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ABSTRACT

How do species adapt to their environments? This question has been a major driver of
evolutionary genetics research for a century. Developing cost-efficient models to address how
traits are shaped by their environments and how species adapt to distinct ecological niches is
critical as the impact of human influence on the environment becomes clearer. This dissertation
develops the use of the wine yeast Lachancea thermotolerans as a model for population
genomics by investigating the phylogenetics, population history, and phenotypic variation within
the species. Firstly, I summarized population structure using over 300 genome sequences from
strains with a broad range of geographic and environmental origins. Expansion of available
genomic resources to include 90 more isolates from European and North American woodland
habitats across two continents revealed several new tree-associated lineages. Additionally, |
found evidence for recent gene flow between continents, providing a more complete view of
population structure and the impact of environment on genetic variation. The addition of wild
strains suggested that copy number variation previously associated with adaptation to domestic
environments may be more prevalent across ecological and geographical origins than previously
thought. Secondly, analysis of growth rates at a range of temperatures showed natural genetic

variation within L. thermotolerans. Strains from one North American lineage grew at a



significantly lower rate than others at high temperatures. This suggests a single change within the
species that appears maladaptive at high temperatures has occurred. The lack of adaptation seems
surprising because there was natural genetic variation in growth rates among L. thermotolerans
strains, suggesting that standing variation exists for adaptation to high temperature growth.
Population genomic analyses require high-quality data to determine differences within a species,
and the data used here did not show intraspecies contamination. This is important because, using
simulated data, | found that contamination between 5 and 10% can alter phylogenetic tree
topology and gene flow. Overall, the results presented here emphasize the importance of
screening for intra-species contamination prior to phylogenetic or population genomic work and
demonstrate the potential of L. thermotolerans as a model system to increase understanding of

the genetic mechanisms of adaptation.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Adaptation, human influence, and microbes

Underlying mechanisms of genetic adaptation have been a focus of evolutionary biology
since Darwin published The Origin of Species in 1859. Questions concerning species’ adaptation
to distinct ecological niches and the genetic architecture shaping those traits have driven the field
for nearly 100 years (Orr, 2005). As the impact of the Anthropocene on the environment
becomes more apparent, understanding ways in which lifeforms are influenced by their
environments becomes even more critical. Domestication, or the mutualistic process by which
one species controls the growth and reproduction of another for some benefit (Meyer &
Purugganan, 2013; Purugganan, 2022), is frequently conflated with artificial selection by humans
in colloquial parlance (Purugganan, 2022; Warwick et al., 2024). However, this understanding
does not consider the influence humans have inadvertently had across the Tree of Life, especially
on microbes (Friedrich et al., 2023; Warwick et al., 2024).

Adaptation of microorganisms to industrial environments began prior to the discovery of
microbial life by Hooke and van Leeuwenhoek in the late 17t century; evidence suggests
humans fermented food and beverages as early as the Neolithic period (Dupont et al., 2017,
Marsit et al., 2017). This ancient relationship between microbes and humans, as well as their
importance in multiple human-associated processes, is a major driver of microbial adaptation and
niche specialization (Marsit et al., 2017; Villarreal et al., 2022). Fungi and yeasts have been

widely used as food sources and in the production of victuals since at least 7000 BCE (Dupont et



al., 2017; Marsit et al., 2017; Pefia et al., 2025). These organisms therefore offer unique insight

into the means of genomic adaptation and especially human influence on these processes.

Using yeast to study genetics of adaptation

Yeasts in the fungal phylum Ascomycota (i.e., ascomycetes) are a diverse group that
originated between 317-523 million years ago (mya). Species within this phylum have
divergence times comparable to that between humans and roundworms (Shen et al., 2018).
Within the ascomycetes, evolution of phenotypes in the subphylum Saccharomycotina is driven
by gain and loss of metabolic traits allowing yeasts to adapt to a variety of specialized niches
within a wide number of habitats (Clowers, Heilberger, et al., 2015; Gongcalves et al., 2020;
Harrison et al., 2024; Mozzachiodi et al., 2022; Opulente et al., 2018; Rosa & Gabor, 2006;
Samarasinghe et al., 2021; Shen et al., 2018). The species Saccharomyces cerevisiae is well
known as a eukaryotic model system due to its tractability, large genetic toolkit, and
collaborative community of biologists (Botstein & Fink, 2011).

Saccharomyces cerevisiae has a long history of human association, appearing in fermented
foodstuffs from China dating to approximately 7000 BCE (Marsit et al., 2017). Genetic
differences between wild and domestic lineages of S. cerevisiae have shaped the population
structure of the species (Liti et al., 2009; Marsit et al., 2017; Pefia et al., 2025). Even between
domestic populations, there are significant differences — beer and bakery lineages are genetically
diverse with polyphyletic structure, while sake and wine lineages are each monophyletic
(Gallone et al., 2016; Peter et al., 2018). Aneuploidy variation also differs between domestic
populations - there is high aneuploidy variation within the sake lineage and low aneuploidy

variation within the wine lineage (Scopel et al., 2021). There is evidence that domestication of



beer lineages greatly impacted the life cycle of S. cerevisiae, changing growth patterns under
stress and impairing or completely removing the sexual reproductive cycle (De Chiara et al.,
2022). Beyond domestication, there is evidence for convergent evolution in S. cerevisiae as they
transitioned between woodland and fruit habitats in the United States and Europe (Almeida et al.,
2017; Clowers, Heilberger, et al., 2015; Clowers, Will, et al., 2015). This suggests independent
populations within yeast species are effective models for studying processes driving adaptation
and convergent evolution.

Recent studies focusing on the roles of non-model yeasts in production of beer and wine
(Binati et al., 2020; Canonico et al., 2019; Capece et al., 2018; Domizio et al., 2016; Feng et al.,
2020; Galaz & Franco, 2023; Giannakou et al., 2020; Jolly et al., 2014; Masneuf-Pomarede et al.,
2016; Mateus et al., 2020; Molinet & Cubillos, 2020; Postigo et al., 2022; Vejarano & Gil-
Calderdn, 2021), other industrial processes (Fernandez-Pacheco et al., 2023; Giannakou et al.,
2020; Mukherjee et al., 2017; Pretscher et al., 2018), and their clinical and ecological
significance (Agarbati et al., 2020; Freel et al., 2015, 2016; Harrison et al., 2024; Kunyeit et al.,
2024; Schikora-Tamarit & Gabaldon, 2022; Vitanovi¢ et al., 2019; Yilmazer Aktar et al., 2023)
emphasize ways in which broadening the scope of yeast research may impact our understanding
of evolutionary and population dynamics in eukaryotes. As whole genome resources for non-
model yeast species continue to become readily available, they provide a means for addressing
questions about genetic factors shaping adaptation (Libkind et al., 2020; Peter & Schacherer,
2016). One species of particular interest for its use in beer (Canonico et al., 2019; Capece et al.,
2018; Domizio et al., 2016; Molinet & Cubillos, 2020; Postigo et al., 2022; Zdaniewicz et al.,

2020), wine (Benito, 2018; Gatto et al., 2020; Morata et al., 2018; Porter et al., 2019; Vilela,



2018), and its potential as a biocontrol agent (Mioranza et al., 2021; Nally et al., 2018; Zeidan et

al., 2018) is Lachancea thermotolerans.

Non-model yeast Lachancea thermotolerans as a system to study adaptation

The yeast L. thermotolerans, type species for the genus Lachancea, was previously part of
the Kluyveromyces yeasts (Lachance & Kurtzman, 2011). The genus is estimated to have
diverged approximately 125-150 mya (Shen et al., 2018), meaning that the genetic distance
between L. thermotolerans and S. cerevisiae is roughly equivalent to that between humans and
starfish (Shen et al., 2018). Lachancea thermotolerans can be found on a variety of substrates,
including tree and vine bark, flower, and fruit (Osburn et al., 2018; Porter et al., 2019; Robinson
et al., 2016). Further, it has been isolated on every continent, apart from Antarctica, and from a
wide variety of climates. It has been noted for its production of lactic acid during fermentation
(Gatto et al., 2020; Morata et al., 2018) and for possibly providing a biological method to deal
with the effects of climate change’s impact on wine flavor profiles (Morata et al., 2018; Vaquero
et al., 2020; Vicente et al., 2023). Previous work with mitochondrial and microsatellite data
showed that L. thermotolerans live in geographically structured populations with distinct
populations associated with wine and trees (Banilas et al., 2016; Freel et al., 2014; Hranilovic et
al., 2018). Lachancea thermotolerans from oenological environments display metabolic traits
suggesting that wine-association lineages are domesticated (Hranilovic et al., 2018; Vicente et
al., 2025). The geographic structure and presence of domestication traits within the species
makes it an interesting model for investigating i) local adaptation and ii) differences in drivers of

adaptation between domesticated and wild environments; however, previous studies using



whole-genome sequencing have focused primarily on European winemaking strains (Vicente et
al., 2025).

Saccharomyces cerevisiae regularly co-occurs with L. thermotolerans in both natural and
winemaking environments, where mixed fermentations of the species are frequently used to
improve wine quality (Binati et al., 2020; Gobbi et al., 2013). Domestication of S. cerevisiae is
associated with the expansion of viticulture within the Mediterranean Basin (Almeida et al.,
2015), the same geographic origin as the lineage of L. thermotolerans showing hallmarks of
domestication (Banilas et al., 2016; Hranilovic et al., 2018; Vicente et al., 2025). Further, causal
genes for traits exhibited by this domestic lineage show significant homology with genes also
characterized as part of the S. cerevisiae domestication suite (L.iti et al., 2009; Vicente et al.,
2025). These ecological and genetic similarities, along with the large genetic distance between
the two, make L. thermotolerans and S. cerevisiae a compelling model system for understanding
repeated evolution (Cerca, 2023). Further investigation into the population history, genetic
architecture, and phenotypic profiles of L. thermotolerans is needed as the basis for future

investigations into processes of parallel evolution between the two species.

Thesis outline

The goal of this dissertation is to use phylogenetics and population genomics approaches to
study phylogeography and population structure in L. thermotolerans and identify thermal growth
profiles to assess whether local adaptation may be occurring within the species.

Chapter 2 presents an expanded understanding of the phylogeography and population
structure of L. thermotolerans. Here, | expand available whole-genome resources for wild forest

populations within L. thermotolerans and use publicly available sequences (Vicente et al., 2025;



Xia et al., 2017) to identify 12 genetically distinct lineages within the species. | additionally find
evidence for historical migration and gene flow between continents likely driven by human
migration events. A preliminary finding shows that increased copy number of genes associated
with the success of L. thermotolerans in winemaking environments are present in wild forest
populations. This work provides a more complete view of the population structure and impact of
human-associated environments on genetic variation within L. thermotolerans.

In Chapter 3, | investigated the natural variation in the growth rates of L. thermotolerans
strains at different temperatures and explored factors that could affect a strain’s growth within
these conditions. Using a combination of high-throughput phenotyping (via collaboration with
the Gasch lab at the University of Wisconsin — Madison), phylogenetics, and linear and non-
parametric modeling with a subset of 58 strains from 8 distinct genetic lineages (identified in
chapter 2), | found that strains from North American lineages grow at a significantly lower rate
than those from other lineages at high temperatures. This was the only statistically significant
difference between lineages, suggesting a single change in growth rate as a response to
temperature change has occurred in the species. This is perhaps surprising because | also
observed standing genetic variation in high temperature growth rates among closely related
strains within L. thermotolerans.

Chapter 4 assesses the impact of low-level intra-species contamination on genome data and
downstream population genomic analyses. In collaboration with Bensasson lab member Eduardo
F. C. Scopel and the Momany lab in the Fungal Biology Group at the University of Georgia, |
found that while contaminated genomes appear to produce good quality genome data, 5-10%
intraspecies contamination can significantly alter tree topologies and estimations of admixture in

multiple fungal species. A previous study in prokaryotes has suggested phylogenetic analyses are



more robust to contamination, with a threshold between 40 and 50% contamination before
significant impact (Pightling et al., 2019). This work emphasizes the importance of screening for
intra-species contamination and presents the use of B-allele frequency plots to assess potential
contamination prior to downstream analyses. All sequences used in analyses within this
dissertation were screened before use.

In Chapter 5, I assess the results of chapters two through four at a broader level and
discuss future directions for analyses using these data. My dissertation shows the potential of L.
thermotolerans as a population genomics model to further understand domestication and the
potential for local adaptation in natural environments. Additional research into this species on
both ecological and genetic scales is essential to more completely develop a cost-effective and

tractable eukaryotic model for repeated evolution.
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ABSTRACT

Environmental adaptation has played a major role in the evolution of yeasts due to
selective pressures from both wild and domestic environments. The non-model yeast
species Lachancea thermotolerans, used in wine and other fermentative processes, has been the
subject of recent oenological studies focusing on its adaptation to the domestic wine-making
environment. Despite its frequent use in industrial fermentation, L. thermotolerans is a
ubiquitous species with isolates found across six continents and multiple hosts. Here we use over
300 genomes, including 90 new wild strains predominately from trees, to determine whether
wild populations are genetically distinct from domestic lineages. We found that wild woodland
populations show more population structure than previously recognized and identified 12 distinct
clades delineated by geographic and habitat origin. Our analyses suggest occasional recent
migration and gene flow between American and European lineages. With the addition of wild
strains, we have found evidence that copy number variation in genes previously associated with
adaptation to domestic environments may be more prevalent across geographical and ecological
origin than previously thought. Additionally, we found that lineage divergences within L.
thermotolerans are quite old, with nucleotide divergence of approximately 4% between the most
diverged lineages. This is approximately twice the distance seen in Saccharomyces cerevisiae
but resembles distances seen within the wild yeast Saccharomyces paradoxus. These results
contribute to better understanding of the population structure and evolutionary history of a non-

model yeast.

KEYWORDS: population genetics, phylogeography, yeast ecology, genetic admixture
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INTRODUCTION

The use of the model yeast, Saccharomyces cerevisiae, to ferment food and beverage
throughout human history is well recognized (Pefia et al., 2025), as are its habitat-associated
genetic lineages (Almeida et al., 2015; Liti et al., 2009; Pefia et al., 2025; Peter et al., 2018;
Tilakaratna & Bensasson, 2017). In recent years, molecular ecology research has expanded to
non-Saccharomyces yeasts involved in fermentation, industrial processes, or with ecological or
clinical relevance (Almeida et al., 2014; Bensasson et al., 2019; Capece et al., 2018; Jolly et al.,
2014; Masneuf-Pomarede et al., 2016; Villarreal et al., 2022, 2024). Increased access to whole-
genome sequencing data provides further insight into genetic diversity and factors shaping
population and evolutionary dynamics within fungal species, including selective pressures that
may drive niche-specific adaptation across environments (Dauphin et al., 2023).

Lachancea thermotolerans, a yeast species that co-occurs with S. cerevisiae in natural
environments (Robinson et al., 2016) and is involved in winemaking (Jolly et al., 2014), is of
particular interest in oenology for its ability to produce lactic acid during alcoholic fermentation
(Benito 2018; Gobbi et al., 2013). Climate change can lead to earlier fruiting times in wine
grapes which can impact wine flavor, and the lactic acid production of L. thermotolerans can
offset some of these impacts by improving aroma, decreasing aldehyde and fatty acid
concentration, and reducing volatile acidity (Vicente et al., 2023; Vilela, 2018). Increased lactic
acid production has also contributed to its use in craft brewing, where it is used as an alternative
to bacterial souring (Domizio et al., 2016; Osburn et al., 2018) or to enhance ethanol content and
aroma (Canonico et al., 2019). In addition to its use in alcoholic beverages, L. thermotolerans
could be used in agriculture where it has potential as a biocontrol agent against toxigenic fungi

(Zeidan et al., 2018).
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Previous work using mitochondrial and microsatellite data (Banilas et al., 2016; Freel et
al., 2014; Hranilovic et al., 2017) assessed intraspecific diversity and highlighted geography and
local adaptation as driving evolution within L. thermotolerans. These studies, along with a recent
whole-genome study, suggest a role for the oenological environment in lineage differentiation
(Freel et al., 2014; Hranilovic et al., 2017, 2018; Vicente et al., 2025) with genetic and
phenotypic differences distinguishing winemaking strains from wild strains (Gatto et al., 2020;
Hranilovic et al., 2018; Vicente et al., 2025). Despite its global distribution and occurrence in a
broad range of habitats (Barnett et al., 2000), most L. thermotolerans strains in these studies
were from European wine-producing regions. Increasing the number of isolates from natural
environments or wine-producing regions in other parts of the world may provide additional
information about environmental adaptation and drivers of domestication. For example, analysis
of genomes from forest strains would allow a better test of whether domestication explains
reports (Vicente et al., 2025) of recent gene gains or losses in L. thermotolerans.

Here, we utilize the recent expansion of genomic resources for L. thermotolerans to
identify population structure and phylogenetic relationships within the species. We identified
previously unknown substructure, estimated potential gene flow events between populations, and
identified copy number variation of genes conferring increased fitness in domesticated
environments. We show (i) increased population structure within Europe and North America, (ii)
evidence for historical gene flow between populations, and (iii) preliminary evidence for
increased copy number of genes previously associated with adaptation to winemaking

environment (Vicente et al., 2025) in wild populations.
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MATERIALS AND METHODS
Yeast strains and genomic data

Whole-genome data for Lachancea thermotolerans and for sister species Lachancea
quebecensis were compiled from publicly available data (N =155, Table 2.51; Freel et al., 2014,
2016; Vicente et al., 2025; Xia et al., 2017). We also generated genome data for 90 more strains
(Table 2.S1) from: (i) previously published studies (N = 60, Table 2.S1; Sampaio & Gongalves,
2008; Robinson et al., 2016; Osburn et al., 2018), (ii) new strains of L. thermotolerans from oak
and pine bark from Alabama, Florida, Georgia, North Carolina, and Pennsylvania (N = 29, Table
2.S1; Bensasson lab), (iii) and a L. thermotolerans strain from a wild azalea flower (Table 2.51;
kindly provided by Jeff Rapp, Athens Technical College). The methods for yeast isolation from
bark and species identification were as described in Robinson et al. (2016).

DNA was extracted from single yeast colonies using the Promega Wizard Genomic DNA
purification kit and the manufacturer’s protocol for yeast with the exception that only 75 units of
lyticase (Sigma) were used in an overnight incubation at 37 °C. lllumina libraries were generated
by the Georgia Genomic and Bioinformatics Core and Admera Health using the purePlex DNA
Library Preparation Kit (GGBC Project #5256) or the Nextera DNA-Seq Library Protocol (also
known as Illumina DNA Prep; GGBC Project #5881; Admera Health Project 24118-01; Table
S2). Paired-end sequencing was performed on the Illumina NextSeq2000 platform (2 x 150 bp).
Library preparation for one strain was completed by Azenta (formerly GeneWiz) via the
NEBNext® Ultra™ Il DNA Library Prep Kit for Illumina and paired-end sequencing was
performed on the Illumina MiSeq platform (2 x 250 bp; Table 2.S2). Genomic data will be made

available on NCBI-SRA before publication.
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Genome assembly and base calling
Paired-end genomic Illumina reads were downloaded from (i) the European

Bioinformatics Institute (https://www.ebi.ac.uk/) or (ii) the NCBI using the SRA Toolkit (v3.0.3;

https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software), or generated by this study.
Reads were mapped to the L. thermotolerans reference genome, CBS6340 (assembly
ASM14280v1; The Genolevures Consortium et al., 2009), using Burrows-Wheeler Aligner bwa-
mem (v0.7.17; Li & Durbin, 2009). We used SAMtools (v1.16.1; Li et al., 2009) to sort, index,
and compress bam files and generated a consensus sequence excluding indels. We then used the
BCFtools (v1.15.1; Li et al., 2009) call function to generate a consensus sequence and converted
VCF files to the FASTQ format in SAMtools using the vcfutils.pl vef2fq command. Base calls
with a phred-scaled quality score less than 40 were treated as missing data (seqtk v1.3;

https://github.com/Ih3/seqtk) when converting each consensus sequence to FASTA format.

Whole genome coverage was calculated using SAMtools depth and visualized in R (v4.2.1;

https://www.R-project.org/) (Table 2.S1). Strains were inspected for evidence of heterozygosity

and intraspecies contamination using B-allele frequency visualized using the script

vcf2alleleplot.pl (Bensasson et al., 2019; Scopel et al., 2021).

Population genomics: species tree and genetic admixture

Consensus genome sequences (based on mapped reads) from all strains were
concatenated to create a single multiple alignment file for each chromosome in FASTA format.
Ambiguity codes or lowercase base calls were converted to Ns, and ends were filled to make
alignments the same length. Chromosomal multiple alignment files were concatenated to

produce one whole-genome multiple alignment file.
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Neighbor-joining (NJ) trees genetic distance trees were generated for whole-genome and
individual gene alignments using MEGA-CC (v10.0.5; Kumar et al., 2012, 2018) and the
Tamura-Nei substitution model (Tamura & Nei, 1993) with a gamma distribution and 100
bootstrap replicates. We discarded gaps or missing data from pairwise strain sequence
comparisons. The L. quebecensis strain LL2012 118 (Freel et al., 2016) served as an outgroup.
Resulting NJ trees were rotated using ‘ape’ (v5.7.1; Paradis & Schliep, 2019) and visualized
using the ‘ggtree’ package (v3.6.2; Yu, 2020; Yu et al., 2017, 2018) in R (v4.2.1). Information
about substrate and country of origin was plotted beside the tree (Figure 2.1). Maps were drawn

using the ‘maps’ (v3.4.2.1; https://CRAN.R-project.org/package=maps) and ‘ggplot2’ (v3.5.1;

Wickham, 2016) packages in R.

Population structure and strain ancestry of L. thermotolerans were determined using SNP
allele frequencies via ADMIXTURE (v1.3.0; Alexander et al., 2009). Genome data from each
strain were merged into a single alignment (in a VCF file) using BCFtools. Variant sites were
thinned in BCFtools to obtain the minimum allele count of sites to specify the first alternative
allele. Low-quality reads (Phred score < 40) were removed using the minQ option in VCFtools
(v0.1.16; Danecek et al., 2011). Single alignment VVCF files were converted to text-formatted and
binary files using PLINK (v1.9b_6.21; Purcell et al., 2007) for ADMIXTURE analyses. Multiple
runs of ADMIXTURE, with different numbers of populations or genetic clusters (K) from 2 to
20 with five replicates per K, assigned each strain to one or more clusters. We selected the run
with the highest loglikelihood value for each K to visualize population structure (Figure 2.S1).
Ancestry proportions were aligned across K values using the CLUMPAK ‘Distruct for many

K’s’ pipeline (v1.1; Kopelman et al., 2015) and visualized using the R package ‘pophelper’
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(v2.3.1; Francis, 2017) (Figure 2.S2). Genetic clusters were verified using monophyletic clades
with 100% bootstrap support in a NJ tree (Figure 2.1a).

Phylogenomic relationships were further examined using a maximum likelihood (ML)
tree after excluding strains showing recent genetic admixture when K = 15 (Figure 2.S3 and
Table 2.S3). Admixed strains were defined as individuals with percent ancestry less than 90%
from a single population in ADMIXTURE results (Ward et al., 2025). Strains passing this
quality threshold were incorporated into a whole-genome multiple alignment file. The tree was
generated using a general time-reversible model with a gamma distribution and ultrafast
bootstrapping in IQ-TREE (v1.6.12; Minh et al., 2013; Nguyen et al., 2015) and visualized using

the ‘phytools’ (v2.3.0; Revell, 2024), ‘ape,” and ‘ggtree’ packages in R (v4.2.1).

Population substructure within Europe and North America

To identify fine-scale population substructure within European and North American
populations, we used a neighbor-joining tree and ADMIXTURE using strains from the Asian
population as an outgroup for both analyses (see ‘Population genomics’ above; Table 2.S3).
ADMIXTURE was run by varying K from 3 to 12 (Europe) or from 3 to 6 (North America) with
five replicates per value of K and visualized results from the run with the highest loglikelihood

for each K value (Figure 2.54; Europe: Figures 2.S5, 2.S6; North America: Figures 2.S7, 2.S8).

Estimating historical gene flow events
Historical relationships between populations were examined using TreeMix (v1.13;
Pickrell & Pritchard, 2012) after excluding (i) population groups with less than 3 strains and (ii)

strains that were admixed when K = 15. Populations were assigned to the remaining strains as in
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the most likely ADMIXTURE run (also K = 15; Table 2.S3). Genome data from strains (VCF
files) were merged into a single alignment, thinned, and filtered using the same methods for
preparation of ADMIXTURE files (see ‘Population genomics’ above). Allele frequency per
population was calculated with PLINK from the merged VCF file and converted into a TreeMix-
compatible file using the TreeMix-provided ‘plink2treemix.py” script. SNPs were grouped in
blocks of 500 SNPs for jackknife standard errors and trees were rooted with the L. quebecensis
outgroup. Runs assumed different numbers of migration events (M) from 0 to 10 with five
replicates per migration event. We selected the run with the highest log-likelihood value for each
value of M (Figure 2.S10). Resulting graphs and residual covariance plots were visualized in R
(v4.2.1) using the ‘plotting funcs.R’ (Pickrell & Pritchard, 2012) and ‘popcorn’ (v0.02;

https://github.com/andrewparkermorgan/popcorn) packages (Figure 2.3, Figure 2.510). The

model including the most significant migration events (P < 0.01) (i) supported by lower values
of M that persisted at higher levels of M and (ii) validated by more than 50% of significant four-
population (f4) tests (Reich et al., 2009; Z-scores < -3.00 or > 3.00) invoked 9 migration events;

5 of these were validated using 4 tests (Figure 2.3, Table 2.54).

Copy number variation among lineages and ecological origins

De novo assemblies were generated from short read Illumina data for all strains using
paired-end libraries and SPAdes (v3.15.5; Prjibelski et al., 2020). Additional quality checks
using QUAST (Quiality Assessment Tool for Genome Assemblies; Gurevich et al., 2013) and
BUSCO scores (Benchmarking Universal Single-Copy Orthologs; Siméo et al., 2015) will allow
us to determine the completeness of the assembly and are necessary for a quantitative

comparison of studies. This is especially important because we use short-read genome data
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which can produce incomplete assemblies. The genome assembly for each L. thermotolerans
strain was compared to 16 S. cerevisiae gene sequences with known homologs and copy number
variation in L. thermotolerans (Vicente et al., 2025). More specifically, each L. thermotolerans
was treated as a query and compared to a database of S. cerevisiae genes using using ‘blastn’
(BLAST+ v2.14.1; Camacho et al., 2009). We defined hits as homologous genes if they showed
significant similarity (e-value < 1e-4; Table 2.S5). This ‘blastn’ approach only matched the most
conserved regions between S. cerevisiae and L. thermotolerans. Vicente et al. (2025) also used a
BLAST-based approach to identify copy number variation; however, they also implemented the
Control-FREEC tool (Boeva et al., 2012) to assess copy number using read depth.

For visualization, we generated a plot showing the location of the homologous genes in L.
thermotolerans (Figure 2.S11) using the R (v4.2.1) package ‘chromoMap’ (v4.1.1; Anand &
Rodriguez Lopez, 2022). The number of hits in the L. thermotolerans assemblies per S.
cerevisiae gene of interest was tabulated and used as a measure of copy number variation (CNV;
Table 2.S6). Strains were categorized into subgroups based on their ecological origin by
substrate and further classified as ‘domestic’ or ‘wild’ (Table 2.S6) according to whether they
were isolated from an environment with exposure to human activity (e.g., vine or crop tree bark,
grape must, wine strains) or from the wild (e.g., from trees or soil in forests, insects).

Copy number for each gene was mapped onto the species neighbor-joining tree with L.
quebecensis as an outgroup, along with information about substrate, domestic status, and clade
(Figure 2.512). To further investigate the relationship between copy number variation and
genetic relationship within L. thermotolerans, we performed ancestral character estimation using
a probabilistic graphical model (H6hna et al., 2014) in RevBayes (v1.2.5; Héhna et al., 2016)

using the ‘Revticulate’ package (v1.0.0; Charpentier & Wright, 2022) in R (v4.4.2). The
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neighbor joining tree of all strains (see above) was transformed from NEWICK to NEXUS
format for use with RevBayes using the ‘ape’ package in R (v4.4.2). We selected the free rates
model by comparing model fit using Bayes factors computed from stepping-stone and path
sampling simulations of marginal likelihood for the equal and free rates models and comparing
rates of evolutionary trait evolution (Table 2.57). All models were checked for convergence
(Table 2.S7) using the R package ‘convenience’ (v1.0.0;

https://github.com/Ifabreti/convenience). Posterior distribution of the rates of morphological trait

evolution (Figure 2.513) and phylogenies (Figures 2.4 and 2.514) for the selected model were
visualized using the ‘ggplot2’ (v3.5.1), ‘ggtree’ (v3.14.0), ‘RevGadgets’ (v1.2.1; Tribble et al.,

2022), and ‘treeio’ (v1.30.0; Wang et al., 2020) packages in R (v4.4.2).

Comparing L. thermotolerans nucleotide diversity with Saccharomyces species

Estimates of lineage divergence or nucleotide diversity were calculated using the desktop
MEGA 11 application for macOS (Stecher et al., 2020; Tamura et al., 2021) and the Tamura-Nei
substitution model (Tamura & Nei, 1993) with 100 bootstrap replicates. All ambiguous positions
were removed for each sequence pair using the pairwise deletion option in MEGA. For L.
thermotolerans, one strain from each of the 12 genetic lineages confirmed in ML analyses was
selected at random to represent the clade (Table 2.S8). Saccharomyces cerevisiae and S.
paradoxus sequences were taken from 25 (Almeida et al., 2015; Duan et al., 2018; Pefia et al.,
2025; Peter et al., 2018) and 10 genetically distinct lineages (Eberlein et al., 2019; He et al.,
2022; Hénault et al., 2017; Koufopanou et al., 2020; Liti et al., 2009; Xia et al., 2017; Yue et al.,
2017), respectively (Table 2.54). Selected strain sequence information was downloaded and

mapped as seen in ‘Genome assembly and base calling,” but mapped to the S. cerevisiae (S288c;
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SacCer_Apr2011/sacCer3 from UCSC) or S. paradoxus (CBS432; assembly ASM207905v1;
Yue et al., 2017) reference genomes depending on strain species. Results were visualized using

the ‘ggplot2’ package (v3.5.1) in R (v4.2.1) (Figure 2.S15).

RESULTS

We examined population structure in L. thermotolerans using genome data for 239
strains from wild and domestic environments. ‘Wild’ strains were those from animals, flowers,
fruit from uncultivated trees, soil and tree bark or exudate from forests, and ‘domestic’ isolates
were from agricultural environments, bark and fruit from common cultivars (grapes and
grapevines, olives and olive trees), foodstuffs, and industrial fermentation strains. Phylogenetic
analyses of strains revealed several genetically distinct lineages that occur within Asia, Europe,
and North and South America (Figures 2.1, 2.2, 2.52, and Table 2.S3). These include previously
studied wild (‘Asia,” ‘Americas’) and human-associated lineages (‘Europe Domestic 1°, ‘Europe
Domestic 2’; Freel et al., 2014; Hranilovic et al., 2017; Vicente et al., 2025). The addition of 83
new genomes from forest habitats in this analysis revealed 5 new subpopulations by
phylogeographic (lineages labelled with black stars in Figures 2.1b and 2.2) and allele frequency
(ADMIXTURE) analyses (Figures 2.1b, 2.2, 2.52). The yeast in these subpopulations were

primarily from trees in Europe and North America.
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Figure 2.1: Population structure of Lachancea thermotolerans. (a) Whole-genome neighbor-joining (NJ) tree of 239 L.
thermotolerans strains rooted with Lachancea quebecensis outgroup (Table S1; dashed line) using the Tamura-Nei model with a gamma
distribution (Tamura & Nei, 1993) and 100 bootstraps. Black circles at nodes indicate 100% bootstrap support. Strain names are colored
by region of origin; colored bars next to strain names indicate (i) substrate and (ii) country of origin. (b) ADMIXTURE plot with
population cluster values K = 6 and K = 15 showing percent ancestry per strain. Strain order corresponds with NJ tree tip order. New
clade names are highlighted with black stars.
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Population substructure of domestic and wild L. thermotolerans from Europe

Within Europe, there are at least seven distinct populations separated by ecology and
geography (Figures 2.1, 2.2d and 2.S4). These include the previously established domestic
lineages that are broadly distributed (‘Europe Domestic 1°) or are mostly in western Europe
(‘Europe Domestic 2’; Freel et al., 2014; Hranilovic et al., 2017; Vicente et al., 2025), which
only rarely occur in wild environments - only one tree isolate from each clade (Figures 2.1 and
2.54, Table 2.S1). Oak tree strains from northern and western Europe (Finland, France, United
Kingdom) form a lineage closely related to the Europe Domestic 2 lineage; we have termed this
lineage ‘Europe Tree 2’ (Figure 2.S4, Tables 2.S1 and 2.S3). This Europe Tree 2 lineage
includes two non-European strains; these were from oaks in Ontario, Canada (Tables 2.S1 and
2.S3).

Previous work identified a second lineage primarily from Europe and wine-producing
environments, which also occurs outside of Europe; this lineage of heterogeneous strains was
named ‘Europe-mix’ (Hranilovic et al., 2017; Vicente et al., 2025). Our analysis of strains
showed evidence for at least three subpopulations within the ‘Europe-mix’ lineage (Figures 2.2d,
2.54, 2.5S5). These include (i) a sublineage primarily consisting of strains from Spanish vineyards
we have named ‘Spanish Grape,” (ii) wild and domestic strains from Portugal and Spain termed
‘Iberia,” and (iii) tree-associated strains primarily from Greece and Ukraine we are referring to as
‘Europe Tree.” A subpopulation of wild strains within the Europe Tree lineage exclusively

appears in northeastern North America (Figure 2.2, Tables 2.S1 and 2.S3).

Population substructure in North America
There are at least four wild North American L. thermotolerans lineages in the eastern

United States and Canada (Figures 2.2a, 2.2b, 2.2¢) supported across phylogenetic and
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ADMIXTURE analyses (Figures 2.1, 2.S3, and 2.S6). Seven strains from Canada and a strain
from Missouri were previously described as part of the ‘Canada-trees’ lineage (Hranilovic et al.,
2017; Vicente et al., 2025). After incorporating new genome data, this lineage includes strains
from Georgia, Indiana, New Jersey, and Pennsylvania; we refer to this subclade as ‘North
America’ to reflect its presence in the USA (Tables 2.S1 and 2.S3). There are three additional
wild lineages in the USA: ‘Eastern USA,’ ‘Coastal Southeastern USA,” and ‘Southeastern USA’
(Figure 2.2c). Eastern USA strains are from Indiana, Pennsylvania, West Virginia, and a strain is
from Ontario, Canada (Tables 2.S1 and 2.S3). The Coastal Southeastern USA lineage is
primarily from the southeastern United States (Florida, Georgia, and Louisiana) and includes a
strain from Pennsylvania; the Southeastern USA lineage is sister to Coastal Southeastern USA,

with strains from inland areas of Alabama, Georgia, and North Carolina.
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Figure 2.2: Global distribution of L. thermotolerans. (a) Collapsed clade tree colored according to ancestry indicated by
ADMIXTURE when K = 6 (Figure 2.1b). Map showing the (b) global, (c) North American, and (d) European distribution of L.
thermotolerans used in this study. Dashed outlines are colored as described in the legend and highlight the distributions of North
American, Eastern USA and Southeastern USA. Circle sizes are scaled according to square-root-transformed sample sizes. Admixed
strains (< 90% single population ancestry) are colored in light grey; strains without location information are not shown.
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Historical gene flow between distinct populations

Europe Tree and Europe Tree 2 lineage strains were found in both Europe and North
America (Figure 2.2), raising questions about the potential for ancient gene flow within L.
thermotolerans. Could the many lineages we observe have arisen from older admixture events?
After excluding strains showing recent admixture, we used TreeMix (Pickrell & Pritchard, 2012)
to estimate historical migration events impacting genome content of modern L. thermotolerans
populations (Figure 2.3a). Five events were supported by f4 tests with Z-scores <-3.00 or > 3.00
(Reich et al., 2009) (Figure 2.3b, Table 2.S5): (i) an unidentified population of L. thermotolerans
into Europe Tree, (ii) Eastern USA into Southeastern USA, (iii) Americas into Europe Domestic
1, (iv) Europe Domestic 1 into the ‘Europe-mix’ or southern European lineages (Figure 2.1b, K =
6; Spanish Grape, Iberia, and Europe Tree), and (v) an unknown Lachancea sp. into ‘Canada-
tree’ lineages (Figure 2.1b, K = 6; North America, Eastern USA, Southeastern USA, and Coastal

Southeastern USA).
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Figure 2.3: Historical patterns of migration between Lachancea thermotolerans populations. (a) TreeMix admixture graph model
rooted with Lachancea quebecensis showing relationship between lineages with five migration events confirmed by four-population
(f4) tests (Reich et al., 2009) testing for introgression. (b) Table showing migration weights, p-values, and the percent of f4 tests that
returned a significant result (Z-scores < -3.00 or > 3.00). Clades are colored as in Figure 2.1b. Branch lengths were estimated by

maximum likelihood.
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Preliminary results suggest gene copy number changes may not correlate with domestication

Lachancea thermotolerans is widely regarded as an oenologically significant species
especially well-suited to wine-making environments (Hranilovic et al., 2017; Vicente et al.,
2025). Previous work highlighted at least sixteen genes in L. thermotolerans with homologs in
Saccharomyces cerevisiae that vary in presence and copy number based on wild versus domestic
origin (Vicente et al., 2025). These genes, such as DAL5 and MAL31 homologs, are largely
involved in metabolism of alternative carbon and nitrogen sources (Vicente et al., 2025). It
appeared that increases in the copy number of genes important for fermentation occurred as they
adapted to vineyards (Vicente et al., 2025). After de novo assembly to prevent non-reference
sequence from being excluded, we compared whole L. thermotolerans genome sequences to S.
cerevisiae sequences with BLAST and tallied the number of hits for each strain and gene of
interest (Figure 2.S14 and Table 2.S7). Our preliminary analysis was less thorough than that of
Vicente et al. (2025), which included an analysis of read depth to capture copy number variation
that is likely to be missed in an assembly of short read data and is especially good for identifying
recent gains and losses for these genes which were all present in the reference. Additionally, our
use of the ‘blastn’ algorithm only matched highly conserved genes, and therefore may exclude
copies that are diverged from the S. cerevisiae nucleotide sequences. Given the large divergence
time between S. cerevisiae and L. thermotolerans, it is likely that we underestimated copy
numbers for these genes.

Using our approach, the European Domestic 1 lineage did not appear to be the only
lineage to show an increase in DALS5 gene copy number; the wild Canada-trees lineage (Figure
2.1b, K = 6) also showed an increase and strains within that clade showed further increases

(Figures 2.4a, 2.511). Similarly, MAL31 showed high copy number in strains from both domestic
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and wild backgrounds (Figures 2.4b, 2.511). European Domestic 1 lineage unexpectedly showed
fewer copies than wild Canada-trees (Figure 2.1b, K = 6) or any other European lineage (Figures
2.4b, 2.511). Ancestral character estimation models including sister species L. quebecensis as an
outgroup suggest several genes (7/16) have increased copy number at the shared ancestor of L.
thermotolerans and L. quebecensis (Figures 2.4, 2.514).

While we generally recapitulate clade-wide patterns seen in Vicente et al (2015) for
genes with only one locus in the L. thermotolerans reference genome, we were not able to
recapitulate the gains or losses seen across lineages for multilocus genes (data not shown). In
addition to the de novo assembly and BLAST method we show here, Vicente et al (2015) used
the Control-FREEC tool (Boeva et al., 2012) to assess copy number using read depth. Our
method returned lower copy numbers across strains for most genes investigated here, as we
might have expected because BLAST can only identify gene copies with distinct copies in the
assembly (Figure 2.511). Gene copies that did not assemble correctly, as is more common for
tandem repeats, will be missed by BLAST. For 3 out of 16 genes, we found higher copy numbers
than Vicente et al (2015) in a small number of genomes; homologs of S. cerevisiae genes EBP2
(admixed strain CBS6467), GAL1, and GAL3 (Americas clade). Additional analyses, including
quality control of our genome assemblies, comparisons of differences between strains tested here
and in Vicente et al (2015) and Control-FREEC analyses of strains are needed before we can
make conclusive statements about the frequency of copy number variation in genes associated

with adaptation to the winemaking environment in wild strains of L. thermotolerans.
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Figure 2.4: Copy number variation of metabolic genes previously associated with the winemaking environment across species
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DISCUSSION
Genetic isolation by environmental niche and geographical origin

Although species in the genus Lachancea are some of the most frequently isolated yeasts
worldwide, investigation into how and why Lachancea species came to inhabit so many
ecological niches, including those within woodlands, has been limited (Mozzachiodi et al., 2022;
Porter et al., 2019). Lachancea thermotolerans, the type species and one of the two most
common species within the genus, has been previously associated with foodstuffs; especially the
winemaking environment (Benito, 2018; Jolly et al., 2014; Mateus et al., 2020). In this study, we
expand the number of available L. thermotolerans genome sequences from strains occurring in
arboretums and forests and characterize lineages of woodland L. thermotolerans in Europe and
North America. Phylogeographic analysis of new and previously published L. thermotolerans
sequences shows that strains are recognizably from northwestern (Europe Tree 2) or southern
European forests (Europe Tree), while others are distinguishable as being from the Iberian
Peninsula (Figures 2.1, 2.2, and 2.S4). At least four wild lineages separated by geographical
region make up the previously described ‘Canada-trees’ lineage (Hranilovic et al., 2017; Vicente
et al., 2025): North America, Eastern USA, Coastal Southeastern USA, and Southeastern USA
(Figures 2.1, 2.2, and 2.S6). These results are consistent with previous analyses of L.
thermotolerans that showed subpopulation differentiation along axes of geographical and
ecological origin (Freel et al., 2014; Hranilovic et al., 2017; Masneuf-Pomarede et al., 2016;
Vicente et al., 2025). Our discovery of many further subpopulations within the woodland niche
suggests that much population diversity and structure remains to be sampled in other continents

and habitats.
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Although L. thermotolerans has been isolated from insects (Babcock et al., 2018; Kogan
et al., 2023; Lachance & Kurtzman, 2011) the high level of population structure within these
populations is consistent with previous work suggesting that long-distance migration is rare in
forest environments (Tilakaratna & Bensasson, 2017). Lachancea thermotolerans has not been
isolated from atmospheric samples to date, although that does not necessarily preclude air
dispersal as a migratory mechanism (Péter et al., 2017). Saccharomyces cerevisiae and S.
paradoxus have also shown high population structure in woodland environments (Leducq et al.,

2014; Pena et al., 2025), suggesting that this pattern may be consistent across Saccharomycotina.

Intercontinental gene flow of L. thermotolerans

While we have found evidence of European lineages in North America (Figure 2.2), we
do not see examples of ‘Canada-trees’ lineages in Europe. The presence of these European tree
lineages in North American forests may be due to human migration. Given L. thermotolerans use
in wine and food, it is possible that, like S. cerevisiae, humans may have unknowingly carried L.
thermotolerans via victuals or insects traveling with them (Pefia et al., 2025). There is also
evidence for transoceanic migration in woodland lineages of the wild yeast S. paradoxus
(Kuehne et al., 2007). Either of these processes could explain recent migrants and gene flow in L.
thermotolerans (Figures 2.2 and 2.3, Table 2.S5). Current observations of recent migrants are
consistent with estimates of gene flow suggesting migration events within and between Europe
and North America; our results also suggest that there may be more unsampled lineages of L.
thermotolerans or another Lachancea species closely related to L. thermotolerans and L.

quebecensis (Figure 2.3, Table 2.S5). There appears to be an intercontinental example of
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historical gene flow from yeast related to the Americas lineage into the modern Europe-
Domestic 1 lineage.

This study shows slightly more lineage diversity within North America than within
Europe (Figures 2.1, 2.3, and 2.S8), however there is too little sampling in other continents to
determine the geographic origin of the species. Analyses using mutation and recombination rates
from S. cerevisiae laboratory estimates in the species Lachancea cidri dated its lineage
divergences to the late Pleistocene period, near the last glacial maximum (Villarreal et al., 2022).
Spread and divergence of S. cerevisiae has also been dated to the last glacial maximum (Pefia et
al., 2025). It seems likely that the reduction in ice cover globally also had an impact on the
evolution of L. thermotolerans, although the much greater genetic divergence of its lineages
compared with S. cerevisiae (Table 2.515) suggest either a much older global distribution, or a
faster generation time or mutation rate. In both L. cidri and S. cerevisiae, European populations
have shown increased genetic admixture that appears to be related in some capacity to patterns of

human migration (Pefia et al., 2025; Villarreal et al., 2022).

Possible genomic signatures of domestication in domestic and wild strains of L. thermotolerans

Previous work identified increased copy number of genes associated with the
domestication of S. cerevisiae, such as DAL5 and MAL31, in L. thermotolerans strains from
vineyards (Vicente et al., 2025). In contrast, we found that (i) both the Europe Domestic 1 and
wild Canada-trees (Figure 2.1b, K = 6) lineages showed increase in DAL5 gene copy number and
(if) MAL31 showed high copy number in strains from both domestic and wild origins, but fewer
copies in the Europe Domestic 1 lineage than in Canada-trees (Figure 2.1b, K = 6) or other

European lineages (Figures 2.4 and 2.S512, Table 2.S6). Tandem repeats in S. cerevisiae have
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been correlated with the species success in rapid adaptation to industrial environments
(Guillamén & Barrio, 2017). If tandem duplications are more likely than other duplications in
domestic lineages relative to wild yeast, our methods might explain why we observed high copy

numbers of domestication-associated genes in wild lineages.

Lachancea thermotolerans as a model for population genomics

Nucleotide divergence between clades within L. thermotolerans is comparable to that
seen in S. paradoxus, with both species showing nucleotide divergence up to approximately 4%
between the most diverged lineages (Figure 2.515). Saccharomyces paradoxus shows some
degree of reproductive isolation among its most diverged lineage and has been used as a model
for speciation (Delneri et al., 2003); exploring this possibility in L. thermotolerans is an
interesting direction for future research. The genetic distance seen within L. thermotolerans and
S. paradoxus is double the genetic distance between the most diverged lineages within S.
cerevisiae (Figure 2.S15). Lachancea thermotolerans co-occurs with both species in woodland
environments (Robinson et al., 2016; Spurley et al., 2022) and is frequently used alongside S.
cerevisiae in winemaking (Benito, 2018; Binati et al., 2020; Gobbi et al., 2013) and beer
production (Osburn et al., 2018; Postigo et al., 2022). In addition to this overlap within
fermentative industry, L. thermotolerans and S. cerevisiae are both thought to have domesticated
lineages associated with expansion of viticulture in the Mediterranean Basin (Almeida et al.,
2015; Banilas et al., 2016; Hranilovic et al., 2018); further, genes associated with the suite of
domestication traits in both species show significant homology (L.iti et al., 2009; Vicente et al.,

2025).
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The large genetic distance between the Lachancea and Saccharomyces genera
(approximately 125-150 mya, equivalent to that between humans and starfish; Shen et al., 2018),
combined with their ecological and genetic similarities, make L. thermotolerans a compelling
addition to S. cerevisiae and S. paradoxus as a model system for understanding convergent and
parallel evolution dynamics. Continued development of L. thermotolerans as a model for
population genomics, including additional investigation into the genetic architecture and
phenotypic profiles of the species, is needed to develop investigations into processes of repeated

evolution between fungal microbes.

SUPPLEMENTARY TABLE INFORMATION.
Due to their size, the following supplemental tables for this chapter are available on

GitHub here: https://github.com/bensassonlab/data/tree/master/Ward2025_Dissertation

Table 2.S1. Overview of Lachancea thermotolerans and Lachancea quebecensis strains used
in the study, including compiled metadata from publicly available and new whole-
genome data. “Published Clade Assignment” includes the original name of the clade
followed by the assignment source; “Study” lists the source of the isolated strain
followed by the genome source, if different.

Table 2.S2. Library preparation methods and sequencing platforms used during this study.

Table 2.S3. Strains used in population structure analyses. We defined a strain as admixed if
percent ancestry to a single population is < 90% from ADMIXTURE analysis when K =
15. “Published Clade Assignment” includes the original name of the clade followed by
the assignment source; “Study” lists the source of the isolated strain followed by the

genome source, if different.
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Table 2.54. f4 test results for significant migration events. Table shows f4 test ((A,B);(C,D))
results for significant (P < 0.01) edges across TreeMix graphs for all values of M (MO-
M10).

Table 2.56. Copy number of genes of interest per strain. Copy number of 16 Saccharomyces
cerevisiae homologs in Lachancea thermotolerans strains and description of strain clade

and ecological origin.
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Table 2.S5. Genes used in copy-number variation analyses. List of gene names and positions
within the L. thermotolerans reference genome with names of corresponding Saccharomyces
cerevisiae homologs.

L. thermotolerans S. cerevisiae §. cerevisiae Reference Chromesome Chromosome Gene Start Gene End
Gene Name Standard Gene Name Systemic Gene Name (Letter) (Number) (bp) (bp)
KLTHOADO308g DIPS YPL265W Vicente et al., 2025 chrA chri 23428 25053
KLTHOADOS50g FLOM YIR019C Vicente et al., 2025 chrA chri 49572 53438
KLTHOAO1166g MCH4 YOL119C Vicente et al., 2025 chrA chri 108732 110162
KLTHOAD1936g GAL1, GAL3 YBROZ0W, YDROOOW  Vicente et al., 2025 chrA chri 171070 172647
KLTHOAD1958g GAL10 YBRO19C Vicente et al., 2025 chrA chri 172931 174997
KLTHOAOTB32g DALS YJR152W Vicente et al., 2025 chrA chri 660003 661517
KLTHOBOO176g YER152C YER152C Vicente et al., 2025 chrB chr2 10791 12137
KLTHOBO1166g DIPS YPL26SW Vicente et al., 2025 chrB chr2 102227 103960
KLTHOBOS284g PUG1, RTA1 YER1B5W, YGR213C  Vicente et al., 2025 chrB chr2 761694 762773
KLTHOB10384g DALS YJR162W Vicente et al., 2025 chrB chr2 BTTOTO 878725
KLTHODO0396g MCH4 YOL119C Vicente et al., 2025 chrD chrd 35809 37278
KLTHODO3894g FLO11 YIR019C Vicente et al., 2025 chrD chrd 376254 378374
KLTHOD15378g DALS YJR152W Vicente et al., 2025 chrD chrd 1270232 1271893
KLTHOED3234g DALS YJR152W Vicente et al., 2025 chrE chrs 293162 204727
KLTHOEOS808g PUG1 YER185W Vicente et al., 2025 chrE chrs 520621 521553
KLTHOE13508g MCH4 YOL119C Vicente et al., 2025 chrE chrs 1197940 1199244
KLTHOE16588g DALS YJR152W Vicente et al., 2025 chrE chrs 1470414 1472027
KLTHOE16984g MAL31 YBR2Z98C Vicente et al., 2025 chrE chrs 1508741 1510360
KLTHOF00440g CHA1 YCLOB4C Vicente et al., 2025 chrF chré 34215 35240
KLTHOFO4620g EBP2 YHEL1T2W Vicente et al., 2025 chrF chré 410119 411339
KLTHOF15268g ATO3 YDR3g4C Vicente et al., 2025 chrF chré 1251729 1252580
KLTHOG19360g YKL10TW YHL10TW Vicente et al., 2025 chrG chr? 1667351 1668259
KLTHOG19624g YER152C YER152C Vicente et al., 2025 chrG chr? 1697587 1698993
KLTHOG19756g YKL107TW YRL107TW Vicente et al., 2025 chrG chr? 1713024 1713935
KLTHOHO5280g MAL31 YBR2Z98C Vicente et al., 2025 chrH chrd 469755 471596
KLTHOH15928g ¥IM1 YMR152W Vicente et al., 2025 chrH chrd 1367388 1368470
KLTHOH15950g YIM1 YMR152W Vicente et al., 2025 chrH chr@ 1369786 1370871
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Table 2.S7. Marginal likelihood summary of ancestral character estimation model selection. Summary of marginal likelihood (ml)
results from the equal rates (ERM) and free rates (freeK) models of evolution for ancestral character estimation in RevBayes calculated
via stepping-stone (ss) and path sampling (ps) methods. Includes calculated Bayes Factors (BF).

BF Rates Graph

Goma Eanfenr;nance Con:r:fginm nEITs rEIft:ls :nnle:e:i z:ﬂp'i rn?;l;s mﬁl:m P r:f:fe‘:: ce P r:::::: ce
ATO3 yes yes -50.41187 -50.41305 -49.99625 -50.00526 0.00827866 0.00812187  noPref freek
CHA1 yes yes -44 51652 -44 51188 -43.32954 4333405 0.02702574 0.02679665  noPref freek
DALS yes yes -85.80795 -B5.80756 -82.03109 -82.029990.04501334 0.0450222 noPref freek
DIPS yes yes -262.3302 -262.3326 -236.7455 -236.7446 010261829 0.10263124  noPref freek
EBP2 yes yes -68.27846 -6B.27872 -65.15131 -65.15618 0.04688193 0.04681099  noPref freek
FLO11 yes yes -377.2594 -377.2634 -340.3798 -340.4497 010287096 0.10267623  noPref freek
GAL1 yes yes -106.8265 -106.8254 -101.2474 -101.243 0.0536390.05367216  noPref freek
GAL3 yes yes -51.13686 -51.13253 -48.47831 -48.486710.05338909 0.05313115  noPref freek
GAL10 yes yes -64.25402 -64.25009 -58.35111 -58.35826 0.09636591 0.09618222  noPref freek
MAL3 yes yes -126.3251 -126.3215 -121.3723 1213737 0.03999606 0.03995603  noPref freek
MCH4 yes yes -54. 26629 -54.26611 -53.47012 -53.47340.01478023 0.01471557  noPref freek
PUGHT yes yes -31.83669 -31.84132 -31.59398 -31.5987 0.0076528 0.00764884  noPref freek
RTA1 yes yes -14.62019 -14.62078 -13.96624 -13.96457 0.04576046 0.0459204  noPref freek
YER152C yes yes -68.12975 -68.12349 -60.75685 -69.74545 -0.0236016 -0.0235301  noPref freek
YiM1 yes yes -38.15461 -38.15294 -3527338 -35.27370.07851802 0.07846518  noPref freek
YRL10TW yes yes -9.458048 -9.460955 -8.669572 -8.666515 0.0870466 0.08770658  noPref freek
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Table 2.S8. Strains used in lineage divergence or nucleotide diversity estimates.

Strain Species Clade Clade Source Genome Source
UWOPS.85_312.1 L. thermotalerans Americas Vicente et al., 2025 Vicente et al., 2025
LMO47 L. thermotolerans Asia Vicente et al., 2025 Vicente et al., 2025
TY10b.1 L thermotolerans ~ Coastal i“;:heamm This Study This Study
YH171 L. thermotolerans Eastern USA Thiz Study Thiz Study
DBVPG_4035 L. thermotolerans Europe Domestic 1 Vicente et al., 2025 Vicente et al., 2025
uTdn L. thermotolerans Europe Domestic 2 Vicente et al., 2025 Vicente et al., 2025
TAXEbNYM.1 L. thermotolerans Europe Tree Thiz Study Thiz Study
Fin.89_2 L. thermotolerans Europe Tree2 Thiz Study Vicente et al., 2025
TR-108 L. thermotolerans Iberia Thiz Study Vicente et al., 2025
LL12_036 L. thermotolerans Morth America Thiz Study Hranilovic et al., 2017
TMF12k.1 L. thermotolerans Southeastern USA Thiz Study Thiz Study
ROD21-4 L. thermotolerans Spanish Grape Thiz Study Vicente et al., 2025
BJ13 5. cerevisiae CHNVII Duan et al., 2018 Duan et al., 2018
Bl22 5. cerevisiae CHMIV/Far_East_Asia Pefia et al., 2025 Duanetal., 2018
CB52910 5. cerevisiae Alpechin Peter et al., 2018 Peteretal., 2018
CLIB553 5. cerevisiae French dairy Peter etal., 2018 Peter et al., 2018

CLQCA_245C-235

DBVPG1621-54
EN14501
FIg8
FSP15b.1
HEOOS
HN15
HN19
JHEMY20.1
MA)_G
N35-7A
PYR4b.1.1
SBEM-30-2D
5DO%s1
5X5
TY14b.1
UWOP503-459.1
YPS1009_b
YPSE04
ZP674
ZP785
SN-TB12-1
z3
HE-XS1-1
UWOP551-817.1
B2
16_253B
14_164C
16_189C
R24
WX20

5. cerevisiae

5. cerevisiae
. cerevisiae
. cerevisiae
. cerevisiae
. cerevisiae
. cerevisiae
. cerevisiae
. cerevisiae
5. cerevisiae
5. cerevisiae
5. ceravisiae
5. cerevisiae
5. cerevisiae
5. cerevisiae
5. cerevisiae
5. cerevisiae
5. cerevisiae
5. cerevisiae
5. cerevisiae
5. cerevisiae
5. paradaxus
5. paradaoxus
3. paradoxus
3. paradoxus

tLanh b lnan

3. paradoxus
3. paradoxus
3. paradoxus
5. paradaoxus

5. paradaxus
5. paradaoxus

Asian fermentation,
Sake, Huangjiu, Manou?
WinefEuropean
CHMIX/Taiwanese
CHHMI
Morth American C
French Guiana human
CHMNY
CHMII
CHMIX
African beer
Far East, Russian
European oak
Asian islands
Morth American B
CHHNII
American wild
Malaysian
African palm wine
Morth American A
lapan B
Japan A
China
Eurcpe
Far East
Hawsaii
SpA
SpB
SpC
SpC*

SpD1
SpD2
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Pefia et al., 2025

Pena et al., 2025
Pefia et al., 2025
Duan et al., 2018
Pefia et al., 2025
Peter etal., 2018
Duan et al., 2018
Duan et al., 2018
Duan et al., 2018
Peter etal., 2018
Peter etal., 2018
Pefa et al., 2025
Peter et al., 2018
Pefia et al., 2025
Duan et al., 2018
Pena et al., 2025
Peter et al., 2018
Peter et al., 2018
Pefia et al., 2025
Pefia et al., 2025
Pena et al., 2025
He etal., 2022
He etal., 2022
He etal., 2022
Liti et al., 2009
Eberlein et al., 2019
He etal., 2022
Hénault et al., 2017
Hénault et al., 2017

He etal., 2022
He etal., 2022

Peter et al.,, 2018

Peter et al., 2018
Peter et al., 2018
Duan et al., 2018
Pefa et al., 2025
Peter et al., 2018
Duan et al., 2018
Duan et al., 2018
Duan et al., 2018
Peter et al., 2018
Peter et al., 2018
Pefa et al., 2025
Peter et al.,, 2018
Pefa et al., 2025
Duan et al., 2018
Pefna et al., 2025
Peter et al., 2018
Peter et al.,, 2018
Pefa et al., 2025
Almeida_2015
Almeida_2015
He et al., 2022
Koufopanou et al., 2020
He et al., 2022
Yue et al., 2017
Xiaetal., 2017
Eberlein et al., 2019
Eberlein et al., 2019
Eberlein et al., 2019

Xia etal., 2017
Xiaetal, 2017
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Figure 2.S1. ADMIXTURE selection criteria. Loglikelihood values from ADMIXTURE
analyses from five replicates of population cluster values K = 2 to K = 20 for 239 strains of
Lachancea thermotolerans. (a) Boxplot representing loglikelihood values as a function of five
replicate runs. (b) Line graph showing the change in loglikelihood as value of K increases. Lines
are colored by replicate.

65



Raglon
Cenlral Amarica Deeania
Eurapa South America
Widdle Easl Lnknowr
Canbhaan Morth Amanca

Figure 2.S2 Population structure of Lachancea thermotolerans. Plots showing percent ancestry
per strain for population cluster values K = 2 to K = 20 for 239 strains of L. thermotolerans. Plotted
runs represent the highest loglikelihood value from each value of K; strain order corresponds with
neighbor-joining (NJ) tree tip order. The plot highlighted by the red arrow (K = 15) is the model
with distinct populations that best correlated with monophyletic clades in the NJ tree. Strain names
are colored according to region of origin.
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Figure 2.S3: ADMIXTURE selection criteria for European and North American
substructure. Loglikelihood values from ADMIXTURE analyses from five replicates of
population cluster values (a, b) K = 3 to K = 12 for Europe and (c, d) K = 3 to K = 6 for North
America. The Asian clade was included in both analyses as an outgroup. (a, ¢) Boxplots
representing loglikelihood values as a function of five replicate runs. (b, d) Line graphs showing
change in loglikelihood as value of K increases. Lines are colored by replicate.
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Figure 2.S4: Substructure within European populations of Lachancea thermotolerans. (a) Whole-genome neighbor-joining (NJ)
tree of 169 L. thermotolerans strains rooted at the Asian clade (Table S1) using the Tamura-Nei model with a gamma distribution
(Tamura & Nei, 1993) and 100 bootstraps. Black circles at nodes indicate 100% bootstrap support. Strain names are colored by country;
colored bars next to strain names indicate substrate of origin. (b)) ADMIXTURE plots with population cluster values K =9 and K = 10
showing percent ancestry per strain. Strain order corresponds with NJ tree tip order.
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Figure 2.S5: Population substructure of European Lachancea thermotolerans. Plots showing
percent ancestry per strain for population cluster values K = 3 to K = 12 for strains of L.
thermotolerans from European clades (N = 166). The Asian clade (N=3) was included as an
outgroup. Plotted runs represent the highest loglikelihood value from each value of K; strain order
corresponds with neighbor-joining (NJ) tree tip order. The plot highlighted by the red arrow (K =
9) is the model with distinct populations that best correlated with monophyletic clades in the NJ
tree. Strain names are colored according to country.
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Figure 2.56: Substructure within North American populations of Lachancea thermotolerans. (a) Whole-genome neighbor-joining
(NJ) tree of 59 L. thermotolerans strains rooted at the Asian clade (Table S1) using the Tamura-Nei model with a gamma distribution
(Tamura & Nei, 1993) and 100 bootstraps. Black circles at nodes indicate 100% bootstrap support. Strain names are colored by country;
colored bars next to strain names indicate substrate of origin. (b) ADMIXTURE plot with population cluster value K = 5 showing

percent ancestry per strain. Strain order corresponds with NJ tree tip order.
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Figure 2.S7: Population substructure of North American Lachancea thermotolerans. Plots
showing percent ancestry per strain for population cluster values K = 2 to K = 20 for strains of L.
thermotolerans from North American clades (N = 56). The Asian clade (N=3) was included as an
outgroup. Plotted runs represent the highest loglikelihood value from each value of K; strain order
corresponds with neighbor-joining (NJ) tree tip order. The plot highlighted by the red arrow (K =
5) is the model with distinct populations that best correlated with monophyletic clades in the NJ
tree. Strain names are colored by country.
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Figure 2.58: Phylogenetic relationships of non-admixed Lachancea thermotolerans. Whole-
genome maximume-likelihood (ML) phylogeny of 210 L. thermotolerans strains using a general
time-reversible model with a gamma distribution after excluding admixed strains (percent ancestry
from a single lineage < 90% when K = 15; Figure 1b) rooted with Lachancea quebecensis
outgroup. Tree was constructed using 1Q-TREE ultrafast bootstrapping (1000 bootstraps); black
circles at nodes indicate 100% bootstrap support. Strain names are colored by lineage when K =
15 and colored bars next to strain name indicate (i) substrate and (ii) country of origin.
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Figure 2.511: Chromosomal location of genes of interest. Graphical depiction of the location
of Sacchromyces cerevisiae homologs on L. thermotolerans chromosomes according to reference
genome annotations. Regions are colored and labeled according to the gene of interest.

75



Domestic Status

_ N RSN D -

K]
s
Z
@
Copy
= Number
: Lo
= l
= 2
& 3
e
1 5
Clade Substrate :
® North America W Agriculture/Food s
B Eastern USA = Animal (Insect) I e
B Coastal Southeastern USA m Cactus ©
m Southeastern USA = Flower -
| Europe Tree Fruit (Non-Grape)
W |beria H Grape/Wine
| Spanish Grape W Leaf Litter
B Europe Domestic 2 = Soil
W Europe Tree 2 W Tree
B Europe Domestic 1 ® Unknown/Unspecified [ |
B Americas u Vine
B Asia
u Admixed Domestic Status
m Outlier ® Domestic
B Lachancea quebecensis ® Unknown
= Wild —
0.007 I
yi
FII

Figure 2.512: Copy number variation across species tree. Whole-genome NJ tree as in Figure 1a, Strain names are colored by clade
assignment when K = 15 (Fig. 1b); colored bars next to strain names indicate (i) substrate, (ii) domestic status of habitat, and (iii) clade.

Heatmap is ordered based on NJ tree and shows copy numbers per strain for each of the 16 genes of interest.

76



\ [ N\
\ | \ \
/ \ X | \ / \
/ \ / | / &
/ x / / ! S _ Evolutionary Rates

— rate of gain

rate of loss

Figure 2.S13: Posterior distributions of evolutionary rate models. Graphs of the posterior
distributions of rates of trait (i.e., copy number) gain and loss using the free rates model of discrete
character estimation for all genes of interest.

77



Domestic Status
® Domestic

= Unknown
= Wild
Substrate
W Agriculture/Food
® Animal (Insect)
= Cactus
u Flower
Fruit (Non-Grape)
® Grape/Wine
m Leaf Litter
= Soil
w Tree
® Unknown/Unspecified
= Vine

Figure 2.S14: Ancestral copy rate estimation trees. Cladograms of L. thermotolerans species tree rooted with L. quebecensis showing
estimated ancestral copy number over the species evolutionary history for genes of interest. Color legend for copy number changes
across genes; node and tip label are colored according to estimated or observed copy number, respectively. Nodes with a bootstrap value
of 100 have been circled in black. Colored rings around each cladogram indicate substrate of origin and domestic status of habitat as
seen in Figure 2.512.

78



(a)

UWOPS.85_312.1

Asia
LMoa7

Europe Domestic 1
DBVPG_4035

Europe Domestic 2
utor

Europe Tree 2
Fing9 2

0.0089

0.0087

(b)

Europe a
o 0.0129

0.0011
B2

China
SNTBIZ1

SpB

16.2598

SpD1
Red

spD2

0.0105 0.0096
wxao|

0.0129 0.0129

0.0139 0.014 0.0027

Spanish Grape — . 0.0142 0.0137
RoDz1-4
oeria 00101 00085  0.0012
TR-108

Euroy
TAXBD.YM.T

Southeastern USA
TMF126.1

Coastal SE USA
TYio1

Eastern USA
YHI71

North America
LL12 036

Am
UWOPS.85_312.1

0.01

DBVPG 4035

Europe Domestic 1

utor

Europe Domestic 2

0.0053

0.0113

0.0113

0.0114

0.0112

0.0016

0.0128

0.0129

0.013

0.0128

Spanish Grape
ROD21-4

0.0015

00129  0.0128

0.0129 0.0128 0.0014

0.013 0.0129 0.0018

00128 00128  0.0018

1261

Southeastern USA

0.0019

0.002

0.0013

cHy
i

Entisor
CHNIl

001151 (001863 001002
001076 (001471 000911
001095 [001608. 000045
oortes 001679 0
001119 001516

] 001086 001488 o

North American A
rSo

Fspisn
North Amegican
3833
SeM0zD
Asian fermentation/Sake I8
CLaCA 2é5C 235
cHvIn [
B

26 [00165 | 001104

WinefEuropean
‘DEVRGI6E1 oA

oors

oo

Figure 2.515: Pairwise distances between Lachancea thermotolerans clades are comparable to those between Saccharomyces
paradoxus. Plots showing the estimated pairwise distances between (a) L. thermotolerans, (b) S. paradoxus, and (c) S. cerevisiae clades.
Intersections between each clade are labeled and colored according to pairwise distance. Clade names are colored according to colors
previously used to represent them in (a) Figure 1b, (b) He et al (2022), and (c) Pefia et al (2025). The strain used as a representative for
each clade is listed beneath each clade name.
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CHAPTER 3

GROWTH RATE DIFFERENCES AT HIGH TEMPERATURES ARE DRIVEN BY

GENETIC BACKGROUND IN WILD LACHANCEA THERMOTOLERANS !

Lward, A.K., Hose, J., McKibben, M.M.M, Gasch, A.P., & Bensasson, D. To be submitted to a

peer-reviewed journal.
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ABSTRACT

As rapid climate change continues to threaten global biodiversity, understanding how
eukaryotic species adapt to their environments is essential. Laboratory experiments in the baker’s
yeast Saccharomyces cerevisiae suggest that adaptation is rapid and occurs frequently in
microbes, yet little work has been done examining local adaptation in wild populations of fungal
microorganisms. Here, we investigate the role of climate in adaptation of European and North
American populations of the widely distributed yeast Lachancea thermotolerans. We found
significant among-strain variation for growth rate across temperatures but were unable to explain
this using climatic factors at geographic origin. Variation in growth across temperatures is
mostly explained by a single divergence event, leading to wild populations native to North
America growing more slowly than their conspecifics. Our results suggest that local temperature

adaptation in natural populations of microbial species may be less common than expected.

KEYWORDS: adaptation, wild yeast, temperature-dependent fitness

INTRODUCTION

Rapid global climate change presents a major threat to global biodiversity, as species are
unable to adapt at the rate niches are changing (Jezkova & Wiens, 2016; Quintero & Wiens,
2013). Understanding adaptive processes and identifying which organisms may be most
vulnerable to temperature changes is critical for species preservation; however, there are few
cost-effective eukaryotic models for thermal adaptation (Bay et al., 2017; Pacifici et al., 2015).
Yeast species provide cost effective, tractable model systems that allow us to focus on universal
eukaryotic cellular processes (Botstein & Fink, 2011). Past experimental evolution studies
resulted in rescue mutations and adaptation in laboratory Saccharomyces yeast, suggesting that

adaptation is a rapid and commonly occurring process for microbes (Fay et al., 2023; Lang et al.,
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2011; Payen et al., 2013; VVoordeckers et al., 2015; Wang et al., 2024). Furthermore, previous
work identified local thermal adaptation in natural forest populations of Saccharomyces
paradoxus (Leducq et al., 2014).

Lachancea thermotolerans, which diverged from the lineage leading to the
Saccharomyces yeasts 125-150 million years ago (Shen et al., 2018), is known for its wide
distribution across geographic regions and host substrates (Hranilovic et al., 2017). The species
has primarily been studied for its impact on wine (Benito, 2018; Castrillo & Blanco, 2023; Jolly
et al., 2014; Vilela, 2018) and beer (Canonico et al., 2019; Domizio et al., 2016; Osburn et al.,
2018). In addition to its use in the fermentation industry, L. thermotolerans is an insect symbiont
that has shown temperature dependent colonization in the microbiomes of both pests and
agriculturally significant pollinators (Babcock et al., 2018; Kogan et al., 2023). Lachancea
thermotolerans frequently co-occurs in natural environments with S. cerevisiae and S. paradoxus
(Robinson et al., 2016; Xia et al., 2017) and with S. cerevisiae in winemaking environments
(Binati et al., 2020; Gobbi et al., 2013). In fact, L. thermotolerans and S. cerevisiae have
comparable domestication histories, with domesticated lineages in Europe for both species
appearing to arise from the Mediterranean basin and showing gene gains and losses associated
with adaptation to the winemaking environment (Almeida et al., 2015; Banilas et al., 2016;
Hranilovic et al., 2018; Liti et al., 2009; Vicente et al., 2025). These ecological and genetic
similarities, along with the large genetic distance between the Lachancea and Saccharomyces
genera, make these species a compelling model system for increasing our understanding of
temperature adaptation in natural environments, thus testing for parallel evolution.

We used North American and European L. thermotolerans to examine whether this non-

Saccharomyces yeast could be adapted to local climatic conditions. Fifty-two strains from eight
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distinct genetic lineages, with natural distributions across a range of temperatures and
precipitation levels, were assayed for growth rate for a range of experimental temperatures (25 -
42 °C). Although one lineage grew slower than its conspecifics, we observed no evidence for
local adaptation to temperature. These results suggest that adaptation of natural populations to
local temperatures in microbial species may be less common than expected from experimental

evolution studies.

MATERIALS AND METHODS
Yeast strains and phenotyping assays

Lachancea thermotolerans strains isolated from across Europe and North America and
representing eight genetically distinct lineages (see Chapter 2) were selected for phenotyping (N
=57, Figure 3.1, Table 3.S1; Chapter 2; Osburn et al., 2018; Robinson et al., 2016). Strains were
prepared for phenotyping in liquid YPD media on 96-well plates; 60 samples per plate including
positive and negative controls. The first plate used Saccharomyces cerevisiae and S. paradoxus
isolated from the same site with known thermal growth differences (Sweeney et al., 2004) as
positive controls; the second plate included 9 L. thermotolerans strains repeated from the first as
positive controls (Table 3.51). There were three negative controls included in the first plate and
two in the second (Table 3.S2). Strains were randomly assigned to wells, avoiding outer rows
(Row 1, 12) and columns (Column A, H).

High throughput phenotyping was performed at the University of Wisconsin - Madison.
Phenotypic characterization of yeasts was conducted by measuring optical density (OD) as
strains grew to saturation across five different temperatures (25 °C, 30 °C, 37 °C, 39 °C, 42 °C)

using an Infinite® 200 PRO microplate reader with i-control™ software. Screens of each of the
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two plates were repeated in triplicate, with each replicate conducted on a different day. Twelve
reads of OD were taken from each well at thirty-minute intervals and OD measurements were

averaged for each time point. To determine optimal conditions and data collection intervals for
phenotypic characterization, 14 L. thermotolerans strains from a broad geographic range were

included on the first plate alongside strains from other species. Of these L. thermotolerans

strains, 9 were repeated in the second plate with the remaining 41 strains (Table 3.S1).

Estimating growth rate
Growth curves using raw data (Figures S1, S2) were visualized using the package

‘ggplot2’ (v3.5.1; Wickham, 2016) in R (v4.2.1; https://www.R-project.org/). To estimate

growth rate for each strain in each replicate, we log transformed growth data and fit a linear
regression model to the data and obtained the maximum slope (Hall et al., 2014; Leducq et al.,
2014) using the ‘growthrates’ package (v0.8.5; https://github.com/tpetzoldt/growthrates) in R. In
addition to the growth rate, we estimate the lag time to growth, the maximum OD measurement,
and model fit (r?) for each strain (Table 3.52). We used the mean maximum OD measurement
(‘max’) for each strain to identify a 0.36 OD cutoff (Figure 3.S3) and assign a binomial character
of ‘No Growth’ or ‘Growth’ to each strain across temperatures (Figures 3.5 and 3.S4, Table

3.53).

Statistical analysis
All statistical and graphical analyses were completed in R (v4.2.1). Data for the daily
maximum temperature, averaged over the hottest month of the year (Tmax) and the precipitation

for the warmest quarter of the year (precipitation) was estimated using the WorldClim 2 dataset
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(Fick & Hijmans, 2017) and the ‘raster’ (v3.6-31) R package for every host plant from a single
pixel at 30 arc-second resolution. Using a linear regression model (LM), we modeled L.
thermotolerans growth rate in different temperature conditions replicates (30 °C, 37 °C, 39 °C;
Table S2) using an average maximum slope (‘mslope’) for each strain from three or six as the
response variable (Table S3). Strains that were admixed (percent ancestry less than 90% from a
single population; N = 6; Chapter 2; Ward et al., 2025) were removed from analyses.

The initial model included four explanatory variables and all their interactions: (i) a
three-level factor describing experimental temperature condition, (ii) an eight-level factor of all
strains grouped by clade, (iii) Tmax (in °C x 10) as a continuous variable estimated from a single
pixel at 30-arc second resolution given the longitude and latitude of each isolate host, and (iv)
precipitation (in millimeters) as a continuous variable estimated from a single pixel at 30-arc
second resolution given the longitude and latitude of each isolate host. Upon model-checking
(Crawley, 2015), we observed that errors were not normally distributed. Mean growth rate was
square root transformed or log transformed to normalize errors; however, this did not improve
model fit even when single-point outliers were removed or after removal of strains that did not
grow (see above) from the analysis.

Given the non-normal distribution of errors within the data set, we used non-parametric
tests broken down by each growth temperature: Kruskal-Wallis rank sum tests (Kruskal &
Wallis, 1952) to compare mean growth rate within and between (i) the original eight-level
factored clade variable, (ii) simplified four-level factored clade variable, (iii) further simplified
two-leveled factored clade variable (Figures 3.2 and 3.3, Tables 3.1 and 3.2), and Spearman’s
rank correlation rho (Glasser & Winter, 1961; Spearman, 1904) to identify possible correlation

between mean growth rate and (iv) Tmax or (v) precipitation for all factored levels (Figure 3.4,
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Table 3.54). In deciding critical values for P-values, we discuss the Bonferroni method. All
statistics were performed in R (v.4.2.1). Maps depicting the temperature growth category for

each strain (Figure 3.5) were drawn using the ‘maps’ and ‘ggplot2’ packages in R (v.4.2.1).

RESULTS AND DISCUSSION
Strains from wild North American genetic lineages grow more slowly than other strains

High throughput phenotyping and genomics make it possible to identify the underlying
genetic variation responsible for phenotypic differences driving adaptation (Bomblies & Peichel,
2022; Lai et al., 2024). Using 52 Lachancea thermotolerans isolates with known genetic lineages
(Table 3.S1), we sought to identify differences in growth rate within and between lineages across
multiple temperatures (Figure 3.1, Table 3.1). To understand how genetic background impacts
growth rate across temperatures in L. thermotolerans, we compared the mean growth rate
(maximum slope during exponential growth) for strains across each of the eight assigned genetic
lineages represented, excluding admixed strains (Figure 3.1, Table 3.51).

We found significant differences between growth rates of these eight lineages at 30 and
37 °C (Kruskal Wallis tests: P < 0.01; Figure 3.2 and Table 3.2). When we simplified to four
lineages by combining (i) all Canada-trees lineages and (ii) Europe Tree and Iberia into Southern
Europe, we found that growth rate differences were even more significant (Kruskal Wallis tests:
P < 0.005). To see what was driving this difference, we further simplified to two groups,
Canada-trees and non-Canada-trees, and found a significant difference in growth rate at 30 °C
(Wilcoxon test: P < 5e-10). When we removed the Canada-trees lineage from analyses, all
significance across temperatures disappeared (Kruskal Wallis tests: P > 0.05). Repeating

analyses using the two simplified groups, we found that strains in the Canada-trees lineage show
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a significantly lower growth rate than strains in non-Canada-trees lineages at 30 and 37 °C
(Kruskal Wallis tests: P < 0.001; Figure 3.3). As the Canada-trees lineage represents one
divergence event, this suggests that the slower growth rate in these strains is a derived state that

arose prior to the expansion and diversification of this lineage in North America.
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Figure 3.1: Lachancea thermotolerans phylogeny and experimental design. (a) Cladogram
showing a simplification of the relationships among L. thermotolerans lineages; tip labels are
clades described by population structure analyses when K = 15 as described in Chapter 2. (b) Table
showing breakdown of strains used in this study by genetic lineage and geographical origin; all
but Eastern USA strain YH109 were isolated from wild substrates.
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Table 3.1: Summary of growth rate estimates for this study. Table shows the median mean growth
rate as estimated for all temperature conditions, replicates, and lineages used in this study. Where
no replicates exist, the value is listed as NA.

25°C 30 °C 37 °C 39 °C 42 °C
Canada-trees 0.101 0.122 0.0259 0.0135 0.0106
Coastal Southeastern USA 0.0988 0.126 0.0265 0.0135 0.0110
Eastern USA 0.103 0.122 0.0244 0.0129 0.00368
North America 0.101 0.119 0.0265 0.0121 0.0115
Southeastern USA NA 0.121 0.0291 0.0124 0.00905
Unassigned NA 0.110 0.0317 0.0175 0.0271
Non-Canada-trees 0.102 0.131 0.0527 0.0206 0.0153
Americas 0.102 0.129 0.104 0.0370 0.0145
Europe Tree 0.0948 0.131 0.0520 0.0254 0.0112
Europe Tree 2 0.104 0.132 0.0544 0.0195 0.0145
Iberia NA 0.136 0.0497 0.0153 0.0189
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Table 3.2: Statistically significant variation of thermal growth rate within genetic lineages.
P-values for Kruskal-Wallis rank sum tests identifying the significant differences in mean within

lineages at each temperature after simplifying to two groups. Across temperatures, only lineages
within the non-Canada-trees group show significant variation in growth rate at 37 °C.

Canada-trees Non-Canada-trees

30 °C 0.0132 0.0182
37 °C 0.0418 2.5 X 107 #ewewe
39 °C 0.991 0.0236
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Figure 3.3: Significant differences in growth rate by genetic lineage. Boxplots showing mean
maximum slope (growth rate) across all three experimental temperatures for the two genetic groups
used in this study. We found significant differences (Kruskal Wallis tests: P < 0.001) between
Canada-trees and other lineages at 30 °C and 37 °C. Boxplot fill corresponds with genetic lineage.
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Significant variation in growth rate within L. thermotolerans lineages

Comparing the fastest growth rate (maximum slope during exponential growth) for each
strain across 3-6 replicates, we found significant differences among strains outside of the
Canada-trees lineage at 37 °C (Kruskal Wallis tests: P < 0.01; Figure 3.2 and Table 3.2).
Additionally, we observed variation in maximum growth across temperatures and results that
suggest strains within the Canada-trees lineage are less likely to show any growth at 39 °C
(Figures 3.5, 3.54, and 3.S5). These strains were not exposed to artificial selection in the
laboratory, so this phenotypic variation likely represents standing genetic variation (Barrett &
Schluter, 2008; Prezeworski et al., 2005). Looking within lineages, strains in the Canada-tree
lineage do not differ in their maximum slope at 30, 37, or 39 °C (Kruskal Wallis tests: P > 0.01;
Figure 3.2 and Table 3.2). For future thermal adaptation, de novo mutations will likely be

needed.

No evidence for strains local thermal adaptation in Lachancea thermotolerans

While growth rate differences between conspecifics at different temperatures have been
seen in lab environments through experimental evolution studies (Abrams & Brem, 2022; Fay et
al., 2023), they have also been observed in wild populations. For example, marine bacteria in
warmer temperatures grow more slowly than their conspecifics (Abreu et al., 2023), and previous
work in the budding yeast Saccharomyces paradoxus has shown lineage-specific local adaptation
in wild strains (Leducq et al., 2014).

Could differences among strains in growth rates be driven by local climatic differences in
L. thermotolerans? To address this question, we looked for a correlation between mean

maximum slope during exponential growth and (i) maximum temperature at site of isolation
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(Tmax) or (ii) precipitation during the warmest quarter (precipitation). While Tmax did not show
a significant relationship with growth rate (Spearman test, P > 0.02), we identified a correlation
between growth rate and precipitation at 30 and 37°C (Figure 3.4; Spearman tests: P = 0.01), and
at 39°C; though the latter would not be significant after Bonferroni correction (Spearman test: P
= 0.03). This effect appears to be caused by the differences between genetic lineages rather than
precipitation itself; there are no correlations between growth rates and precipitation or summer
temperature when looking within the Canada lineage or after excluding this lineage (Spearman
tests: P > 0.1; Table 3.S3). Strains in non-Canada-trees lineages co-occur with Canada-trees
strains in North America (Figures 3.1 and 3.5, Table 3.S1), emphasizing that genetic

background, not geographic origin, drives growth rates in L. thermotolerans.
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Figure 3.4: Possible correlation between summer precipitation and growth rate could be
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or non-Canada-trees lineages.
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While we did not identify local thermal adaptation in L. thermotolerans, other
environmental factors may be contributing to reduced growth rate in Canada-trees strains. In S.
cerevisiae, laboratory experiments show that increased stress tolerance, such as survival of
freeze-thaw cycles or in acidic or oxidative environments, is associated with lower growth rate
(Zakrzewska et al., 2011). Previous work in L. thermotolerans has shown lactate production
during fermentation is accompanied by decreased growth rate and an increase in the expression
of stress-response genes (Battjes et al., 2023). It is possible that the reduced growth we see in the
Canada-trees lineage results from the pleiotropic effect of loci responsible for a beneficial
phenotype not measured in this study. Further exploration of the Canada-trees lineage examining
potential trade-offs through additional phenotypic screening for growth in other environmental
conditions, such as freeze-thaw cycles or alternative carbon or nitrogen sources, is needed to
identify what advantage — if any — may be linked with reduced growth rate in L. thermotolerans.

The lack of thermal adaptation seems surprising because microbes can live in potentially
large population, have rapid generation times and a past study of yeast in natural environments
showed local thermal adaptation in a northern North American lineage of S. paradoxus (Leducq
et al. 2014). Past experiments show rapid adaptation is possible for budding yeast in highly
controlled laboratory experiments (Fay et al., 2023; Payen et al., 2013; VVoordeckers et al., 2015;
Wang et al., 2024), yet we do not see evidence that L. thermotolerans adapted as it expanded
across geographic regions with different climates. This work highlights the need to examine

evolutionary outcomes in natural environments, which are more complex than in the laboratory.
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SUPPLEMENTARY TABLE INFORMATION
Due to their size, the following supplemental tables for this chapter are available on

GitHub here: https://github.com/bensassonlab/data/tree/master/Ward2025_Dissertation

Table 3.S1. Lachancea thermotolerans strains used in this study. Metadata was compiled
from publicly available data. Includes geographic and ecological origin, as well as
genetic background (clade, admixture status, divergence event) and the phenotyping plate
for each strain.

Table 3.52. Calculated growth rate data from all replicates. Calculated growth rate data from
the linear regression analysis of growth curves across all replicates and temperatures,
including: slope at exponential growth (‘mslope’), lag to growth (‘lag”), maximum growth
value, (‘max’) and R-squared (‘rsq’) value as a measure of model fit. Max temperature
(‘Tmax’) is in degrees Celsius and precipitation during the warmest quarter is measured in
millimeters. Whether or not there was growth based on maximum growth value of OD >
0.36 1s included as a binary character under ‘anyGrowth.’

Table 3.S3. Mean growth information. Mean value of maximum growth (‘meanMax’) and
growth rate (‘meanMSlope”) across all replicates of temperatures 30C-39C for each strain,
excluding negatives. Whether or not there was growth based on mean maximum growth

value of OD > 0.36 is included as a binary character under ‘anyGrowth.’
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Table 3.54: Climatic variables do not significantly impact growth rate in Lachancea
thermotolerans. P-values for Spearman correlation tests for relationships between growth rate and
two climatic variables: max summer temperature (Tmax) and precipitation during the warmest
quarter (Precipitation) when grouped by genetic lineage.

Trmax Precipitation

30 °C
Canada-trees 0.317 0.116
Mon-Canada-trees 0.974 0.155

37 G
Canada-trees 0.245 0.675
Mon-Canada-trees 0.949 0.326

38 "C
Canada-trees 0.593 0.912
MNon-Canada-trees 0.827 0.889
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Figure 3.S1: Growth curves for first phenotyping plate. Growth curves for each of the 16 Lachancea thermotolerans strains and 3
negative controls from the pilot phenotyping plate over 50 hours. Plots show yeast density in YPD media measured in OD; OD was
recorded every 30 minutes. Curves are colored according to growth temperature; line type was assigned based on replicate number.
Only one replicate for the 25 °C condition was conducted. Strains from the first replicate (Repl) were grown for 21 (30 °C) or 24 (30 —
37 °C) hours; all other replicates were grown for 72 hours.

109



MB10d.1.1

FSP3c.1 FSPga.1 FSPaC.1 JALY

MES3a1

EEEEAIERIE

SI010h.1 sio11g.1

Reps
= Repl_30C
— Repl_37C
— Rep1_33C
Rep1_a2C
== RAep2_30C
== Rep2_37C
- - Rep2_3aC

“** Repd_30C
+++ Repd_37C
-+~ Repd_39C

YHE2 ZP531.1.1 ZP548.1.1

Figure 3.S2: Growth curves for second phenotyping plate. Growth curves for each of the 50 Lachancea thermotolerans strains and
2 negative controls from the second phenotyping plate over 50 hours. Plots show yeast density in YPD media measured in OD; OD was
recorded every 30 minutes. Curves are colored according to growth temperature; line type was assigned based on replicate number.
Only one replicate for the 42 °C condition was conducted. Replicates for 30 °C were grown for 25 hours; all other temperatures were
grown for a minimum of 48 hours.
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Figure 3.S3: Identifying a cut-off for strain growth. Histogram showing the frequency of maximum growth (optical density, OD)
averaged across replicates for each strain. The histogram includes average maximum OD for three temperatures (30 °C, 37 °C, and 39
°C). Negative controls were excluded. The red line at 0.36 OD indicates the threshold for categorizing a strain as having grown or not
grown in a temperature condition.
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Figure 3.54: Percent of strain replicates showing growth across experimental temperatures. Stacked bar plot showing the percent
of replicates for each strain that met the growth threshold of 0.36 OD across each experimental growth temperature. Growth is indicated
by a light blue and no growth is indicated by a salmon pink. Strain names are colored according to clade as defined in Figure 3.1a.
Clades are ordered alphabetically within genetic groupings; strains are ordered alphabetically within clade.
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Figure 3.S5: Variation in maximum strain growth (carrying capacity) among strains and
genetic lineages. Boxplots showing maximum optical density (OD) at saturation in YPD media at
all experimental temperatures for all strains included in statistical analyses. The black line
separates ‘Canada-trees’ strains from strains of other lineages. Boxplot fill corresponds with clade
as defined in Figure 3.1a. Strains are ordered alphabetically by and within clade. Admixed strains
were not included.
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ABSTRACT

Genome sequence contamination has a variety of causes and can originate from within or
between species. Previous research focused primarily on cross-species contamination or on
prokaryotes. This paper visualizes B-allele frequency to test for intra-species contamination and
measures its effects on phylogenetic and admixture analysis in two fungal species. Using a
standard base calling pipeline, we found that contaminated genomes superficially appeared to
produce good quality genome data. Yet as little as 5-10% genome contamination was enough to
change phylogenetic tree topologies and make contaminated strains appear as hybrids between
lineages (genetically admixed). We recommend the use of B-allele frequency plots to screen

genome resequencing data for intra-species contamination.

KEYWORDS: phylogenomic, population genomics, heterozygosity, BAF plots, population

structure, single nucleotide polymorphism (SNP) calls, cross-contamination

BACKGROUND

The contamination of high-throughput sequence data is a known challenge in genome
biology that can lead to incorrect inferences (Goig et al., 2020; Merchant et al., 2014; Prous et
al., 2020; Wilson et al., 2018). Low level sample contamination can occur in laboratories during
DNA extraction or in culture, at sequencing centers during amplification steps, or even in silico
if barcodes are not easily distinguished after multiplexing (Ballenghien et al., 2017; Clark et al.,
2019; Cornet & Baurain, 2022; Dickins et al., 2014). Most existing tools detect contamination
that occurs between species (Cornet & Baurain, 2022). Yet analysis of bacterial genomes
suggests within-species contamination is more likely to lead to mistakes in base calling, species

identification or phylogenetic analysis (Pightling et al., 2019). Furthermore, analysis of RNAseq
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data for animal mtDNA shows that intra-species contamination can result in the overestimation
of heterozygosity and incorrect inference of balancing selection (Ballenghien et al., 2017).

Most tools for detecting intra-species contamination compare read data to sequence
databases for prokaryotes or particular genes or species (Cornet & Baurain, 2022). A more
broadly applicable approach for the detection of within-species contamination is to identify short
read data with unusual frequencies of variant alleles after mapping to a reference (Dickins et al.,
2014). A similar approach, the visualization of variant (or B) allele frequencies in plots, is
commonly used to determine ploidy or aneuploidy (Bensasson et al., 2019; Zhu et al., 2016).
Using B-allele frequency plots, we encountered low level intra-species contamination in public
data for two model fungal species: Saccharomyces cerevisiae and Aspergillus fumigatus. To
determine whether low levels of intra-species contamination are cause for concern, we tested the
sensitivity of a standard base calling pipeline, phylogenomic and admixture analyses to within-
species contamination using read data that we contaminated in silico to known degrees (0 -

5006).

METHODS

To understand the effects of intra-species contamination on base calls and phylogenomic
analysis, we created contaminated mixtures with various levels of contamination for A. fumigatus
and S. cerevisiae; 0, 1, 5, 10, 20, 30, 40, and 50%. Using published short-read data (Kang et al.,
2022; Scopel et al., 2021) (Table 4.S3), S. cerevisiae haploid, heterozygous diploid, triploid, and
tetraploid genomes (CBS1479, DBVPG1074, NPAO5al, UCD 06-645) were contaminated with
reads from a haploid donor (CLIB219.2b). For A. fumigatus, the recipient and donor were

haploid strains eAF749 and eAF163 respectively. The reads for each mixture were randomly

116



sampled without replacement using seqtk sample (v1.2 for S. cerevisiae; 1.3 for A. fumigatus;
https://github.com/Ih3/seqtk). For each S. cerevisiae strain (12 Mbp genome), we used 8 million
paired reads; 4 million for each simulated fastq file. For each A. fumigatus (29 Mbp genome) we
used 6 million reads; 3 million for each simulated fastq file.

For base calling, we mapped reads to reference genomes using Burrows-Wheeler Aligner
(bwa mem, v0.7.17; Li & Durbin, 2009). The reference genomes were Sac-Cer
Apr2011/sacCer3 from strain S288c at UCSC for S. cerevisiae and ASM265v1 from strain
Af293 for A. fumigatus (Nierman et al., 2005). Consensus sequences were generated using
SAMtools mpileup and BCFtools call -c (v1.6; Li et al., 2009) with indels removed and read
depth limited to a maximum of 100,000 reads. Mapped alignments were converted to fasta
format using vcfutils.pl vcf2fq (from BCFtools) and seqtk seq with a phred- scaled quality
threshold of 40 to define low quality base calls. Mitochondrial DNA was removed for
downstream analyses. We generated BAF plots using vcf2alleleplot.pl with default options and
counted high quality heterozygous and homozygous sites in fasta files using basecomp.pl
(Bensasson, 2018).

To test the effects of contamination on phylogenetic analyses, we compared each
recipient or contaminated genome to a panel of reference strains with known phylogenetic
positions (Table 4.S3). For S. cerevisiae, we randomly selected up to 2 strains (where available)
from each of the known 26 lineages described in Scopel et al. (Scopel et al., 2021), which
resulted in a total of 52 reference panel strains including the donor strain. Recent genetic
admixture is common in S. cerevisiae (Liti et al., 2009) and can complicate phylogenetic
analysis, but prior analyses show that none of the strains used here were admixed (Peter et al.,

2018; Scopel et al., 2021). For A. fumigatus, we used one-dimensional k-means clustering to
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categorize 168 strains (Kang et al., 2022) into 52 clusters based on their pairwise genetic
distances from a single strain (CF098), then randomly chose a single strain from each cluster.
Genetic distances were estimated using the dnadist function of PHYLIP (v3.697) with default
parameters and a 0.5:1 transition:transversion ratio (Felsenstein, 1993) and we used python to
perform the k-means clustering (getGenDist.py; Scopel, 2024)). Neighbor-joining trees were
constructed using MEGA (v10.0.5; Kumar et al., 2016) with the Tamura-Nei model (Tamura &
Nei, 1993) and 100 boot-strap replicates. Maximum likelihood trees were estimated using
RAXML (v8.2.11 for S. cerevisiae and 8.2.12 for A. fumigatus; Stamatakis, 2014) with a
GTRGAMMA model and 100 bootstrap replicates. For visualization, trees were rooted with
EN14S01, GE14S017B and HNG6 for S. cerevisiae and JN10 for A. fumigatus then right
ladderized using the ape package (v5.8; Paradis & Schliep, 2019) in R (v4.3.3).

For analysis of population structure and genetic admixture in S. cerevisiae, we used
ADMIXTURE (v1.3.0; Alexander et al., 2009). Each recipient or contaminated genome was
merged into an alignment with the sequence of 52 reference panel strains using BCFtools view
with the —min-ac 1 option (v1.15.1). Low-quality reads (phred score under 40) were filtered in
VCFtools (v0.1.16; Danecek et al., 2011). Alignment files were converted to text and binary files
using PLINK (v1.9b 6.21; Purcell et al., 2007). Genomes were assigned to populations (genetic
clusters) in repeated ADMIXTURE runs with default parameters and varying num- bers of
populations (K); from 2 to 26 with five replicates per K. Resultant ancestry proportions were
aligned across K values using CLUMPAK distruct (v1.1; Kopelman et al., 2015) and results
were visualized using the R package pophelper (v2.3.1; Francis, 2017). The Fisher’s exact test

and other analyses and visualizations were performed in R (v4.3.3).
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RESULTS AND DISCUSSION
Within-species contamination in public short read genome data

B-allele frequency plots are routinely used to distinguish homozygous or haploid
genome data from heterozygous diploids or polyploids (Bensasson et al., 2019; Zhu et al., 2016).
Single nucleotide polymorphisms (SNPs) in heterozygous diploids differ from the reference
genome at read allele frequencies of 1.0 or 0.5, triploids at 1.0, 0.67 or 0.33 and so on (Figure
4.1). In screening short-read genome data for aneuploidy, we observed public read samples with
appreciable levels of intra-species contamination (over 5%) in S. cerevisiae (Figure 4.S1, Table
4.51) and A. fumigatus (data not shown). Saccharomyces cerevisiae strains are mostly
homozygous diploids and A. fumigatus strains are usually haploid. We screened S. cerevisiae
genome data for 1,357 strains sequenced to high read depth (over 30x) and found 8 genomes
with at least 5% intra-species contamination (Pefia et al., 2025). Most of these (N = 6) showed 5
- 10% contamination, and two showed 10 - 20% contamination. Higher levels of contamination

would be difficult to distinguish from polyploidy using our methods, but are probably less likely.
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Figure 4.1: Intra-species contamination is recognizable in B-allele frequency plots at 5% contamination. Plots show
base calls for resampled genome data contaminated in silico to: 0%, 1%, 5% and 10%. Points show the frequency of non-
reference “B” alleles along chromosome II for S. cerevisiae (A-D) and along chromosome 1 for A. fumigatus (E) for A) a
haploid, B) diploid, C) triploid, D) tetraploid and E) haploid. In contaminated mixtures, a substantial fraction of SNP
differences from the reference genome appear below their expected frequency of 1.0, at the level expected if the
contaminating strain has the same allele as the reference e.g. 0.95 for 5% contamination with a strain matching the
reference. In repetitive regions variants appear at many allele frequencies appearing as vertical lines on the plots.
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The extent of intra-species contamination in public genome data that we observe for S.
cerevisiae (0.59%) is lower overall than that reported for bacteria at levels expected to affect
base calling (Escherichia coli for 0.87%, Salmonella enterica 1.48%, Listeria monocytogenes
2.22%; Pightling et al., 2019). The percentage of S. cerevisiae read samples with contamination
do however vary greatly by study: from under 0.2% to 15% (Table 4.S1; Fisher’s exact test, P =
2x10-6). This is consistent with past observations that the extent of contamination can differ

substantially among studies and sequencing centers (Ballenghien et al., 2017; Goig et al., 2020).

The effects of in-silico contamination on base calling

Most contaminated data show only low levels of contamination (5 - 10%; 6 out of 8
contaminated genomes), so correct base calls outnumbered incorrect calls by ten to twenty-fold.
To determine whether such low-level contamination impacts base calling, we examined in silico
simulations of read data with known levels of added contamination using a standard base calling
pipeline. We applied a phred-scaled quality filter (Q40) that labels sites as “low quality” data if
they have estimated error rates above 1 in 10,000; a consensus base call would be represented
with an “N” and therefore treated as missing data in downstream analyses. The proportion of
low-quality base calls does not increase with increasing levels of contamination (Table 4.S2).
The number of high quality heterozygous base calls does increase with increasing contamination,
but in haploids and triploids heterozygosity only reaches the levels seen in diploids and
tetraploids with 20% contamination or above. Surprisingly, even the number of high quality
homozygous base calls increases slightly at 20% contamination for haploids, and with any
amount of contamination at higher ploidy levels (Table 4.S2). These simple quality checks that

are easily performed without population genomic analyses suggest that contamination at the
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levels usually observed in public databases do not greatly affect base calling. However, these
checks do not address the effects of contamination on variant or SNP sites in particular, which

are likely affected differently than invariant sites and are critical for downstream applications.

Low level contamination affects population genomic analyses

Intra-species contamination likely results in erroneous heterozygous calls at SNP sites. It
is therefore not surprising that contamination in past work led to mistakes in estimating the
inbreeding statistic, Fit, which relies on correct heterozygous base calls (Ballenghien et al.,
2017). Other important population genomic statistics, such as Tajima’s D and ratios of non-
synonymous to synonymous diversity were less sensitive to intra-species contamination
(Ballenghien et al., 2017). The inference of individual ancestry from allele frequency data is
useful for estimating population structure and identifying genetic admixture (Alexander et al.,
2009). It also uses heterozygous base calls and is therefore likely sensitive to contamination.
Here we tested the effect of contamination at 5% and 10% contamination on the inference of
individual ancestry from allele frequency data using the software ADMIXTURE (Alexander et
al., 2009). In all ADMIXTURE runs, 5% contamination did not affect results (Figure 4.S2). The
estimation of ancestry was affected however by 10% contamination. In most runs the
contaminated strain appeared admixed between donor and recipient lineages and mostly to a
greater extent (25%) than the expected 10% contamination level (Figure 4.S3).

In contrast to allele frequency analyses, we expect phylogenetic analyses to be more
robust to low levels of contamination because most phylogenetic software treat heterozygous
sites as missing data, and we do not expect low level contamination to result in homozygous

calls for the minority allele. To test the impact of contamination on phylogenetic analysis, we
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included a contaminated strain in within-species phylogenomic trees for A. fumigatus and S.
cerevisiae.

Surprisingly, the phylogenetic placement of the recipient strain changed considerably
even with only 10% contamination (Figure 4.2, Figures 4.54-6). This was true for S. cerevisiae
and A. fumigatus using neighbor joining distance or maximum likelihood approaches. At 10%
contamination, we observed major shifts in phylogenetic position (Figures 4.2, 4.54-6) and by
20% contamination the recipient S. cerevisiae strain clustered with the donor strain (Figures 4.2
and 4.54). For A. fumigatus we did not include the donor strain in the phylogeny, yet we still
saw major changes to tree topology (Figures 4.S5-6). Using neighbor-joining distance, we even

saw a small effect on tree topology at 5% contamination in S. cerevisiae (Figure 4.2).
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Figure 4.2: Change in topology for neighbor joining S. cerevisiae phylogenetic
trees starting at 5% and 10% contamination. Panel A shows donor and recipient
genomes in the absence of contamination; B shows the recipient with 5%
contamination results in a tree with slightly altered topology; and at higher levels of
contamination, 10% in C and 20% in D, the recipient clusters with the donor strain.
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How could low level (5-10%) contamination alter tree topology? In contaminated data,
differences between the donor and recipient sequence appear as heterozygous sites (Table 4.S2)
(Ballenghien et al., 2017). These sites no longer contribute to estimates of genetic distance
between the contaminated strain and donor lineage using most phylogenetic software (Lischer et
al., 2014). In addition, the donor alleles will be called in regions where the recipient genome has
low quality sequence or deletions relative to the reference, which could explain the increase in
homozygous base calls at increasing levels of contamination (Table 4.S2). In cases where the
donor genome has more high-quality regions mapping to the reference than the recipient genome
(as in this study; Table 4.S2) enough homozygous base calls might result from donor reads to
change tree topology. The chances of seeing an effect of contamination on cluster analyses also
increase with increasing divergence between donor and recipient genomes (Pightling et al.,
2019). The strains we used in this study are from genetically distinct lineages (Figures 4.2, 4.S2-

6), so our analyses probably represent a worst-case scenario.

CONCLUSIONS

Here we show that within-species contamination of genome data can lead to incorrect
phylogenies or inference of genetic admixture, even at the low levels seen in public databases.
Contamination has led to incorrect conclusions in the past, but most reports are on between-
species contamination or Sanger sequencing studies (Goig et al., 2020; Merchant et al., 2014;
Prous et al., 2020; Wilson et al., 2018). Analysis of intra-species contamination in bacteria show
that it can be especially damaging (Pightling et al., 2019). Using eukaryotic models, we show the
importance of screening for intra-species contamination in short read genome data, especially

because phylogenetic analyses can be more sensitive to contamination (5-10%, Figure 2) than
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previously recognized (40-50%) (Pightling et al., 2019). The visualization of SNPs in mapped
read data with B-allele frequency plots provides a means to synchronously assess ploidy,
heterozygosity and potential contamination (Figure 4.1), all important information for

downstream phylogenetic or population genomic analyses.
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Table 4.S1: Differences among studies in rates of intra-species Saccharomyces cerevisiae
contamination. Data from Pefa et al (2025) after excluding genomes with low read depth and
studies with fewer than 10 high depth genomes. Rates appear different (Fisher's exact test, P = 2
x 10%) even after excluding PRIEB11698 (Fisher's exact test, P = 0.002).

SRA identifier Uncontaminated Contaminated

%

Study

ERP014555 915 0
PRINA396809 260
PRJEB7601 55
PRINA1090965 43
PRJEB11698 17

w O O O

0%
2%
0%
0%
15%

Peter et al, 2018
Duan et al, 2018
Almeida et al, 2015
Pefa et al, 2025
Barbosa et al, 2016
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Table 4.S2: Intra-species contamination does not lower the quality of base calls.

% from

Low

donor 1 Ploidy Homozygous Heterozygous Quality P(LQ)?

A. fumigatus

100% haploid 28,056,212 27,124 1,299,087 0.044
0% haploid 27,191,111 26,332 2,166,779 0.074
1% 27,194,419 26,678 2,163,182 0.074
5% 27,303,362 30,663 2,050,218 0.070
10% 27,616,509 44,955 1,722,747 0.059
20% 28,018,909 75,478 1,289,836 0.044
30% 28,104,794 83,560 1,195,866 0.041
i‘ogéj: evisiae haploid 11,461,857 3,697 604,481 0.050
0% haploid 11,430,299 2,706 638,192 0.053
1% 11,432,806 2,784 635,631 0.053
5% 11,448,751 4,868 617,607 0.051
10% 11,456,000 24,042 591,174 0.049
20% 11,464,068 72,671 534,541 0.044
30% 11,471,388 80,901 519,008 0.043
40% 11,473,538 81,923 515,830 0.043
50% 11,474,291 82,281 514,720 0.043
0% diploid 11,426,767 62,889 581,602 0.048
1% 11,427,772 62,895 580,591 0.048
5% 11,431,346 64,035 575,878 0.048
10% 11,430,347 76,131 564,783 0.047
20% 11,435,185 104,413 531,692 0.044
30% 11,439,882 108,814 522,575 0.043
40% 11,441,299 108,547 521,427 0.043
50% 11,441,050 105,473 524,656 0.043
0% triploid 11,421,825 8,610 637,335 0.053
1% 11,423,877 8,665 635,663 0.053
5% 11,425,285 10,582 631,913 0.052
10% 11,415,094 28,950 624,236 0.052
20% 11,413,683 75,713 579,163 0.048
30% 11,419,975 83,775 564,165 0.047
40% 11,423,533 84,218 559,800 0.046
50% 11,423,917 83,808 560,476 0.046
0% tetraploid 11,347,790 46,526 676,765 0.056
1% 11,349,837 46,590 674,801 0.056
5% 11,376,595 47,656 646,986 0.054
10% 11,414,485 59,758 596,994 0.049
20% 11,439,265 96,163 535,856 0.044
30% 11,446,409 101,228 523,665 0.043
40% 11,449,966 98,988 522,346 0.043
50% 11,452,171 95,042 524,088 0.043
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! Percent of reads from the donor (contaminant) genome. The recipient genome has 0% of
reads from donor. For Aspergillus fumigatus, the donor strain was eAF163 and the recipient
was eAF749. For Saccharomyces cerevisiae, the donor strain was CLIB219.2b and haploid,
heterozygous diploid, triploid, and tetraploid recipient strains were CBS1479, DBVPG1074,
NPAO5al, UCD 06-645 respectively. Donor and recipient genomes were resampled to the
same read depth as contaminated genomes.

2 Proportion of base calls that are low quality (phred-scaled quality lower than

Q40).
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Figure 4.S1: B-allele frequency plots show intraspecies contamination in public S. cerevisiae genome data. In the left
panel, the points clustering around the red line at 0.95 suggest contamination levels of 5% where the sequenced strain
(BJ28) has SNPs that differ from the reference strain, but the contaminating strain allele matches the reference. The right
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Figure 4.52: No effect of 5% contamination on analysis of genetic admixture. The plot shows the ancestry proportions
for each individual arranged in the order seen in Figure 4.S5. These plots show the runs with the highest log-likelihoods
for each assumed number of populations (K = 20 - 26), and the run with the most clustering similarity to the phylogenetic
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Figure 4.54: Change in topology for neighbor joining A. fumigatus phylogenetic
trees with 10% cross-contamination. Panel A shows the recipient genome in the
absence of cross-contamination; B shows the recipient with 5% contamination; C shows
a new topology at 10% contamination and D shows the same new topology at 20%.
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Figure 4.S5: Change in topology for maximum likelihood S. cerevisiae phylogenetic
trees with 10% cross-contamination. Panel A shows donor and recipient genomes in
the absence of cross-contamination; B shows the recipient with 5%; C shows a new
topology at 10%; D shows a more greatly altered topology at 20% contamination.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

The population genomics and environmental niches of model species Saccharomyces
cerevisiae and its sister species S. paradoxus have been well characterized (Bai et al., 2022; He
et al., 2022; Leducq et al., 2014; Pefa et al., 2025; Robinson et al., 2016; Xia et al., 2017); these
species provide an excellent model system in which to study contrasting evolutionary dynamics
within the same genus (Yue et al., 2017). Expansion of research into the clinical, ecological, and
industrial roles of and whole genome resources for non-model yeasts provides new avenues to
address questions about adaptive processes within a broader context (Peter & Schacherer, 2016).

Lachancea thermotolerans is a rising model for population genomics due to its wide
distribution across geographic regions and substrates and distinct population structure (Banilas et
al., 2016; Freel et al., 2014; Hranilovic et al., 2017; Porter et al., 2019), co-occurrence with both
S. cerevisiae and S. paradoxus in woodland environments (Robinson et al., 2016; Spurley et al.,
2022), and its frequent use alongside S. cerevisiae in fermentative processes (Benito, 2018;
Binati et al., 2020; Gobbi et al., 2013; Postigo et al., 2023). In addition to this overlap in the
fermentation industry, L. thermotolerans and S. cerevisiae both have domesticated lineages
associated with winemaking in the Mediterranean Basin (Almeida et al., 2015; Banilas et al.,
2016; Hranilovic et al., 2018). The large genetic distance between Saccharomyces and
Lachancea (~125-150 mya; Shen et al., 2018) and the genetic and ecological overlaps between
these species make them a compelling model system for investigating parallel and convergent

evolution. In this dissertation, | utilize a combination of phylogenetic and genomic approaches to
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understand phylogeography, population structure, and adaptation in L. thermotolerans to further
develop the species as a model system.

In Chapter 2, | examine the phylogeographic distribution and population structure of
Lachancea thermotolerans. Previous analyses have characterized lineage divergence according
to geography and ecological origin; however, these studies primarily use strains isolated from
domestic European populations (Freel et al., 2014; Hranilovic et al., 2017; Vicente et al., 2025).
To better understand the breadth of population structure across habitats, | incorporated additional
publicly available L. thermotolerans whole-genome sequences from woodland environments
(Hranilovic et al., 2017; Xia et al., 2017) and expanded whole-genome resources for wild forest
isolates across the United States and Europe (Osburn et al., 2018; Robinson et al., 2016).

Analyses of these sequences expanded the number of known genetic lineages within the
L. thermotolerans species tree from 6 to 12: two distinct lineages from northern and western or
southern European forests, three distinct lineages within the Iberian Peninsula, and four wild
lineages separated by geography in North America. Highly structured woodland lineages have
also been seen in S. cerevisiae and S. paradoxus (Leducq et al., 2014; Pefia et al., 2025), which
suggests that this may be a consistent pattern across Saccharomycotina. The genetic distance
among L. thermotolerans lineages appears comparable to those found in S. paradoxus, which has
shown subspecies formation and reproductive isolation between the most distantly related
lineages (Delneri et al., 2003). This presents interesting directions for further analyses looking
into the diversity within L. thermotolerans. Additionally, | found evidence for gene flow between
lineages within continents and between the Americas and Europe. Future work quantifying
potential migration events using time divergence analysis incorporating previous dating

estimates (Shen et al., 2018) or lab estimates of mutation rate in S. cerevisiae or S. paradoxus
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(Kaya et al., 2021; Zhu et al., 2014) may allow better understanding of the environmental factors
that have shaped the distribution and genetic diversity within the species. Receding glaciers after
the Last Glacial Maximum and human activity impacted Lachancea cidri and S. cerevisiae (Pefia
et al., 2025; Villarreal et al., 2022); time divergence analysis would allow us to see if these
events may have also shaped the phylogeography of L. thermotolerans. The copy numbers of
genes connected with the domestication suite were previously used to compare lineages within L.
thermotolerans (Vicente et al., 2025). In contrast, | found increased copy numbers of these genes
in wild lineages and was unable to recapitulate the finding of high copy numbers in domestic
lineages. Additional research using the same approach of Vicente et al. (2025), combined
measures of read depth and BLAST matches in de novo assembly, should clarify whether our
contrasting findings result from the needed addition of wild strains or from methodological
differences. This would improve understanding of the potential influence of the winemaking
environment on genomic content across the L. thermotolerans species tree.

Phenotypic variation within a species can be attributed to genetic differences. In Chapter
3, | assess variation in growth rate across different thermal conditions to determine whether L.
thermotolerans strains could be locally adapted to temperature at their geographic origin.
Previous work in natural forest populations of S. paradoxus have shown local climatic adaptation
(Leducqg et al., 2014), and past experimental evolution studies in laboratory S. cerevisiae suggest
that adaptation is rapid and occurs frequently in microbes (Fay et al., 2023; Lang et al., 2011;
Wang et al., 2024). | sought to determine if this non-Saccharomyces yeast shows evidence for
local climatic adaptation to elevated temperature by assaying fifty-two strains of L.
thermotolerans isolated from a range of local temperatures and precipitation levels for growth

rate across a range of experimental temperatures (25 — 42 °C). While strains from one genetic
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lineage grew more slowly than their conspecifics in other lineages and grew less overall at high
temperatures, | found no evidence that thermal growth rate differences were driven by factors
beyond genetic background.

Although there was no evidence of local precipitation amount or temperature impacting
the growth speed of L. thermotolerans, other environmental factors may be shaping lineage
response to temperature changes. In L. thermotolerans, lactate production during fermentation is
accompanied by decreased growth rate and increased expression of genes related to stress
response (Battjes et al., 2023). Laboratory experiments have shown that increased stress
tolerance, such as withstanding nutrient depletion and survival in freeze-thaw cycles, is
associated with a lower growth rate in S. cerevisiae (Zakrzewska et al., 2011). This suggests the
possibility of a trade-off between stress tolerance and growth rate in L. thermotolerans, which
can be explored in future work. Another area for future work would be to explore competition
between species, which incentivizes niche separation (Wadgymar et al., 2022) and may become
more frequent as climate change alters natural species distributions (Cuartero et al., 2024;
Leducq et al., 2014). As L. thermotolerans co-occurs with many different microbial species,
including Saccharomyces yeasts, assays determining how well L. thermotolerans competes with
other species for resources and if any other climatic variables may shape niche separation in L.
thermotolerans would be useful experiments to increase our understanding of environmental
adaptation.

Contamination of sequence data can lead to incorrect inferences about species history and
population dynamics and can occur at any point from DNA extraction in the laboratory to in
silico experiments and analyses (Ballenghien et al., 2017; Clark et al., 2019). Chapter 4 discusses

a collaborative project demonstrating the potential impact of intra-species contamination on
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genome data and downstream genomic analyses. The majority of tools focus on between-species
contamination; those that do detect intra-species contamination compare data against sequence
databases (Cornet & Baurain, 2022). Using B-allele frequency plots (Bensasson et al., 2019; Zhu
etal., 2016), we found low-level intra-species contamination in public data for the fungal models
S. cerevisiae and Aspergillus fumigatus. Base calling analyses for in silico contaminated strains
across various levels of contamination (0 - 50%) for both species showed that contamination at
levels normally seen in public data (1-10%) does not have an obvious impact on base calling.
Incorporating sequences from known lineages of A. fumigatus and S. cerevisiae (Kang et al.,
2022; Scopel et al., 2021) for population genomic analyses with these contaminated strains told a
different story; strains that were contaminated at levels as low as 10% resulted in major changes
to (i) allele frequency analysis results and (ii) tree topology in both maximum-likelihood and
neighbor-joining methods. These results emphasize the importance of quality checks in mapped
read data, especially via visualization of single nucleotide polymorphisms, to identify potential
contamination prior to use in population genomic analyses.

Overall, this dissertation provides an investigation into the population history, genetic
architecture, and phenotypic profiles of an industrially and ecologically relevant yeast using a
variety of analyses and approaches. More work is needed to develop this species as a model
system that could be used in conjunction with other yeast species to understand repeated
evolution. My dissertation highlights how expanding genomic resources of non-Saccharomyces
yeasts can provide additional insight into evolutionary and population dynamics across

eukaryotes.
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