0.72, p<0.01),
LiAc0.01 (R=0.6, p<0.01) and LiAc0.02 (R=0.61, p<0.01), but
not for EtOH populations, which already had elevated levels of
SVs (p<0.001) early on but then decreased over time (R=-0.7,
p<0.01; Figure S6A).

Strikingly, we found very high levels of SVs in all types of F2
hybrid crosses, right from the beginning of parental popula-
tion divergence (Kruskal-Wallis: NaCl x LiAc0.01: X>=22.87,
p<0.001; NaCl x LiAc0.02: X>=30.28, p<0.001; NaCl x EtOH:
X?=34.45, p<0.001). In most cases, F2 hybrid populations har-
boured almost twice as many structural variants compared to
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the corresponding parental populations and the F1 hybrids. This
pattern was seen across SV types collectively, but was particu-
larly prominent for insertions, deletions and interchromosomal
translocations (breakend mutations, Figure SE, Figures S7-S11).
Duplications were rare compared to deletions and insertions and
are therefore not driving the elevated levels of SVs observed in
F2 hybrid genomes (Figure 5E). Because F2 hybrids are distin-
guished from F1 hybrids and the parent populations only by
having passed through one round of meiosis, the additional load
of structural variants we found in F2 hybrids likely arose due to
meiotic errors.

In addition to structural variants, we also more comprehen-
sively assessed copy number variations (CNV) across the
genome, which are a subtype of structural variation. In the
structural variation analysis, detection of variants was lim-
ited by the read pair fragment size. However, copy number
variants can range from small focal amplifications or dele-
tions to chromosome arm or whole chromosome aneuploid-
ies. Therefore, we used an approach that employs sequencing
read depth and allelic imbalances to estimate segmented
copy number uniformly throughout the genome. On average,
parental populations, F1 and F2 hybrids had a lower CNV
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FIGURES5 | The genome-wide mutational landscape of hybridization at seven time points of experimental evolution. (A) Single nucleotide variant
(SNV) mutational load after filtering for high impact mutations on gene function using SnpEff v5.2 (Cingolani et al. 2012). The mutational load is av-
eraged across all timepoints for each hybrid cross. The mean mutational load of the founder population is indicated by the dashed black line. Boxplots
indicate the first and third quartiles with whiskers extending to the furthest point not exceeding 1.5x the interquartile range and outliers beyond this
are shown as dots. The solid line indicates the median value. Different letters (A-C) indicate statistically significant differences using Kruskal-Wallis
and pairwise Wilcoxon post hoc tests with Bonferroni corrections. (B) Linear regression (Pearson R) of SNV mutational load at seven time points
(n of generations) of experimental evolution. Only significant linear relationships are shown (p <0.05). The grey plot includes F1 and F2 hybrids
across all crosses. (C) Structural variant (SV) mutational load averaged across all sampled timepoints (TOTAL) for the three types of hybrid crosses.
SV mutational load consists of the number of deletions, insertions, inversions, tandem duplications and interchromosomal translocations (> 8bp)
detected in the population. Colours, boxplots and statistical significance are consistent with panel A. (D) Linear regression (Pearson R) between SV
mutational load and increasing timepoints of parental divergence (number of generations). Only significant linear relationships are shown (p <0.05).
The grey plot includes F1 and F2 hybrids from all crosses. (E) Mean structural variant count of each type of structural variant (deletion, insertion,
breakend, inversion and duplication) for each environment and cross. Node colour and size indicates the mean count of each variant type across all
timepoints. (F) Copy number variant (CNV) mutational load consisting of amplifications, deletions and aneuploidies. CNV mutational load averaged
across all sampled timepoints (TOTAL) for the three types of hybrid crosses. Colours, boxplots and statistical significance are consistent with panel
A. (G) Linear regression (Pearson R) between CNV mutational load and increasing timepoints of parental divergence (number of generations). Only
significant linear relationships are shown (p <0.05). The grey plot includes F1 and F2 hybrids from all crosses. (H) The distribution of large (> 10kb)
CNVs, small (<10kb) CNVs and chromosome aneuploidy (>60% amplified or deleted) across all sampled timepoints for the three types of hybrid

crosses. Colours, boxplots and statistical significance are consistent with panel A.

mutational load compared to the founder population (dashed
black lines in Figure 5F), suggesting that directional adapta-
tion has reduced CNV load in all environments. This pattern
remained consistent when including the size of each copy
number variant to estimate the fraction of altered genome
content (Figure S12B). Most populations showed moderate
levels (<10%) of total alteration (amplification + deletion) of
the genome by CNV (Figure S12B). However, NaCl popula-
tions had a larger fraction of their genomes altered in copy
number than parental populations evolved in LiAc and EtOH
(pairwise Wilcoxon test: vs. LiAc0.01: p <0.001; vs. LiAc0.02:
p<0.001; vs. EtOH: p=0.012). This is due to three parallel-
evolved NaCl populations that had a large fraction of genome
alterations (> 20%) at three different time points of evolution.

Strikingly, the F2 hybrid genomes of all three crosses contained
significantly fewer CN'Vs than parental populations and most F1
hybrids (Figure 5F; Kruskal-Wallis: NaCl x LiAc0.01: X>=30.1,
p<0.001; NaCl x LiAc0.02: X>=24.4, p<0.001; NaCl x EtOH:
X?=37.7, p<0.001) and F2 hybrid genomes of all crosses were
significantly less altered by CN'Vs (in % genome) than the paren-
tal populations (Figure S12B). Overall, we found that amplifica-
tions were more common than deletions across populations and
through time (Figure S13).

Similar to SNVs and SVs, we found consistent patterns of in-
crease or decrease in CNVs with the number of parental gen-
erations of evolution in divergent environments (Figure 5G). In
the parental NaCl (R=-0.59, p<0.01) and LiAc0.02 (R=-0.56,
p<0.01) populations, the CNV mutational load decreased with
the number of generations. In the LiAc0.01 parents, the same
pattern was seen but was not significant (R=-0.37, p=0.08).
Interestingly, CNV mutational load was often relatively stable
until approximately 500 generations, followed by a steep de-
crease (Figure 5G, Figure S12A). In the EtOH parents, we found
the opposite pattern, with CNV load increasing with the num-
ber of generations (R=0.72, p<0.01), affecting the F1 hybrid
genomes between NaCl and EtOH in the same way (R=0.73,
p=0.01).

Lastly, we sought to understand if these patterns of CNV load
were driven by small focal variants or larger multi-kilobase
alterations, including whole chromosomal aneuploidies. We
found that the majority of variants were small (<10kb) and
contributed significantly to the global pattern found in CNV
load (compare upper row of plots in Figure 5H to Figure 5F).
A closer examination of the number of larger alterations
(>10kb; middle row of plots in Figure 5H) revealed that the
F2 hybrid genomes of two hybrid crosses (NaCl x LiAc0.01,
NaCl x LiAc0.02) showed significantly fewer large alterations
(on average 12.1) than their respective parents (on average
20.8) and F1 hybrids (on average 19.4). This pattern is further
emphasised when examining exclusively the number of an-
euploid chromosomes (>60% amplified or deleted) found in
each sample (lower row of plots in Figure 5H). On average, F2
hybrid genomes carried fewer aneuploidies (mean = 0.24 chro-
mosomes) compared to parents (mean=0.67) and F1 hybrid
genomes (mean =0.64).

3.5 | The Distribution of Mutational Events Across
the Genome

After assessing the genome-wide mutational landscape in
terms of SNVs, SVs and CNV mutational load, we determined
the distribution of these mutational events across the genome.
We found that the rate of SN'Vs was not uniformly distributed,
but instead showed chromosomal biases (Kruskal-Wallis:
X?=147.28, p<0.001, Figure 6A). Chromosomes VI and VIII
had significantly higher frequencies of SNVs (16.7 and 14.1 mu-
tations/kb, respectively). Chromosome I and IX also showed
slightly elevated SNV frequencies (10.8 and 9.35 mutations/kb,
respectively). Chromosome VII, on the other hand, showed a
significantly lower frequency of SN'Vs (2.29 mutations/kb). The
remaining chromosomes had approximately equal frequencies
of SN'Vs (6.39-7.34 mutations/kb). These chromosomal biases in
SNV distribution already existed in the founder population and
remained consistent across all parental lineages and all F1 and
F2 hybrids (Figure 6A).
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FIGURE6 | Thedistribution of mutational events across the genome. (A) The mean number of events (mutations/kb) for each chromosome across
all available timepoints. The top graph shows the distribution of mean SNV counts for each chromosome, while the right graph shows the distribu-
tion for each environment and hybrid cross. Boxplots indicate the first and third quartiles with whiskers extending to the furthest point not exceeding
1.5x the interquartile range and outliers beyond this are shown as dots. The solid line indicates the median value. Different letters (A-D) indicate

statistically significant differences using Kruskal-Wallis and pairwise Wilcoxon post hoc tests with Bonferroni corrections. (B) The mean number

of structural variant (SV) events (mutations/kb). (C) The mean amount of genome altered (%) by copy number variants (losses and gains), including

whole chromosome aneuploidies. (D) The relationship between chromosome size and SN'Vs, SVs or CN'Vs. The barplot indicates the size of each of

the 16 chromosomes in Saccharomyces cerevisiae reported in kilobases. The linear correlations show the mean SNV (muts/kb), SV (muts/kb) or CNV

(% genome altered) for each population and for each chromosome as shown in the top graphs of panels A-C. The colours of each node indicate the

populations (NaCl, LiAc0.01, LiAc0.02, EtOH, Hybrid F1, Hybrid F2).

The distribution of structural variant (SV) events was also
not uniformly distributed throughout the genome (Kruskal-
Wallis: X?>=60.06, p <0.001, Figure 6B). Similar to the SNV
distribution, we found highly elevated rates of SVs on chro-
mosome VI (0.03 mutations/kb). We also found peaks in the
rate of SVs in chromosomes I, ITII and IX in most parental and
hybrid populations.

The proportion of whole chromosomes altered by copy number
variants was not consistent across environments and hybrid
crosses (Figure 6C). Interestingly, F2 hybrids of all crosses
showed the lowest levels of copy number alterations, and
aneuploidy (defined as >60% of chromosome amplification)
was consistently rare across all F2 hybrid chromosomes. We
discuss the implications of the near absence of aneuploidies

and large genome alterations in F2 hybrid genomes below. Our
analysis shows that the two founding populations each car-
ried aneuploid chromosomes. The NaCl founder population
(N founder, Figure 6C) had an extra chromosome X, while the
LE founder population had three aneuploid chromosomes (I,
III and VI). It is important to note that deeper analysis of se-
quencing read depth of early generational timepoints from an
earlier study (Ament-Velasquez et al. 2022) revealed that these
aneuploidies were lost in the population within the first 30 or
60 generations of adaptation (Figure S14). Parental NaCl pop-
ulations subsequently lost the extra chromosome X over the
course of experimental evolution, but evolved an aneuploid
chromosome I and underwent alterations of large portions of
chromosome IIT and VI. Chromosome I was also heavily al-
tered in parent populations evolving in LiAc 0.01 (40%), LiAc
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0.02 (37%) and EtOH (25%). Similarly, F1 hybrid crosses be-
tween NaCl and the two LiAc populations (to a lesser extent
the NaCl x EtOH F1 hybrids) also showed large copy num-
ber alterations in chromosomes I, III and VI (Figure 6C).
Confirming our previous result (Ament-Veldsquez et al. 2022),
we also recovered a chromosome X aneuploidy in two parental
EtOH populations and the chromosome XI aneuploidy in one
parental EtOH population here.

The 16 chromosomes of S. cerevisiae range widely in size from
270kb (chrVI) to 1531 kb (chrIV; Figure 6D). As might be ex-
pected, larger chromosomes are larger targets for SN'Vs, SVs
and CNVs and therefore have a higher overall mutational
load for each mutational class. However, after correcting mu-
tational load for chromosome size, either by reporting SNVs
and SVs as mutations per kilobase or reporting CNVs as the
percentage of chromosome altered, we found a strong nega-
tive relationship between chromosome size and SNV, SV and
CNV mutational rate (Figure 6D). Smaller chromosomes had
elevated rates of mutation while larger chromosomes were
rarely affected. This pattern is most striking in CN'Vs where,
as previously mentioned, chromosomes I, IIT and VI were dis-
proportionately altered. This is interesting because chromo-
somes I, ITT and VI are the smallest chromosomes in the yeast
genome and have been frequently reported to carry aneuploi-
dies in other yeast studies as well (reviewed in Gilchrist and
Stelkens 2019), likely because aneuploidies of smaller chromo-
somes cause fewer deleterious gene dosage effects and can be
compensated for at the proteome level (Muenzner et al. 2024).
This pattern of chromosome size bias for CN'Vs extends be-
yond intraspecific crosses and has been found across interspe-
cific yeast hybrids with diverse ancestries (Bendixsen, Peris,
and Stelkens 2021).

4 | Discussion

We used experimental evolution with budding yeast to test for
the evolution of reproductive isolation as a result of ecologi-
cally divergent selection, a process called ecological speciation
(Mayr 1947; Schluter 2001; McKinnon et al. 2004; Nosil 2012;
Jarrett et al. 2025). Previous studies with yeast have tested for
reproductive isolation between species that have diverged mil-
lions of years ago, which translates into billions of generations
(Greig et al. 2002; Shapira et al. 2014; Stelkens et al. 2014;
Bernardes et al. 2017; Eberlein et al. 2019; Gallone et al. 2019;
Zhang et al. 2020; Bautista et al. 2021, 2024; Brice et al. 2021).
Here, instead of starting with already divergent species, sep-
arated by billions of generations, each with a complex evolu-
tionary history of selection, genetic drift, recombination and
gene flow, we generated phenotypic and genetic divergence
over only a few hundred generations. We evolved replicate
populations in allopatry, in four different environments, under
both ecologically divergent and parallel selection. Hence, we
controlled the type and degree of selection, minimised ge-
netic drift and recombination, and excluded gene flow. We
systematically produced hybrid crosses between these popu-
lations at increasing time points of experimental evolution,
to test whether reproductive isolation evolved between the
divergent-selected populations, as predicted by ecological spe-
ciation theory.

4.1 | Divergent Ecological Selection Leads to
Partial Reproductive Isolation

First, we confirmed that populations, when evolved in dif-
ferent environments, increasingly diverged in phenotypic
traits that were not directly under selection. The parallel-
selected (control) populations, on the other hand, remained
phenotypically similar (Figure 2). This provides evidence for
large-scale phenotypic differentiation under divergent selec-
tion. Second, the genomes of divergent-selected populations
became more genetically differentiated over time, showing
higher F, and lower similarity (Jaccard index) than those of
the parallel-selected populations (Figure 3). Third, we found
that divergent-selected populations produced hybrid gametes
with reduced viability, which is a classic signature of postzy-
gotic reproductive isolation in the form of hybrid breakdown
(Figure 4). Zygotes generated from parallel-selected popula-
tions, on the other hand, remained reproductively more com-
patible, with some exceptions (Figure 4). Together, our results
suggest that partial reproductive isolation evolved due to di-
vergent ecological selection in our experiment. Alternative
processes, such as mutation-order effects (Schluter 2009; Ono
et al. 2017), may have contributed to the buildup of reproduc-
tive barriers, but since most parallel-selected populations re-
mained compatible, neither the timing nor the order in which
mutations occurred likely played a large role.

4.2 | Recombination Errors May Cause Genomic
Instability in Hybrids

Early experiments, for example, in fruit flies with similar set-
ups of divergent and parallel-selected lines on different media
(Dodd 1989) and a large body of theory (reviewed in Kirkpatrick
and Ravigné 2002) have demonstrated the evolution of re-
productive isolation as a consequence of adaptive divergence
(Nosil 2012). Here, we have taken additional steps to understand
the genetic basis of this hybrid breakdown. Our population ge-
nomic analyses show that, as parental populations diverged
phenotypically and genetically over time, the mutational load of
single nucleotide variants (SN'Vs) steadily increased in F1 and
F2 hybrids (Figure 5B), with a bias for chromosomes I, VI and
VIII (Figure 6A). We speculate that the sudden breakdown of
hybrid viability between 250 and 500 generations (Figure 4) may
be a threshold effect of mutational load, where mutations have
only small, non-linear effects on viability until a critical point
is reached, after which DNA repair pathways are increasingly
defective in hybrid genomes.

Even more strikingly, F2 hybrid populations harboured more
than twice as many structural variants (SVs) than their re-
spective parental populations and the F1 hybrids. This pattern
was seen across all SV types (Figure 5C), but was particu-
larly strong for insertions, deletions and interchromosomal
translocations (breakend mutations, Figures S7-S11) with
strong chromosomal biases for chromosomes I, ITI, VI and IX
(Figure 6B). Because F2 hybrids differ from F1 hybrids only
by one meiotic event (and a few mitotic generations before and
after sporulation that are negligible), the increase in struc-
tural variants seen in F2 hybrids can only reasonably be ex-
plained by errors during meiosis. This suggests that ecological
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divergence has led to hybrid offspring with higher genomic
instability due to meiotic recombination errors (e.g., unequal
or incorrect crossing overs), resulting in frequent chromo-
somal rearrangements (SVs). However, additional sequencing
data from crosses between parallel-selected populations (not
available to us yet) would be needed for comparison to con-
clusively test for causality between divergent selection and
genome instability.

Interestingly, F2 hybrids showed the lowest levels of copy num-
ber alterations, and aneuploidy rates were consistently low
across all chromosomes in F2 hybrid genomes (Figures 5F and
6C). Meanwhile, all parent and F1 hybrid populations contained
various aneuploidies, especially in chromosomes I, IIT and VI,
which are the smallest chromosomes in the yeast genome and
frequently reported to carry aneuploidies (reviewed in Gilchrist
and Stelkens 2019). Note that the aneuploidies originally present
in the founder populations (Figure S14) had disappeared from
the evolving parental populations before we made the first hy-
brid cross at 100 generations; hence, all aneuploidies arose de
novo over the course of experimental evolution, or after meiosis
in the F2 genomes. The absence of aneuploidies in F2 hybrids is
surprising and contrasts with the high SV load found in hybrid
genomes. We expected errors during meiosis to also lead to in-
creased chromosome non-disjunction and aneuploidy. A plau-
sible explanation is that, by default, we only sequenced viable
genotypes that had successfully passed through meiosis and ger-
minated. Average mortality due to lethal aneuploidies is likely
high in the recombined haploid gametes, where copy number
imbalances imposed by aneuploidies are more pronounced, and
lethality has additional opportunities to manifest when strains
are pushed through germination. As a result, aneuploidies may
have been efficiently purged from F2 hybrid genomes before the
sequencing stage.

4.3 | A Putative Genetic Mechanism
for Reproductive Isolation

Experimental and genetic work in interspecific yeast crosses,
made from species separated by billions of generations and
high nucleotide divergence (>10%), has shown that the main
reason for hybrid breakdown in yeast is antirecombination
(Hunter et al. 1996; Rogers et al. 2018; Bozdag et al. 2021).
Antirecombination suppresses crossovers during meiosis when
nucleotide divergence along chromosomes is too high. The ensu-
ing mispairing of homologous chromosomes causes missegrega-
tion into the hybrid gametes, leading to lethal aneuploidies and
typically >90% spore mortality in interspecific yeast crosses.
This process has also been shown to cause hybrid sterility
in mice, where it is controlled by the Prdm9 gene (Forejt and
Jansa 2023). However, antirecombination due to genome-wide
nucleotide divergence is unlikely to have played a role in the hy-
brid breakdown we observed here, given the short evolutionary
time span of our experiment. Instead, we suggest that the follow-
ing process underlies the build-up of reproductive barriers here:
First, divergent ecological selection in the parent populations
has led to SVs with positive (adaptive) fitness effects and addi-
tional neutral SVs hitchhiking along with them. These parental
SVs then interfered with hybrid meiosis, causing additional SVs
to emerge in the hybrid genomes, due to unequal or incorrect

crossing over. Cumulatively, the high SV load of the hybrid ge-
nomes then negatively affected gamete viability, germination
and colony formation, disrupting cell function and homeostasis
(Chang et al. 2013; Liu et al. 2022). In short, we suggest that the
most likely genetic mechanism underlying hybrid breakdown in
our experiment is the high structural variant load of the hybrid
genomes, which was jump-started by the increasing number of
SVs accumulating in the divergent-selected parent populations
(Figure 5D). Whether the accumulation of SVs in parent popu-
lations under divergent selection may be a common mechanism
leading to genomic instability in hybrids needs to be tested in
other species and systems.

We found an interesting exception in crosses between parallel-
selected LiAc0.02 populations where, against our expectations,
gamete viability decreased over time (Figure 4). We previ-
ously found that three of four replicate populations evolving in
LiAc0.02 had turned (functionally) haploid early on in exper-
imental evolution (Ament-Velasquez et al. 2022). In haploid
populations, beneficial mutations can sweep to fixation faster
and deleterious mutations are more quickly purged by purifying
selection, as they are not masked by heterozygosity (Gerstein
et al. 2011; Cervantes et al. 2023). This is consistent with our
finding that the mutational SNV load in LiAc0.02 populations
was consistently lower than in other populations, which may
be the result of stronger purifying selection in this environ-
ment. These processes are particularly efficient in large popu-
lations exposed to stressful environments with strong selection,
which the LiAc0.02 environment represents (Ament-Velasquez
et al. 2022). Propelled by clonal interference, this may have af-
fected the adaptive dynamics (the rate and direction of allele
frequency changes) in the LiAc0.02 populations in idiosyncratic
ways, leading to substantial genetic differentiation and incom-
patibilities between them, despite parallel selection pressures.

Although we may speculate on the mechanisms causing repro-
ductive isolation in our experiment, the underlying genetic ar-
chitecture of reproductive isolation remains unidentified. The
pattern of decreasing genomic similarity and increasing F_, be-
tween divergent-selected populations (while parallel-selected
populations remained similar), and the vast genome-wide in-
stability found in hybrid genomes, does suggest that reproduc-
tive isolation is based on (or at least accompanied by) multiple
genomic regions and that ‘continents’ rather than ‘islands’ of
differentiated loci are operating together (Michel et al. 2010).
However, due to the absence of sexual recombination during
the evolution of the parent populations in our experiment, other
evolutionary mechanisms may have also caused large genomic
regions to become differentiated. Effects of clonal interference
and linked selection, for example, that is, the competition be-
tween multiple beneficial mutations arising independently
in the same population leading to only one lineage sweeping
through the population, may have caused genetic differentia-
tion between populations that is not due to ecological selection
alone. Although our previous work has identified the number
and types of adaptive mutations segregating and fixing in the
evolving parental populations (Ament-Velasquez et al. 2022),
our pool-seq approach does not provide haplotype information.
Thus, we cannot infer which and how many genes are caus-
ing reproductive isolation, how large their effect sizes are, and
whether they are genomically clustered (Nosil and Feder 2012).
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Directed crosses between parents with known genotypes, and
dissecting and genotyping a large number of recombined F2
gametes, could identify incompatible chromosomes, chromo-
somal regions or individual genes causing reproductive isolation
in this system.

5 | Conclusions

Selection against hybrids due to ecological factors, when hybrid
phenotypes are ill-adapted to existing ecological niches, has often
been considered as being different from selection arising from
epistatic (Dobzhansky-Muller) incompatibilities (Thompson
et al. 2023). There is a recent push to close this gap between evo-
lutionary ecology and speciation genetics, and to focus more on
the role of the environment and ecological adaptation in driving
what we traditionally think of as ‘intrinsic’ genetic isolation bar-
riers (Anderson et al. 2023; Thompson et al. 2023). Our study
contributes to bridging this gap by synthesising phenotypic and
whole genome data, and demonstrating that divergent ecologi-
cal adaptation can indeed promote intrinsic reproductive isola-
tion, consistent with predictions of ecological speciation theory.
Our population genomics results show that divergent ecological
selection, even for relatively few mitotic generations, was ac-
companied by vast genomic instability in F2 hybrids, including
deletions, inversions and interchromosomal translocations. Our
multifaceted approach of combining experimental evolution
with sexual microbes, hybridization at increasing time points
of divergence, high-throughput phenotyping, and comparative
genomics, confirms the ability of ecology to drive reproductive
isolation and speciation. Our approach can be further developed
to provide a comprehensive empirical framework to test different
concepts in speciation research. This includes, for instance, (i)
testing if the speciation continuum is a ‘continuum of reproduc-
tive isolation’ (Stankowski and Ravinet 2021) and whether re-
productive isolation barriers accumulate linearly or, as predicted
by theory, exponentially (Orr 1995), the ‘missing snowball’
controversy; (ii) testing if the ‘speciation hypercube’ captures
the complexity of species divergence (Dieckmann et al. 2004;
Bolnick et al. 2023), by including more phenotypic and genetic
variables and (iii) to better understand the evolution of hybrid
fitness during speciation by including additional data sets (e.g.,
gene interaction networks (Dagilis et al. 2019)), which could rec-
oncile the contrasting outcomes of epistatic genetic interactions
leading to hybrids with both increased (heterosis) and decreased
fitness (hybrid inviability) during different stages of speciation.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Pairwise Fg, estimates
over the course of experimental evolution. F, estimates between repli-
cate (divergent- and parallel-selected) parental populations and time-
points for A) NaCl x LiAc0.01, B) NaCl x LiAc0.02 and C) NaCl x
Ethanol. The colour scale indicates pairwise Fg, estimate with dark
blue indicating smaller Fg, suggesting less population differentiation,
and lighter yellow indicating higher Fg, suggesting greater population
differentiation. Figure S2: The distribution of pairwise F, estimates
over the course of experimental evolution. Each density plot indicates
the distribution of pairwise values between replicates (divergent and
parallel-selected) parental populations. The dashed red line indicates
the estimate between the two founder populations (N Founder and LE
Founder). Figure S3: The single nucleotide variant mutational land-
scape of hybridization at seven time points of experimental evolution.
A) The SNV mutational load consists of the number of mutational vari-
ants and indels (insertions and deletions) within a population. The

median SNV mutational load of populations is indicated by the coloured
solid line. Grey plots show mutational load averaged across all sampled
timepoints (TOTAL) for the three types of hybrid crosses. Other plots
show data from crosses made at 7 timepoints of increasing parental di-
vergence (number of generations). The mean mutational load of the
founder population is indicated by the dashed black line. Boxplots indi-
cate the first and third quartiles with whiskers extending to the furthest
point not exceeding 1.5 x the interquartile range and outliers beyond
this are shown as dots. The solid line indicates the median value. Letters
indicate statistical significance using Kruskal-Wallis and pairwise
Wilcoxon post hoc tests with Bonferroni corrections. B) Linear regres-
sion (Pearson R) of SNV mutational load at seven time points (n of gen-
erations) of experimental evolution. Only significant linear relationships
are shown (p <0.05). The grey plot includes F1 and F2 hybrids across all
crosses. C) SNV mutational load after filtering for high impact muta-
tions on gene function using SnpEff v5.2 (Cingolani et al. 2012). The
mutational load is averaged across all timepoints (TOTAL) for each hy-
brid cross. The mean mutational load of the founder population is indi-
cated by the dashed black line. Different letters (A, B and C) indicate
statistically significant differences using Kruskal-Wallis and pairwise
Wilcoxon post hoc tests with Bonferroni corrections. Figure S4: The
SNV mutational landscape sorted by mutational type. The overall mean
and standard deviation of each mutation type (SNP =single nucleotide
polymorphism, DEL =deletion, INS =insertion, MNP = multiple nucle-
otide polymorphism, MIXED =multiple nucleotide polymorphism +
indels) in parental, F1 and F2 hybrid populations across all sampled
timepoints. Figure S5: The high impact SNV mutational landscape of
hybridization. A) The SNV mutational load consists of mutational vari-
ants and indels (insertions and deletions) that have been estimated to
have a high impact on gene function by SnpEff v5.2 (Cingolani
et al. 2012). The mutational load is shown encompassing all timepoints
(TOTAL) for a given hybrid cross, as well as separately according to the
generational divergence of each cross from the initial founder popula-
tion. The mean mutational load of the two founding populations is indi-
cated by the dashed black line. B) Linear regression (Pearson R) between
SNV mutational load and parental divergence in terms of generational
time. Only significant linear relationships are shown (p <0.05). Figure
S6: The structural variant mutational landscape of hybridization at
seven time points of experimental evolution. A) Structural variant (SV)
mutational load consists of the number of deletions, insertions, inver-
sions, tandem duplications and interchromosomal translocations
(>8Dbp) detected in the population. Grey plots show SV mutational load
averaged across all sampled timepoints (TOTAL) for the three types of
hybrid crosses. Other plots show data from crosses made at 7 timepoints
of increasing parental divergence (number of generations). The mean
mutational load of the founder population is indicated by the dashed
black line. Boxplots indicate the first and third quartiles with whiskers
extending to the furthest point not exceeding 1.5 x the interquartile
range and outliers beyond this are shown as dots. The solid line indi-
cates the median value. Different letters (A, B and C) indicate statisti-
cally significant differences using Kruskal-Wallis and pairwise
Wilcoxon post hoc tests with Bonferroni corrections. B) Mean structural
variant count of each type of structural variant (deletion, insertion,
breakend, inversion and duplication) for each environment and cross.
Node colour and size indicates the mean count of each variant type
across all timepoints. C) Linear regression (Pearson R) between SV mu-
tational load and increasing timepoints of parental divergence (number
of generations). Only significant linear relationships are shown
(p<0.05). The grey plot includes F1 and F2 hybrids from all crosses.
Figure S7: The distribution of breakend structural variants. Grey plots
show SV breakend load averaged across all sampled timepoints
(TOTAL) for the three types of hybrid crosses. Other plots show data
from crosses made at 7 timepoints of increasing parental divergence
(number of generations). The mean mutational load of the founder pop-
ulation is indicated by the dashed black line. Figure S8: The distribu-
tion of insertion structural variants. Grey plots show SV insertion load
averaged across all sampled timepoints (TOTAL) for the three types of
hybrid crosses. Other plots show data from crosses made at 7 timepoints
of increasing parental divergence (number of generations). The mean
mutational load of the founder population is indicated by the dashed
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black line. Figure S9: The distribution of deletion structural variants.
Grey plots show SV deletion load averaged across all sampled time-
points (TOTAL) for the three types of hybrid crosses. Other plots show
data from crosses made at 7 timepoints of increasing parental diver-
gence (number of generations). The mean mutational load of the founder
population is indicated by the dashed black line. Figure S10: The distri-
bution of duplication structural variants. Grey plots show SV duplica-
tion load averaged across all sampled timepoints (TOTAL) for the three
types of hybrid crosses. Other plots show data from crosses made at 7
timepoints of increasing parental divergence (number of generations).
The mean mutational load of the founder population is indicated by the
dashed black line. Figure S11: The distribution of inversion structural
variants. Grey plots show SV inversion load averaged across all sampled
timepoints (TOTAL) for the three types of hybrid crosses. Other plots
show data from crosses made at 7 timepoints of increasing parental di-
vergence (number of generations). The mean mutational load of the
founder population is indicated by the dashed black line. Figure S12:
The copy number variant mutational landscape of hybridization at
seven time points of experimental evolution. A) Copy number variant
(CNV) mutational load consisting of amplifications, deletions and aneu-
ploidies. Grey plots show CNV mutational load averaged across all sam-
pled timepoints (TOTAL) for the three types of hybrid crosses. Other
plots show data from crosses made at 7 timepoints of increasing paren-
tal divergence (number of generations). The mean mutational load of the
founder population is indicated by the dashed black line. Boxplots indi-
cate the first and third quartiles with whiskers extending to the furthest
point not exceeding 1.5 x the interquartile range and outliers beyond
this are shown as dots. The solid line indicates the median value.
Different letters (A, B and C) indicate statistically significant differ-
ences using Kruskal-Wallis and pairwise Wilcoxon post hoc tests with
Bonferroni corrections. B) The fraction of the genome altered (%) across
all sampled timepoints (TOTAL) for the three types of hybrid crosses.
Colours, boxplots and statistical significance are consistent with panel
A. C) Linear regression (Pearson R) between CNV mutational load and
increasing timepoints of parental divergence (number of generations).
Only significant linear relationships are shown (p <0.05). The grey plot
includes F1 and F2 hybrids from all crosses. D) The distribution of large
(>10kb) CNVs, small (<10kb) CNVs and chromosome aneuploidy
(>60% amplified or deleted) across all sampled timepoints for the three
types of hybrid crosses. Colours, boxplots, and statistical significance
are consistent with panel A. Figure S13: The copy number variant mu-
tational landscape of hybridization. The proportion of the genome am-
plified is shown as positive numbers and the proportion deleted is
shown as negative numbers. Grey plots show data averaged across all
sampled timepoints (TOTAL) for the three types of hybrid crosses.
Other plots show data from crosses made at 7 timepoints of increasing
parental divergence (number of generations) from the initial founder
populations. The solid black line indicates a pure diploid population
without amplifications or deletions (% genome altered=0). The mean
proportions deleted (negative) and amplified (positive) of the two found-
ing populations are indicated by dashed black lines. Figure S14:
Chromosome-level relative sequencing read depth. The sequencing
read depth for each chromosome relative to the genome-wide sequenc-
ing read depth for each sample. Each row indicates a replicate in each
respective environment (NaCl, LiAc 0.01, LiAc 0.02 or EtOH). Blue in-
dicates read depth greater than genome-wide average and red indicates
lower than average. Sequencing timepoints not used in this study for
hybrid crosses (i.e., generations 30, 60) were analysed from (Ament-
Velasquez et al. 2022). Tables S1-S2: mec70110-sup-0002-TablesS1-S2.
xlsx.
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