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 Creating a predictive model of evolution is a central goal of biology and necessitates 

understanding the genetic basis of adaptation. Using experimental evolution, adaptation can be 

explored in real time and connected to genetic variation through sampling and sequencing a 

population over several generations. I use a general paradigm of evolving and resequencing to 

explore the genetic basis of adaptation from the laboratory to the brewery. First, I explore 

population sequencing data from a set of over a hundred evolution experiments conducted in 

continuous culture devices under glucose-, phosphate- and sulfur-limitation and find a high level 

of reproducibility of evolutionary outcomes. Specifically, by correlating the frequencies of 

mutational outcomes with datasets indicating the frequency and relative fitness of the mutations, 

I find that genome context likely influences the outcomes of adaptive evolution. Next, I explore 

the effect of environment, specifically temperature on the adaptation and evolution of a proto-



lager hybrid that resembles the ancient hybridization between S. cerevisiae and S. eubayanus. 

Through experimental evolution in conditions favoring either of the two parental species, I find 

that, at certain loci, the parental genome is retained in conditions favorable to that species, 

indicating that environment has an effect on hybrid genome evolution. Finally, I explore the 

evolution of beer brewing yeasts within the natural niche of the brewery through partnerships 

with breweries across North America. By sequencing serially reused populations of beer yeast 

and phenotyping clonal isolates from the populations, I find that structural variation in the form 

of mitotic recombination and aneuploidy likely contribute to the adaptation and domestication of 

the beer brewing yeasts. Overall, findings across all three systems support the notion that the 

results of adaptive evolution are highly reproducible and that non-stereotypical forms of 

variation such as mitotic recombination and copy number variation play a vital role in evolution. 
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CHAPTER 1 INTRODUCTION 
 
The writing herein is derived from an upcoming book chapter written collaboratively by 
Christopher R. L. Large with Barbara Dunn and Maitreya J. Dunham and sponsored by the 
Master Brewers Association of the Americas. Full details of author contributions are available 
above. 
 
1.1  Yeast as a “change agent” throughout history  

The deliberate production of alcoholic beverages by humans has been performed and perfected 

over many millennia, possibly starting ~13,000 or more years ago (Hornsey, 2003; McGovern, 

2009). Alcoholic beverages have served important roles in human civilization, not only socially 

and economically (Hockings and Dunbar, 2019), but also for human health and medicine 

(McGovern, 2019a). The quest to create alcoholic beverages has often served as an impetus for 

scientific progress, especially in the areas of chemistry, biochemistry and microbiology 

(McGovern, 2019b); the brewing industry has even been cited as the foundation for the field of 

biotechnology (Bud, 1994). 

During the frothy era of the European “scientific revolution”, from the late 17th through 

the late 18th centuries, many scientists were intrigued by the transformation of mashed grain into 

beer, which was thought to occur when a yeast paste was added. At the time, yeast was 

considered by most to be an inanimate substance that catalyzed the conversion of sugar to 

alcohol and carbon dioxide. In 1680, using well-crafted versions of earlier microscopes, Antonie 

van Leeuwenhoek was the first to visualize yeast cells, reporting 2- to 6-lobed globules; 

however, he still did not think they were living organisms (Chapman, 1931). The realization that 

yeast were living creatures did not occur until the 1830’s when three independent investigators 

(Charles Cagniard-Latour in France, and Theodor Schwann and Friedrich Kiitzing in Germany), 

using microscopy to observe active fermentations, described yeast cells as living and dividing 

organisms (Schlenk, 1985). Cagniard-Latour reported that yeasts were responsible for alcoholic 
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fermentation and that in fact yeast paste was comprised of living cells that actively divided. He 

observed them microscopically across a time course of the brewing process and noted that the 

number of globules increased over time, including observations of small buds growing off the 

larger ones. Noting that the yeast globules did not move on their own, he classified them as 

“plants”. 

Another giant leap forward in fermentation sciences occurred in 1883 when Emil Hansen 

at the Carlsberg brewery in Denmark used serial dilutions to isolate single yeast cells from beer 

and then grew the single cells into large amounts of “pure cultures” derived from that single cell. 

He was able to show that pure cultures isolated from either bottom- or top-fermenting brews 

reproduced their fermentation style (Hansen, 1883), and that pure cultures from better-

performing fermentations retained the beneficial characteristics. This innovation led to the 

development of pure yeast cultures that could be selected for best brewing performance and at 

the same time were free of contaminants, greatly aiding the brewing industry in the 

reproducibility of their beers. 

 

1.2  Overview of the Saccharomyces genus 

The yeasts responsible for producing almost all alcoholic beverages, including beer, wine, sake 

and distilled spirits, are “budding yeasts”, small single-celled fungi that belong to the genus 

Saccharomyces (Latin for “sugar fungus”). During fermentations, Saccharomyces yeasts earn 

their Latin name by consuming the simple sugars present in the starting material and converting 

them into ethanol and carbon dioxide. The sugars available to the yeast depends on the industry, 

with mostly fructose and glucose being present in grapes in the case of wine and mostly maltose, 

glucose, and maltotriose in wort in the case of beer. In addition, yeasts will convert some more 
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complex molecules present in grapes or wort into novel flavor and aroma molecules (Carrau et 

al., 2015; Larroque et al., 2021; Van Wyk et al., 2019). After fermentation, the yeasts will form 

cellular aggregates and fall out of solution, allowing for the easy separation of yeast from beer in 

a process called flocculation. Within the Saccharomyces genus, there are at least eight closely 

related, naturally occurring species, as described in detail in a recent review (Alsammar and 

Delneri, 2020). The two species most relevant to brewing yeasts are S. cerevisiae and S. 

eubayanus, both of which will be discussed in further detail below. 

All yeasts within the Saccharomyces genus are similar on the sequence level, both having 

the same number and orientation of chromosomes and with most genes and synteny shared 

among all species except for a small number of reciprocal translocations. Likewise, all 

Saccharomyces species share the same basic life cycle and mating systems. Haploid cells can 

exist briefly within the sexual mating cycle, derived by sporulation of the diploid cell, or can 

exist indefinitely as free-living cells if they are unable to mate successfully. Cells of all ploidy 

levels expand their numbers via asexual mitotic cell division when there are sufficient nutrients 

available. However, when nutrients, especially nitrogen, become limiting, a diploid cell can 

progress through meiosis and produce 4 haploid spores: two spores each of two of the different 

mating types, called “a” and “alpha”. When the two haploid cells mate (fuse together) they create 

a new diploid cell that combines the nuclear genomes of each parent, receiving one set of 

chromosomes from each parent. Likely given the negative effects of remaining in the haploid 

state long-term, yeast cells can spontaneously switch their mating type and thus generate a new 

mating partner. 

Interestingly—and importantly for industrial applications—all eight Saccharomyces 

species are able to mate and form interspecific hybrids with each other; this occurs both in the 
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wild and in human-related environments (reviewed by (Morales and Dujon, 2012)). These 

interspecific hybrids cannot efficiently proceed through sexual division (meiosis) but are able to 

indefinitely reproduce in the mitotic asexual (clonal) manner. Other mechanisms, such as 

multiple rounds of spontaneous genome duplication, or aberrant mating between diploids, can 

lead to polyploidy within a species. Similar aberrant mating of higher ploidy cells between 

different species can give rise to interspecific hybrids of varying ploidy levels (Borneman and 

Pretorius, 2015; Hittinger, 2013). Finally, if a yeast cell has 2 or more copies of the haploid set of 

chromosomes (i.e. if it is diploid or polyploid), it can often tolerate the loss or gain of a single 

chromosome, or even several chromosomes, leading to a state called “aneuploidy” (Barrio et al., 

2006; Storchova, 2014). For brewing yeasts, these concepts of ploidy and aneuploidy, as well as 

interspecific hybridization, are very important, as discussed in detail further below. 

 

1.3  Ancestral origins of the S. cerevisiae species 

Where did brewing yeasts originally come from? It turns out that Saccharomyces yeasts are not 

only found in industrial facilities such as breweries, wineries or bioethanol refineries, but are also 

found in nature, often in association with trees (mostly oaks in the Northern hemisphere and 

southern beeches in the Southern hemisphere), as well as rotting fruits and insect guts (reviewed 

in Alsammar and Delneri, 2020). Of the various species in the Saccharomyces genus, a concerted 

effort to collect isolates from around the world and to characterize genomic variation has been 

most exhaustively performed for S. cerevisiae because of its industrial/economic importance and 

because of its history as a premier laboratory model organism (Liti and Schacherer, 2011). The 

breadth and depth of these studies has allowed a population genomics approach to be taken, 

resulting in the ability to define the geographic origins of S. cerevisiae. 
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The location of S. cerevisiae species origination has been shown to be in Asia, 

specifically within China (Duan et al., 2018; Peter et al., 2018), where it arose as a distinct 

species. The details of exactly how S. cerevisiae has subsequently come to inhabit every 

continent in the world are still unknown, but distribution by animals, insects—and especially 

humans—have all undoubtedly contributed to its global dissemination. 

The many different environments in which S. cerevisiae is found worldwide—varying 

widely in available nutrients as well as in environmental parameters such as temperature—has 

led to evolutionary adaptations to the specific environments, resulting in both genomic and 

phenotypic diversity across this species (Peter et al., 2018). For example, wine yeasts as a group 

are quite similar to each other on the genome and phenotype level (e.g., for sugar utilization and 

temperature optimum) compared to “wild” strains that grow near oak trees, which themselves 

form a similar group. Because brewing yeasts have been exposed to a relatively unchanging 

environmental milieu (i.e., boiled grains and hops) over the millennia that they have been 

utilized by humans, one might think that brewing yeast strains could be very similar to each 

other. However, there is a very wide variation in genomes and phenotypes across brewing yeasts, 

as discussed in detail below. 

 

1.4  Differences between ale and lager yeasts 

The most basic difference among brewing yeast strains is one that distinguishes ale yeasts and 

lager yeasts. Ale yeasts belong to the S. cerevisiae species, while lager yeasts are interspecific 

hybrids formed by the mating of S. cerevisiae with S. eubayanus (Figure 1.1; (Libkind et al., 

2011)). However, the fact that lager yeasts are hybrids (and thus not a “pure” species) was not 

clear when they were first studied; instead, they were thought to represent unique species and 
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were given species names such as S. pastorianus and/or S. carlsbergensis; for convenience they 

are still often referred to by these names. Similarly, S. bayanus is the name originally given to 

what is now known to be a collection of similar interspecific hybrid strains, most involving S. 

uvarum, S. cerevisiae and S. eubayanus as the component genomes; these hybrids have been 

found in wine, cider and other fermentations (see (Nguyen et al., 2011; Peŕez-Través et al., 2014) 

for detailed descriptions of the complex genomes and history of S. bayanus yeasts). It is 

important to note that S. uvarum and S. eubayanus are both cold-tolerant species, preferring to 

grow at ~5 - 15 °C, while S. cerevisiae prefers much higher growth temperatures of ~23 – 33 °C 

(Hebly et al., 2015). For both the “S. pastorianus” and the “S. bayanus” hybrids, it appears that 

the driving forces of adaptation were to allow effective ethanol production at lower temperatures, 

such as for lager, cider and cold-climate wines: when S. cerevisiae is combined in an 

interspecific hybrid with either S. eubayanus or S. uvarum, the hybrid now can grow well at cold 

temperatures, yet retains the strong fermentation characteristics of S. cerevisiae. 
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Figure 1.1. Species and major interspecific hybrids of the Saccharomyces genus; commonly-used synonyms 
are shown in parentheses. This figure is a redrawing from work presented in (Alsammar and Delneri, 2020). 
 

Among the lager hybrids, many strains’ genomes have been investigated, showing that 

ploidy levels and aneuploidy also vary from strain to strain (Barros Lopes et al., 2002; Dunn and 

Sherlock, 2008; Gibson and Liti, 2015; Hewitt et al., 2014; Liti et al., 2005; Monerawela et al., 

2015; Monerawela and Bond, 2017; Okuno et al., 2016; Rainieri et al., 2006; van den Broek et 

al., 2015; Wendland, 2014). It is possible that the widespread occurrence of aneuploidy and 

higher ploidies seen among brewing yeasts reflect selective events that give advantage to these 

cells in the brewing environment; indeed, polyploidy and aneuploidy have been observed to be 

adaptive in laboratory yeasts under some growth environments (Dunham et al., 2002; Selmecki 
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et al., 2015; Storchova, 2014; Sunshine et al., 2015). These altered ploidy levels can presumably 

be tolerated, and even selected for, because brewing yeasts are not required to pass through a 

sexual phase as part of their lifestyle, instead being propagated asexually in perpetuity during the 

brewing process.  

 

1.5  Focus on ale yeasts: genomic and phenotypic diversity 

The first expansive description of the diversity of ale yeast brewing strains using whole-genome 

next-generation sequencing came from Kevin Verstrepen’s group at K.U. Leuven in Belgium in 

2016 (Gallone et al., 2016). The observations made in this publication were quickly followed up 

by another group led by José Paulo Sampaio from Universidade Nova de Lisboa, in Caparica, 

Portugal (Gonçalves et al., 2016). In both these publications, they sequenced a large number of 

industrial strains from beer and wine environments and performed evolutionary and functional 

genomics on the sequenced yeasts to identify evidence of historical yeast domestication. Using a 

phylogenetic approach which reconstructs the familial relationships between different yeasts 

using their genetic sequence, they observed that there was one primary group containing the 

majority of European beer yeast strains, herein called Beer 1 (See Figure 1.2 for a reanalysis of 

the data to produce an updated tree). The Beer 1 strains are further separated into a number of 

sub-groups, including the wheat beer yeast, and strains from the United States, German/Belgian 

and the United Kingdom. Additionally, the Verstrepen group identified another group herein 

called the Beer 2 group of strains, which are more closely related to wine yeast and contain 

mostly strains from Belgium, the United Kingdom, the United States, Germany, and Eastern 

Europe. A minority of the European beer strains, primarily used to bottle referment (carbonate 

using yeast) strong Belgian beers fall within another group containing bread yeasts. Furthermore, 
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the Verstrepen group was also able to show that the yeasts most closely associated with 

American brewing yeasts share a recent common ancestor with the British brewing strains, 

meaning that the United States’ yeasts are likely descended from early British colonizers in the 

Americas in the 17th century. 

More recently, yeast used in Norwegian farmhouse brewing styles, colloquially known as 

the Kveik yeasts, have been isolated, sequenced, and placed on a phylogenetic tree near the 

wheat beer strains (Preiss et al., 2018). These strains have garnered particular attention in recent 

years for their ability to ferment efficiently at warmer temperatures, their ethanol tolerance and 

ability to produce a range of fruity esters. While there are a number of questions still remaining 

about the origins of the kveik strains in reference to their domestication outside of industrial 

settings, in the upcoming years, there will likely be more traditional farmhouse strains from other 

regions outside of Norway that will be discovered and added to the catalog of yeast strains. 

 

 



 10 

 

Figure 1.2. Whole-genome phylogeny of yeast strains isolated from a variety of environments and 
geographies. The genome data used in the generation of this figure comes from work presented in this thesis as well 
as: (Borneman et al., 2016; Fay et al., 2019; Gallone et al., 2019, 2016; Gonçalves et al., 2016; Hewitt et al., 2014; 
Langdon et al., 2019; Okuno et al., 2016; Peter et al., 2018; Preiss et al., 2018; Strope et al., 2015; van den Broek et 
al., 2015). The figure was generated using the phylogenetic tree software, IQ-Tree2.0 with the following parameters: 
GTR4+ γ. A complete record of the methods is available in Chapter 4. 
 

1.6  The Beer 1 ale yeast cluster arose by admixture 

The yeasts in the Beer 1 group have four copies of their genome (referred to as a “tetraploid” 

genome), unlike the typical two copies (“diploid”) seen in wine, sake, and wild strains. In 

addition, most of the Beer 1 strains that have been sequenced have at least one deviation from a 

perfect set of four chromosomes, i.e., “aneuploidy” - an occurrence that would cause either death 

or severe consequences in humans. Yet, these yeasts tolerate, and potentially gain benefit from 

these alterations. One strong question that arose as a result of these previously described works 

was how these yeasts were formed. In a recent publication by Justin Fay and colleagues, more 

light was shed on this observation (Fay et al., 2019), where the authors suggested that the origin 

of the beer brewing yeasts came from a combination of strains from and Asian and European 
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wine strains along with a no-longer extant lineage of beer strains. The admixture is thought to 

have resulted in a lineage of yeast with increased genetic diversity. 

 

1.7  How can new technologies help innovation in the brewing industry? 

In hand with the collection and categorization of virtually all modern brewing strains used in 

industrial beer fermentation, the question gets raised: what is next? Will brewers continue to find 

novel strain characteristics through generation of new “house strains”? Or is there a natural limit 

to the diversity of novel characteristics that can be generated? With the invention of yeast 

propagation companies, the majority of brewers do not reuse their yeast strains in perpetuity 

(also known as repitching), meaning that there is less opportunity for new strain innovation. This 

naturally leads to the reduced number of new strains being introduced to the community. So 

where will tomorrow’s new strain come from? 

One exciting possibility is to look to nature for novelty. So called ‘bioprospecting’ of 

non-conventional yeasts utilizes the wild capture of yeasts (both S. cerevisiae and other 

Saccarocymces species such as S. eubayanus) from sources such as nature and non-traditional 

fermentations (reviewed in (Cubillos et al., 2019)). Often these strains have the capability to 

produce characteristics not seen in modern brewing strains, such as new and interesting flavors 

and the ability to ferment efficiently at lower or higher temperatures (Steensels et al., 2014b). In 

particular, significant genetic and characteristic diversity exists in other Saccharomyces species 

that could be leveraged to make truly novel strains. However, as many of these strains have not 

been reared for generations in industrial brewing conditions, they often do not efficiently 

produce ethanol at the same rate as industrial strains. Finding inspiration in the lager yeasts, 

several groups have started utilizing interspecies hybridization to combine the positive brewing 
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characteristics of a traditional brewing strain with the low temperature tolerance and increased 

flavor metabolite production of an unconventional, non-cerevisiae strain (reviewed in (Gibson et 

al., 2017; Krogerus et al., 2017, 2015)). 

Whether novel strains are generated through bioprospecting or hybridization, they are 

often not well adapted to the brewing environment, meaning that they will be unstable and 

experience rapid evolutionary change if introduced into the brewery. This could potentially result 

in a changing product over the course of several repitches, or inconsistent batches from a 

propagation company due to genetic evolution in the yeast grow-up process. A common strategy 

to improve the stability of a strain is to serially reuse the strain in simulated brewing conditions 

for several hundred generations, such that a more adapted strain arises and can be isolated from 

the population (reviewed in (Gibson et al., 2020)). Through experimental evolution, or repitching 

in the brewery, a more stable form can be achieved and allow for a more consistent product. 

 

1.8  Genetic engineering of beer strains 

One of the most remarkable and innovative recent introductions to the brewing industry involves 

the use of a laboratory technique called CRISPR/Cas9. Using proteins and DNA originally found 

in bacteria, scientists can introduce exogenous genetic changes to beer brewing strains in an 

efficient manner. After the modifications are completed and the genetic changes are introduced, 

the bacterial DNA and protein can be removed from the cells, making the strain safe for 

consumption. The most striking example of these modern genetic techniques was the 

modification of an American brewing yeast strain to have the ability to stably produce hoppy 

flavor monoterpenes (Denby et al., 2018). While CRISPR/Cas9 has enabled the rapid and 

efficient production of novel strains, it has been possible for several years, albeit in a less 
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efficient manner (reviewed in (Steensels et al., 2014a)). Notably, the sale of beer made by yeast 

with these sorts of genetic modifications are possible in the United States due to our food and 

beverage regulatory market. With the proper care and precision, I believe that these genetic 

modifications are completely safe and provide a valuable and interesting new angle to the 

fermentation industry. 

 

1.9  Linking genetics to performance in the brewery 

Beyond an expansion in the diversity of available technologies to generate novel brewing strains, 

in the future, we will see a further expansion of our collective knowledge around what genes are 

responsible for the diversity of behaviors, flavors, and characteristics within brewing yeasts. 

Herein, I will discuss four prominent established connections between the gene sequence of the 

yeasts and the way they perform in the brewery: (1) the production of certain metabolites that 

contribute to flavor, (2) the strength and speed of flocculation, (3) the processing of starch, and 

(4) the catabolism of maltose and maltotriose. 

There are several examples of specific genes, which when mutated can dramatically 

change the flavor profile of the beer. The first example, commonly referred to as the phenolic off 

flavor (POF), involves the decarboxylation of ferulic acid into 4-vinylguaiacol (4-VG) by PAD1 

and FDC1 genes, resulting in a clove or smoke-like flavor (Chen et al., 2015; Mukai et al., 

2014). Through a systematic analysis of the genomes of ale brewing yeasts, it has been found 

that there is an inactivation of these two genes through mutation in the majority of the ale 

brewing yeasts, but that function is retained in the wheat and Belgian brewing strains, where the 

flavor is desired (Gallone et al., 2016; Gonçalves et al., 2016). The second example involves 

genes responsible for the production of diacetyl, a common buttery flavor that can be regarded as 
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a positive or negative depending on the beer style. Diacetyl itself is derived from a metabolic 

intermediate known as α-acetolactate, which is produced from pyruvate by the action of an 

enzyme encoded by ILV2. With the knowledge of the direct connection between the enzymes 

that are involved in the production of diacetyl, many groups have engineered variants in the ILV2 

gene in order to reduce the total amount of α-acetolactate, and thus diacetyl produced (reviewed 

in (Krogerus and Gibson, 2013)). In the future, there will likely be more specific connections 

between variation in flavor metabolite production and variation in genome sequence. 

Flocculation is one of the most variable traits among the brewing yeasts and can lead to 

undesired outcomes such as under fermented wort if not properly predicted. Yeast flocculation is 

most commonly caused by the interaction of a set of extracellular proteins known as flocculins 

with the mannoproteins present on the exterior of neighboring yeast cells. The flocculin proteins 

themselves are encoded by a family of genes known as the FLO genes, which can vary between 

strains in both presence as well as copy number. The mechanism of flocculation has been 

previously divided into two main categories, FLO1-like and NewFlo-like (reviewed in 

(Verstrepen et al., 2003)). The defining difference between these mechanisms of flocculation is 

whether the flocculins themselves are inhibited through their preferential binding to mannose, as 

is the case with FLO1-like, or additional sugars that are present in wort such as glucose, maltose, 

and sucrose, as in the case with NewFlo. The NewFlo mechanism was associated in lager yeast 

with a gene fusion event between YAL065c and FLO5 leading to a new gene, called Lg-FLO1 

(Kobayashi et al., 1998; Ogata et al., 2008). Previously, Lg-FLO1 was thought to have originated 

in the lager yeast, however a recent analysis found its presence within ale yeast, indicating that 

Lg-FLO1 originated in S. cerevisiae ancestor of the ale and lager yeast (Ogata et al., 2020; Van 

Mulders et al., 2010). While much of the genetic basis of flocculation as been determined, there 
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is still difficulty in using the genome sequence of a yeast to predict how it will perform in the 

brewery due to technical limitations of the sequencing technology. However, new forms of 

sequencing that rely on different technology could resolve this issue and allow for future 

researchers to create a more predictive model of flocculation. 

 The most notorious of phenotypes of the brewing yeasts involves the spoilage organism 

traditionally known as S. diastaticus. These strains, while now understood to be members of the 

Beer 2 group, produce a novel glucoamylase enzyme, STA1, that allows them to break down and 

ferment starches and other oligosaccharides, which can lead to the super-attenuation of wort, and 

eventually to exploding bottles. STA1 itself, similar to Lg-FLO1 originates from a gene fusion 

event between FLO11 and SGA1 (Krogerus and Gibson, 2020). Recently, it has been discovered 

that the presence of STA1 in the yeast genome does not necessarily guarantee its ability to digest 

starch and that, for several strains in the Beer 2 clade, there is a genetic deletion outside of the 

gene coding region that leads to the lack of proper production of the glucoamylase enzyme 

(Krogerus et al., 2019). Through molecular techniques, the presence of the complete STA1 or the 

deleted version can be determined, allowing for the accurate delineation of strains that are 

capable of digesting starch and the avoidance of these strains when desired. 

 One of the most important functions of any brewing strain is the efficient breakdown and 

fermentation of the sugars present in wort. Within the brewing strains, there are a set of genes 

known as the MAL genes that handle the uptake and breakdown of maltose and maltotriose. 

These functions are split into clusters of proteins encoded by three genes in the yeast genome. 

The first, MALx1 encodes for a transporter that allows for importation of the maltose and other 

sugars into the yeast cell. There is extensive variation in the MALx1 gene ‘versions’ that causes a 

differential ability to uptake maltose, maltoriose, and other sugars in both ale and lager strains 
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(Han et al., 1995). MALx2 encodes for an enzyme that breaks maltose and maltotriose into its 

component glucose molecules. Finally, MALx3 allows for the proper genetic control of MALx1 

and MALx2 in the presence of the appropriate sugars. Between yeast strains there is variation in 

the presence or absence of these MAL gene clusters, with a total of five of these sets having been 

identified (MAL1, MAL2, MAL3, MAL4, and MAL6; (Naumov et al., 1994)). Similar to the FLO 

genes, there is also variation in the copy number of the various MAL clusters that can differ 

between even closely related strains (Gallone et al., 2016; Gonçalves et al., 2016; Steenwyk and 

Rokas, 2017). Future work will likely work towards a more direct link between performance and 

the brewery and the number of functional copies of the MAL gene clusters. 

 

1.10  Yeasts in the laboratory 

In addition to yeasts’ role as the premier fermentation organism, it has also served as one of the 

core eukaryotic genetic model systems (Botstein and Fink, 2011). With its fast growth rate, 

amenability to genetic screens, and ease of genetic manipulation, S. cerevisiae has yielded 

insight into a vast array of topics such as the genetic basis of cell cycle control (Hartwell et al., 

1970), autophagy (Takeshige et al., 1992), and telomere maintenance (Shampay et al., 1984). In 

the modern era, S. cerevisiae has continued its legacy with a cast of new functional genomics 

tools such as strain libraries consisting of deletions (Giaever et al., 2002), amplifications (Ho et 

al., 2009), and fluorogenic tags (Huh et al., 2003) of nearly every protein coding gene in the 

yeast genome. Given the scale of community provided data ranging from genome-scale genetic 

interaction maps (Costanzo et al., 2010), to the availability and whole genome sequencing of 

1,011 yeast strains (Peter et al., 2018), and to the creation of a 100% synthetically generated 
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organism (Richardson et al., 2017), yeast is an ideal organism for the continued study of 

genetics, genomics, and evolutionary biology. 

 

1.11  Using yeasts in the understanding of evolutionary biology 

Saccharomyces yeast have been extensively utilized as a model system for eukaryotic 

experimental evolution given their genetic tractability, controllable life stages, and genome size. 

Through variation in the environmental conditions, genetic background, and passaging regime, 

numerous questions have been asked about the influence of fundamental processes on evolution, 

including sex (Mcdonald et al., 2016), ploidy (Selmecki et al., 2015) and mutation rate (Raynes 

et al., 2018). Evolution in the laboratory is commonly conducted in one of two main 

experimental setups, batch culture and continuous culture. Batch culture relies on the continual 

back dilution of a culture to allow for population expansion. Conversely, continuous culture 

devices utilize either a nutrient limitation, as in the case of the chemostat or mechanical means to 

maintain a constant selective pressure and growth rate. Within this thesis, I will describe research 

that utilizes both continuous culture (in Chapter 2 and 3), and batch culture (Chapter 4) and 

will provide a more extensive review of these techniques and their impacts within the respective 

chapters. 

 

1.12  Specific Aims 

The work presented here focuses on the use of Saccharomyces yeasts to study the mechanisms 

and sources of evolutionary adaptation in both the laboratory and the brewery. Within, I use a 

generalizable paradigm of evolve and resequence, wherein an isogenic starting yeast population 

is exposed to and allowed to adapt a stressful environment for hundreds of generations. 
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Afterwards, the mechanisms of adaptation are explored through genomic resequencing of the 

population. The experiments range from the use of highly controlled chemostat experimental 

evolution to evolution occurring within the modern yeast niche of the brewery. Overall, the aim 

of this thesis is to garner a greater understanding of the influences of genomic context and 

environment on adaptation. 

 

1.12.1  Reproducibility and contingency in experimental evolution 

The use of the chemostat for experimental evolution has previously been stymied by the lack of 

ability to produce a large number of replicates due to technical limitations. Specifically, 

questions relating to the reproducibility of evolutionary outcomes, the rates by which certain 

outcomes occur, and the influence of epistasis in evolution have been difficult to determine. 

Herein I describe the use of a multiplexed and miniaturized version of chemostat to conduct 95 

separate evolution experiments in glucose-, sulfur-, and phosphate-limited media conditions. 

Overall, I discovered new targets of mutation, numerous de novo transposable element 

mobilizations, and over forty chromosomal amplifications with unique breakpoints. I 

subsequently made comparisons between existing datasets and the neutral biases in yeast 

transposable element mobilization rates to discover the importance of genome context in 

evolutionary outcomes. 

 

1.12.2  Effect of environment on hybrid genome evolution 

Within extant strains of the natural interspecific hybrid, S. pastorianus there is a reduction in the 

genomic contribution from the original parental species, S. cerevisiae and S. eubayanus through 

mitotic recombination, gene conversion, and aneuploidy. Given the time since the original 
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hybridization, it is difficult to determine the events post hybridization that could lead to the 

favoring of one genome over another across the genome from extant S. pastorianus sequences. 

Previous work performed by Dr. Caiti Smukowski Heil and colleagues discovered that when a 

proto-lager hybrid between S. cerevisiae and S. uvarum was experimentally evolved at 

conditions favorable to S. cerevisiae, that the S. cerevisiae portion of the genome was repeatably 

amplified over the S. uvarum contribution at certain loci (Smukowski Heil et al., 2017). 

However, it was unclear from those experiments whether the S. cerevisiae sequence at these loci 

would have been globally favored in any condition, or whether the environment influenced the 

direction of hybrid genome retention. Together, Dr. Smukowski Heil and I evolved the same 

proto-lager hybrids in conditions favoring S. uvarum to explore this question. Through 

subsequent whole-genome sequencing, we discovered that environment does influence hybrid 

genome evolution. 

 

1.12.3  Domestication and adaptation of beer brewing yeast in the brewery 

As mentioned previously, Saccharomyces yeasts have been utilized for hundreds of years for the 

production of fermented beverages and food. Analysis of the extant genome sequences of ale 

brewing yeasts has revealed multiple signatures of domestication, indicating their adaptation to 

the brewing environment during this time (Gallone et al., 2016; Gonçalves et al., 2016). The ale 

yeast themselves are thought to originate from a within species admixture event that led to a high 

degree of within strain genetic variation (Fay et al., 2019). Since the original hybridization, some 

of the intragenomic variation has been reduced though aneuploidy and mitotic recombination, 

however it is unclear whether these events produced adaptive outcomes. Furthermore, it is 

unclear whether ale brewing yeasts are still undergoing domestication. To explore these 
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questions, I partnered with multiple breweries across North America who conducted evolution 

experiments using similar strains of American yeast. Through analysis of population sequences 

over time in the brewery, I discovered that ale brewing yeast are still undergoing domestication 

and that structural variation in the form of mitotic recombination and aneuploidy are driving 

these new adaptations. 
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CHAPTER 2 HIGHLY PARALLEL CHEMOSTAT 
EXPERIMENTAL EVOLUTION REVEALS IMPORTANCE OF 
GENOME CONTEXT IN ROUTES TO ADAPTATION 
 

Experimental evolution provides a reproducible testing ground for the study of adaptive 

evolution where the numerous degrees of freedom impacting the trajectory of evolution can be 

limited to their most controlled form. Evolution in a continuous culture device known as the 

chemostat further constrains the variables that introduce stochasticity by maintaining constant 

selective pressure and environmental conditions. Using a multiplexed miniature chemostat setup, 

we generated the largest set of sequenced chemostat evolution experiments in glucose-, 

phosphate-, and sulfur-limited media conditions with a total of nearly a hundred replicates. 

Through analysis of the adaptive variation that occurs within the evolution experiments we 

discover a high level of recurrence of gene mutations between experiments in the same condition 

and the targeting of multiple members of the SAGA complex, sirtuin gene family, and MAPK 

signaling pathway. We additionally find over one hundred new transposable element 

mobilizations, indicating their importance in adaptive evolution. Comparing the frequency of 

genes impacted by a single nucleotide polymorphism, insertion, deletion, transposable element 

mobilization, or copy number variation, we find that a gene’s location in the genome likely 

impacts its adaptive potential. Finally, we find additional evidence that the fitness consequences 

of copy number variation rely on the collective fitness effects of multiple loci. Overall, through 

high replication of chemostat evolution experiments, we have been able to identify how the 

biases in mutational frequency and the effect of gene sequence context impact the direction of 

evolution. 
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2.1 Introduction 

One of the central goals of evolutionary biology is to create a predictive model of evolution. 

However, there are numerous complicating factors that impede the study of the evolutionary 

process in nature. Through experimental evolution in the laboratory, we can limit or modulate 

some of the expansive number of degrees of freedom that generate stochasticity in the 

evolutionary process such as shifts in the environment, variation in population size, and changes 

in selective pressures. By repeating an evolution experiment we can achieve what is rarely 

possible in nature and observe the same conditions being played out in real time, allowing for the 

application of statistical methods to determine the source of variation in evolutionary outcomes. 

Historically, experimental evolution has yielded insights into the influence of a vast array of 

factors such as ploidy (Selmecki et al., 2015), mutation rate (Raynes et al., 2018), sex (Mcdonald 

et al., 2016), genome composition (Gorter De Vries et al., 2019; Smukowski Heil et al., 2019, 

2017), pleiotropy (Jerison and Desai, 2015), clonal interference (Kao and Sherlock, 2008; Lang 

et al., 2013), and epistasis (Kryazhimskiy et al., 2014; Kvitek and Sherlock, 2011). Similar to the 

variety of questions that can be asked during experimental evolution, there is considerable 

variation in the practiced methodologies for culturing an organism for hundreds of generations. 

One of the more controlled forms of evolution in the laboratory is growth in a type of 

continuous culture device known as chemostat in which the population size, selective pressure, 

and environmental conditions can be precisely monitored and controlled (reviewed in (Gresham 

and Dunham, 2014)). Commonly, the growth rate of the culture inside of a chemostat is limited 

by the constant low concentration of one necessary nutrient such as carbon, nitrogen, 

phosphorus, or sulfur (Ziv et al., 2013). This is in sharp contrast to batch culture experimental 

evolution in which the concentration of nutrients, and thus selective pressures vary over course 
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of the experiment (Li et al., 2018). While chemostats were first introduced in the 1950’s, their 

utility for the understanding of the evolutionary process at the molecular level has become newly 

possible with the introduction of genome analysis technologies (Monod, 1950; Novick and 

Szilard, 1950). The combination of evolution in the chemostat and subsequent genotyping of 

clones or populations isolated from the chemostat has yielded numerous insights into the genetic 

targets of adaptation and the mutational mechanisms by which they occur. First, copy number 

variation (CNV) was shown to be an adaptive form of mutation through observation of the 

recurrent copy number amplification of the primary glucose, amino acid, and sulfate transporters 

(HXT6/7, GAP1, and SUL1, respectively) in yeast grown in limited media conditions (Brown et 

al., 1998; Gresham et al., 2010, 2008). Second, a model describing a novel type of gene 

amplification known as Origin-Dependent Inverted-Repeat Amplification (ODIRA) was 

developed based on observations made from sequencing of clones derived from sulfate-limited 

chemostats bearing SUL1 amplifications (Brewer et al., 2015, 2011; Payen et al., 2014). The 

ODIRA model specifically describes a replication fork error, originating at a set of inverted 

repeats that leads to an extrachromosomal replication intermediate mediated by the presence of 

an autonomous replicating sequence (ARS), which can subsequently reintegrate into the genome 

and create a region of amplification. More recently, a separate group identified multiple 

examples of amplifications of DUR3 and GAP1 matching the requirements of ODIRA in 

nitrogen limited chemostats (Lauer et al., 2018). Finally, from clones derived from experiments 

described herein, chemostat evolution experiments were found to favor the evolution of cellular 

aggregation, likely to avoid being diluted from the chemostat vessels. From a bulk segregant 

analysis performed on clones isolated from the cellular aggregates, Hope et al. were able to 

identify one of the primary genetic mechanisms to be from the insertion of a yeast transposable 
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element (Ty element) upstream of a flocculin gene, FLO1, indicating transposable elements as a 

potential source of adaptive variation during evolution (Hope et al., 2017). 

However, the utility of the chemostat for the study of evolution has been limited by 

inherent challenges to use the device such as their difficulty to multiplex. When the metric by 

which a particular mutation is viewed as important or adaptive is the degree of recurrence 

between experiments, the number of replicates becomes crucial. Several strategies to resolve 

these challenges have been generated, including our generation of the ‘ministat’, which 

constitutes a cheap and multiplexed alternative to traditional hand-blown glass, or expensive 

industrially produced chemostats (Miller et al., 2013). 

Despite the reduction in cost and difficulty in conducting evolution experiments in 

nutrient-limited chemostats with accompanying whole genome sequencing data, the total number 

of population replicates conducted in any given condition remains low, with the most replication 

conducted in glucose limitation with a total of 25 sequenced populations across all available 

studies. Given the paucity of replication for nutrient limited chemostat evolution experiments we 

sought to both codify and quantify the observations of previous evolution experiments as well as 

attempt to discover phenomena that are only observable in high replication. Using highly 

multiplexed miniature chemostat setups, we were able to generate a large dataset of nearly a 

hundred evolution experiments from three separate nutrient limitations that were sequenced to 

high coverage (median of 113.6x) using short-read sequencing. As this constitutes the largest set 

of sequenced chemostat evolution experiments, we sought to explore the emergent patterns of 

mutation and selection that influence the direction and predictability of evolution. To this end, 

we explored the routes to adaptation through recurrence of mutations in certain pathways, the 
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influence of mutational bias on evolution, and influence of genome context in segmental 

chromosomal amplification. 

 

2.2 Results 

2.2.1  Evolutionary outcomes in the chemostat are highly reproducible 

The design of these experiments focuses on the use of a large sample size to make inferences 

about evolutionary dynamics using repeatability of mutational targets as an output. Overall, we 

cultured 95 independent populations of isogenic, haploid yeast in sulfur- (31 replicates), 

phosphate- (32 replicates), and glucose- (32 replicates) limited conditions for over 200 

generations. Within all populations, we discovered a total of 367 SNPs/InDels with a between 

population specific mutation count of 134 in glucose-limited, 124 in phosphate-limited, and 109 

in sulfate-limited mediums. Additionally, through employment of the transposable element 

detection software, McClintock (Nelson et al., 2017), and manually curating the resulting calls, 

we discovered 141 new transposable element mobilizations (Glucose-limited, Ty:34; Phosphate-

limited Ty:24; Sulfate-limited Ty: 83). Combining the de novo mutation and mobilization calls, 

we revealed a strong pattern of recurrence between populations from the same condition, with 

nearly half of all new mutations occurring in the same or similar location as another mutation 

(Recurrent mutations: 237; Total mutations: 508). Additionally, we identified one lineage in a 

glucose-limited population that contained a mutation in the DNA damage repair enzyme, MSH2, 

which could account for an increase in the number of mutations in the population from an 

average of 2.49 to 17 in the MSH2 population. 

Given that recurrence is the metric by which a mutation is considered impactful within 

this study, we sought to find a null hypothesis for the rate by which recurrence happens by 
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chance. To simplify comparisons between experiments, any mutation that has reached a 

detectable frequency in the population is considered regardless of its frequency. Conducting a 

simple simulation using the estimated number of mutations within the experiments and an 

assumption of equal mutational probability across all genes, we found that for every set of 32 

populations, there should be one instance of a recurrently targeted gene by chance and a 

diminishingly small probability that a gene will be affected three times. Given these rates, for 

subsequent analysis we decided to use a cutoff of two mutations per gene to maximize discovery 

while limiting the noise of hitchhiker mutations (See methods for more details). 

Categorizing these recurrent mutations based on the genes they impacted, we generated 

both a measure of frequency of recurrence to mutations that were previously observed as well as 

new targets of mutation (Figure 2.1). Similar to previous findings, both of the primary nutrient 

transporters for sulfate and phosphate, SUL1 and PHO84 respectively, were some of the most 

recurrently impacted genes. We suspect that the mutations impacting these genes are likely gain 

of function mutations given that they led to substitutions in two amino acid positions in SUL1 

and one in PHO84 without generating any new stop codons. Several genes that have been 

previously identified in other chemostat evolution experiments as being mutated were similarly 

found here, such as GSH1, WHI2, SGF73, and SIR1 (Figure 2.2A-C). Not surprisingly, these 

targets were among the most recurrently targeted within our experiments, providing additional 

evidence of their adaptive benefit within their given condition. 
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Figure 2.1. Comparisons to all known chemostat experimental evolution sequencing reveals common 

targets and newly discovered mutation targets. The values contained within the bubble show the number of 
occurrences within that study while the horizontal position denotes the cumulative number across all studies. 
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Looking for commonalities between the recurrently targeted genes within their condition, 

we found specific examples of multiple members of complexes and pathways being recurrently 

targeted (Figure 2.2). In sulfate-limited media specifically, we discovered that four separate 

members of a large, multi-protein complex known as the SAGA complex were recurrently 

targeted (p-value from bonferroni corrected GO-term analysis: 3.312×10-6). While it was 

previously known that SGF73 was a common target in sulfur-limited media, SPT7, SPT3, and 

HFI1 were newly found to be important due to increased replicate number. Similarly, in 

phosphate-limited media, we found four separate members of the sirtuin family, SIR1, SIR2, 

SIR3, and SIR4, recurrently targeted (p-value from bonferroni corrected GO-term analysis: 

5.563×10-6). Finally, within glucose-limited populations, we found both the recurrent targeting 

of the MAPK signaling pathway through SLN1 and SSK2 (p-value from bonferroni corrected 

GO-term analysis: 2.587×10-2) as well as an association with the biological process of response 

to oxygen-containing compound through GSH1, WHI2, FLO1, GPB2, and GPA2 (p-value from 

bonferroni corrected GO-term analysis: 1.652×10-3). 
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Figure 2.2. Recurrent targets of mutation impacted by bias in mutational preference. (A-C) Summaries 
of mutations generated by Ty element mobilizations (Orange), and SNPs/InDels (Blue) in 32 phosphate, 31 
sulfur, and 32 glucose limited chemostat evolution experiments show the recurrent nature of adaptive 
evolution. The values contained within the bubble show the number of occurrences of that type of mutation 
while the horizontal position denotes the cumulative number across both Ty elements and SNP/InDels. (D) 
The distance between the recurrently targeted genes and a predictor of Ty element mobilization shows the 
neutral patterns of mutational bias still holds in adaptive conditions. 
 

 



 30 

2.2.2  Proximity to a Pol III-transcribed gene likely influences the rate of gene disruption by Ty 

element during adaptive evolution 

In addition to certain pathways and loci being recurrently affected in the same condition, we 

similarly observed certain loci being recurrently affected by Ty element mobilization. The 

known patterns of Ty element mobilization indicate that under neutral conditions, new 

mobilizations should preferentially occur within two kilobases upstream of genes transcribed by 

RNA Polymerase III (Baller et al., 2012; Bridier-Nahmias et al., 2015; Mularoni et al., 2012). 

Given the number of new mobilizations observed within these experiments, we explored whether 

the neutral patterns of mutation would be evident when challenged by the pressures of natural 

selection. Within sulfur-limited conditions, we observed that SPT7 was targeted 15 times by Ty 

element mobilization and only once by an interrupting SNP. Conversely, SGF73, which is a 

member of the same complex, was targeted 6 times by Ty element mobilization, but 17 times by 

interrupting SNPs and InDels. An obvious difference that could explain the preference by which 

either gene was interrupted was its proximity to a Pol III-transcribed gene. Formalizing this 

observation, we analyzed across the whole dataset the distance of every gene observed to be 

mutated to a Pol III-transcribed gene (Figure 2.2D). For all of the mobilizations within the 

dataset, 70 of the 141 mobilizations fell within 2 kb of a Pol III-transcribed gene, which is 

significantly more than if there was no mobilization preference (expectation of 6.57 

mobilizations within 2 kb of a predictor under a model with no mobilization preference). Of the 

66 mobilizations that fell near recurrently targeted genes, 37 were within 2 kb of a Pol III-

transcribed gene, indicating that selection did not dramatically reduce the neutral mobilization 

biases. To test whether a gene’s proximity to a predictor correlated with whether it was 

preferentially disrupted by a Ty element mobilization or SNP/InDel, we conducted a chi-square 
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test of significance on the data displayed in Table 2.1 (p-value < 2.2e-16). These results indicate 

a strong correlation between the proximity of a Pol III-transcribed gene and the preferential 

interruption of a gene sequence by a Ty element versus an interrupting SNP or InDel. 

 
Table 2.1. Contingency table of the number of Ty element insertions near predictors of 
mobilization 
Recurrent insertions Near Predictor 

Yes No 

Ty Element 
Insertion 

Yes 32 28 

No 3 169 

 

2.2.3  Chromosomal amplifications potentially dependent on genome context 

Investigating the role of copy number variations in the three sets of nutrient-limited chemostat 

evolution experiments, we found partial chromosomal amplifications in all three conditions. 

Strikingly, in sulfur-limited populations, we discovered that every single population experienced 

a partial chromosomal amplification impacting the primary sulfur transporter, SUL1 (Figure 

2.3). Additionally, we found that multiple amplification events had occurred simultaneously in 

the populations, leading to competing lineages within an experiment and a total of 42 separate 

amplifications among the 31 populations. Between the 42 amplifications, no single pair of 

breakpoints on either side of the amplification was shared, indicating that each amplification was 

unique. Mapping the sequencing coverage of the populations from sulfate limitation and 

juxtaposing them alongside previously generated measurements of the impact of individual 

amplifications (Payen et al., 2016), we found that the span of the amplifications preferentially 

included regions that provided a positive fitness benefit, while regions that were deleterious were 
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not included. In particular, we discovered that 28 of the 42 amplifications included the SNF5 

gene, which was previously shown to provide a 14.4% positive fitness benefit when amplified in 

sulfate limited media. Also, only 5 of the 42 amplifications included the DUG2 and MRLP27 

genes, which have both been shown to respectively have a 20.1% and 5.1% negative effect on 

relative fitness when amplified in sulfur limited media conditions. 

 

 

Figure 2.3. Recurrent amplification of the primary sulfate transporter potentially impacted by local 

sequence context. The normalized copy number of all 31 populations evolved in sulfate limited chemostats 
shows the recurrent amplification of SUL1 in 42 separate amplifications. A summary of the span of all of these 
amplifications was generated through visual inspection of the coverage breakpoints using split and discordant 
sequencing reads. The span of the amplifications were compared with the ORFs (below) contained in the 
amplifications and their predicted impact when amplified at low-copy numbers (Payen et al., 2016). The span 
of the amplifications suggest that SNF5 and BSD2 was preferentially included while DUG2 and MRPL27 were 
avoided. 
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 When analyzing the potential adaptive benefit of a PHO84 amplification, we found that 

eight populations showed evidence of an increase in copy number (Data not shown). 

Interestingly, when analyzing the adaptive consequences of an amplification of PHO84 in the 

context of its chromosomal location, we discovered that there were no potential adverse fitness 

consequences to an amplification of the neighboring region to a low copy number (Figure 2.4). 

Additionally, we observed that two populations, grown in glucose-limited media, experienced an 

increase in copy number of HXT6/7 (Data not shown), their primary glucose transporters, which 

has been previously observed (Kvitek and Sherlock, 2011). 

 

Figure 2.4. Local sequence context of PHO84 provides no additional benefit or detriment to a 

chromosomal amplification. The ORFs neighboring PHO84 are displayed with their associated predicted 
impact when amplified at low-copy numbers (Payen et al., 2016). 
 

2.3 Discussion 

2.3.1 Level of recurrence among parallel evolution experiments 

Across the 95 evolution experiments conducted here, we discovered a more complete spectrum 

of the adaptive targets of evolution, including 52 copy number amplifications, 367 SNPs and 

InDels, and 141 Ty element transpositions. This includes both additional evidence for the 
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adaptive benefit of genes with minimal evidence in previous experiments as well as novel targets 

only identified here. Within the glucose-limited chemostats, having the most replication across 

other studies, there is a sizable disagreement between the most recurrently mutated genes with 

Kvitek et al. finding MTH1 as the most recurrently mutated, this study with GSH1 and WHI2, 

and Lauer et al. with TRK1. The most striking difference between these studies is the use of a 

different dilution rate for media entering the chemostats (Kvitek et al., 0.2 hr-1, this study, 0.17 

hr-1 and Lauer et al., 0.12 hr-1). A difference in dilution rate could generate differences in the 

population density, availability of glucose, and whether fermentation or respiration is favored. 

Similarly, Sellis et al. and Wenger et al. utilized a diploid strain of yeast and had a different 

spectrum of mutations, likely due to the recessive nature of some of the mutations. Therefore, 

despite using highly similar conditions, even subtle differences between culturing conditions can 

produce a distinct spectrum of mutations. 

Within sulfur-limited conditions, the most recurrently targeted gene is the primary sulfate 

transporter, SUL1, which experienced 21 SNP’s, 1 transposable element insertion into its 

promoter, and 42 separate amplifications. Additionally, multiple members of a large, 

multiprotein transcriptional complex known as the SAGA-complex were newly discovered to be 

recurrent targets in sulfate limited conditions (SGF73, SPT3, SPT7 and HFI1). Considering the 

low number of replicates of sulfate limited chemostat evolution experiments prior to these 

experiments, there had only been six observations of SGF73 mutations and only one observation 

of a SPT3 mutation. Given that we now know that there are recurrent mutations in multiple 

members of the SAGA-complex that are each a part of separate domains within the complex, the 

presumed benefit of these mutations likely depends on a shared effect of all of them (reviewed in 

(Cheon et al., 2020; Donczew et al., 2020)) . However, given that the SAGA-complex is 
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responsible for a large fraction of the total transcription within the cell, an individual benefit to 

these mutations has not been determined to date. 

Finally, within phosphate limited conditions, matching with previous findings, PHO84 

was recurrently mutated 24 times in two amino acid positions as well as amplified in at least 8 

populations (Payen et al., 2016). Additionally, we discovered all four of the sirtuin genes with 

SNPs or InDels, commonly leading to an early stop codon. Previously, the one mutation found in 

SIR1 in Gresham et al. was presumed to be a neutral hitchhiker given its performance in a 

competition assay, however given its recurrence here along with the other members of the sirtuin 

family, it is likely an adaptive mutation. Furthermore, we newly found four instances of 

nonsynonymous mutation in a member of the dNTP synthesis complex, RNR1. Previously, in a 

large screen using the yeast deletion collection, the disruption of RNR1 was found to lead to a 

23.4% competitive fitness defect in phosphate limitation, indicating that the recurrent 

nonsynonymous mutations in RNR1 likely led to a gain of function phenotype. 

 

2.3.2 Transposition bias likely shifts adaptive outcomes 

Given the capacity of transposable element mobilization to result in a diversity of fitness 

consequences in many Eukaryotic organisms (Schrader and Schmitz, 2019), and our ability to 

detect these new mobilizations using whole genome sequencing data (Chen and Zhang, 2021; 

Nelson et al., 2017), we sought to determine the interplay between Ty element mobilization and 

evolutionary outcomes during adaptive evolution. Comparing the position of new Ty element 

mobilizations with the known predictors of mobilization (location of targets of Pol III), we found 

evidence that even under adaptive scenarios, the neutral biases are maintained at a strong 

predictive rate. There were several notable exceptions to this trend including SGF73, GSH1 and 
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FLO1. Given that SGF73 and GSH1 are the most recurrently mutated genes in sulfur and glucose 

limited conditions respectively, we suspect that despite the lower predicted mobilization rate in 

these regions, there is a much higher selective pressure for these mobilizations events than other 

background locations, which allows them to be observed in our experiments. FLO1 was likely so 

recurrently observed because it was one of the rare instances where a new Ty element 

mobilization led to a gain of function through increasing transcription of FLO1, leading to a 

cellular aggregation phenotype (Hope et al., 2017). 

Additionally, we found that a majority of the transposition events landed in regions that 

generated loss of function mutations through interruption of the reading frame. Given that a 

majority of the transposition events generated a loss of function effect, which was similarly 

achieved through a SNP or InDel leading to an early stop codon, we sought to determine whether 

there was a preference for a gene to be impacted by a Ty mobilization event or SNP/InDel when 

it was either near or a Pol III-transcribed gene or not. We found that there was a large preference 

for genes near Pol III-transcribed genes to be impacted by transposition events. These results 

indicate that the presence of a Pol III-transcribed gene in the local sequence neighborhood of a 

gene could significantly impact its long term evolutionary outcome. 

 

2.3.3. Dependence of copy number variation on local sequence 

Chromosomal amplifications are an important form of mutation that increase the relative dosage 

of genes encompassed by the amplification, which can provide either a fitness benefit or 

detriment depending on the genes amplified. Given that amplifications typically span multiple 

gene segments, the collective adaptive benefit of these amplifications typically depends on their 

total span and which genes are encompassed. During the early stages of adaptation, a large 
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quantity of possible amplifications are explored, with the population typically narrowing to just a 

few prominent lineages after 250 generations (Lauer et al., 2018). Which lineages become 

dominant by the later timepoints likely depends on the adaptive benefit of the amplification and 

additional mutations that occur in their genetic background. Previous experiments using a 

collection of strains with synthetically generated chromosomal amplifications that extended to 

the telomere (the TAMP collection) showed that the selective benefit of an amplification 

depends on a few specific genes instead of the accumulative small effects of a large number of 

genes (Sunshine et al., 2015). Additionally, the same group, using a targeted collection of strains 

with amplifications on the right arm of chromosome II were able to specifically show that in 

sulfate-limited conditions the adaptive benefit of amplifications within that region not only 

depend on the primary adaptive driver, SUL1, but also, a segment of DNA just upstream, 

containing SNF5 and BSD2. From 42 separate amplifications containing the SUL1 in sulfate 

limited conditions, we were able to replicate these observations with naturally generated strains 

from experimental evolution. We also observed that the amplifications on the right arm of 

chromosome II preferentially terminated before the inclusion of two genes, DUG2 and MRPL27, 

which both provide a deleterious effect when individually amplified at low copy number (Payen 

et al., 2016). This would indicate that the adaptive benefit of an amplification depends both on 

the presence of genes that provide a benefit when amplified within the local neighborhood and 

the lack of genes that are deleterious when amplified. Alternatively, the amplifications could 

preferentially end before DUG2 and MRPL27 due to mechanistic constraints on their length, 

which would be based on the type of amplification. However, the average length of 

amplifications containing GAP1 from experiments done in nitrogen limited conditions was 105 

kilobases, which is more than twice the distance between the telomere of chromosome II and 
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DUG2, indicating the lack of a mechanistic constraint that would lead to a preferential end of 

amplifications before DUG2 (Lauer et al., 2018). Together, these data indicate that the landscape 

of possible adaptive amplifications depends on both the benefit of an individual gene 

amplification as well as the local sequence neighborhood. 

 

2.4 Materials and Methods 

Strains and chemostat experimental setup 

Wild-type FY MATa prototrophic yeast was used for all experiments in this study. For each 

experiment, a single colony was inoculated into glucose-, phosphate-, or sulfate-limited media 

and grown as overnight cultures with rotation. From the overnight cultures, 100 μL was sterically 

inoculated into 20 mL of nutrient-limited media in the miniature chemostats. After 30 hours of 

growth inside of the miniature chemostats, the peristaltic pumps that controlled flow of media to 

the chambers were turned on and used to maintain a constant dilution rate of 0.17 ± 0.01 hr−1. 

After an estimated 200 generations of growth, 10 mL of culture were sampled from the miniature 

chemostats for subsequent genome sequencing. The glucose-, phosphate-, or sulfate-limited 

media were prepared as previously described and the recipes are readily available 

(https://dunham.gs.washington.edu/protocols.shtml). 

 
Whole genome sequencing 

DNA was extracted using the YeaStar Genomic DNA extraction kit (Zymo Research Inc.). 

Genomic DNA libraries were prepared for sequencing using the Nextera sample preparation kit 

per manufacturer’s instructions (Illumina Inc.). Sequencing libraries were quantified on a Qubit 

Fluorometer (Invitrogen Inc.) and pooled by molarity. The libraries were then sequenced on an 

Illumina NextSeq 550 per manufacturer's instructions for 150 basepair paired-end sequencing 
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reads. The sequencing reads were demultiplexed using the bcl2fastq software with standard 

parameters.  

 
Whole genome alignments, SNP and InDel variant calling 

Whole genome sequencing reads were aligned to the SacCer3 reference genome (R64-1, SGD) 

using BWA/0.7.15 mem and were sorted and indexed using SAMtools/1.9. Subsequently, the 

reads were deduplicated with PicardTools/2.23.3 and realigned around indels using GATK/3.7. 

Variants were then called using bcftools/1.9, freebayes/1.0.2-6-g3ce827d and lofreq/2.12. The 

outputs of these three software tools were filtered with the parameters listed in Table 1. 

Afterwards, every variant was checked in the Integrative Genomics Viewer (IGV) versus the 

ancestral sequencing for veracity, similar to as described (Robinson et al., 2017).The filtered 

variant calls were then annotated for their position relative to the R64-1 gene features file with a 

previously described script (Pashkova et al., 2013). 

 
Transposable element mobilization calling 

De novo Ty element mobilizations were called versus the ancestral FY4 strain using the 

McClintock software package with a few modifications (Nelson et al., 2017). As an input to the 

software package, reads from multiple sequencing runs were concatenated using unix commands 

to provide a single, high coverage input. Given the high level of false-positives detected in the 

resulting calls, the Ty element mobilization calls were first filtered by their proximity to miss-

calls in the FY4 output. Subsequently, the mobilizations were visually inspected for veracity, 

tabulating the number of split and discordant reads supporting each individual mobilization, and 

checking for the precise position of insertion. A Ty element call was only considered if there 

were at least 6 reads supporting the call. The proximity of a Ty element mobilization to gene 
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features in the yeast genome was added to each call using a script written in the python coding 

language. 

 
Simulations for recurrent mutation threshold 

The threshold for when the degree of recurrence of a gene is not likely to be by chance was 

generated through a simplistic simulation script written in the R programming language. The 

mean number of mutations per population within a coding ORF from our previous variant and 

Ty element mobilization calling was randomly distributed among the 6694 possible genes in the 

yeast genome. This process was repeated 32 times to simulate the number of populations in the 

study. Afterwards, the number of recurrently targeted genes among those 32 populations was 

calculated. The simulation of the 32 populations was then repeated 10,000 times. Afterwards, the 

total number of recurrences was plotted and averaged among the 10,000 simulations to find the 

number of recurrences that are expected among 32 populations by chance.  

 
Genome coverage and copy number  

Detection of copy number variants and summaries of relative copy number were generated from 

the previously mentioned sequencing alignments for all of the evolved populations. First, the 

mean coverage across 1000-bp sliding windows was generated using IGVtools. The coverage of 

the sliding windows was then normalized by the total coverage across the genome excluding the 

mitochondrial DNA through GATK DepthOfCoverage. For samples with likely amplifications of 

either SUL1 or PHO84, the total coverage mean excluded their corresponding chromosomes. The 

span of each of the amplifications from populations derived from sulfate-limited media was 

estimated using a combination of the normalized 1000-bp coverage files and split and discordant 
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reads. The split and discordant reads were generated from alignments to the SacCer3 reference 

genome using the samblaster/0.1.24 software. 
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CHAPTER 3 TEMPERATURE PREFERENCE CAN BIAS 
PARENTAL GENOME RETENTION DURING HYBRID 
EVOLUTION 
 

The work described here is derived from: Smukowski Heil CS, Large CRL, Patterson K, Hickey 
ASM, Yeh CLC, Dunham MJ. 2019. Temperature preference can bias parental genome retention 
during hybrid evolution. PLoS Genet 15:e1008383. doi:10.1371/journal.pgen.1008383. Full 
details of author contributions are available above. 

 

Interspecific hybridization can introduce genetic variation that aids in adaptation to new or 

changing environments. Here, we investigate how hybrid adaptation to temperature and nutrient 

limitation may alter parental genome representation over time. We evolved Saccharomyces 

cerevisiae x Saccharomyces uvarum hybrids in nutrient-limited continuous culture at 15°C for 

200 generations. In comparison to previous evolution experiments at 30°C, we identified a 

number of responses only observed in the colder temperature regime, including the loss of the S. 

cerevisiae allele in favor of the cryotolerant S. uvarum allele for several portions of the hybrid 

genome. In particular, we discovered a genotype by environment interaction in the form of a loss 

of heterozygosity event on chromosome XIII; which species haplotype is lost or maintained is 

dependent on the parental species temperature preference and the temperature at which the 

hybrid was evolved. We show that a large contribution to this directionality is due to a 

temperature dependent fitness benefit at a single locus, the high affinity phosphate transporter 

gene PHO84. This work helps shape our understanding of what forces impact genome evolution 

after hybridization, and how environmental conditions may promote or disfavor the persistence 

of hybrids over time. 
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3.1 Introduction 

Comparative genomics of thousands of plants, animals, and fungi has revealed that portions of 

genomes from many species are derived from interspecific hybridization, indicating that 

hybridization occurs frequently in nature. However, the influence of processes such as selection, 

drift, and/or the presence or absence of backcrossing to a parental population on hybrid genome 

composition in incipient hybrids remains largely unknown. In some cases, hybrids will persist 

with both parental genomes in fairly equal proportions as new hybrid species or lineages, while 

in other instances, hybrid genomes will become biased towards one parent sub-genome over time 

(Albertin and Marullo, 2012; Buggs et al., 2010; Cheng et al., 2012; Emery et al., 2018; Louis et 

al., 2012; Pryszcz et al., 2014; Schnable et al., 2011; Soltis et al., 2014; Wang et al., 2006). 

Untangling the genetic and environmental factors that lead to these outcomes is a burgeoning 

field. 

Some hybrid genotypes will be unfit due to genetic hybrid incompatibilities or cytotype 

disadvantage; decades of work across many systems have illustrated examples of hybrid sterility 

and inviability (Coyne and Orr, 2004). Recent work has demonstrated that in hybrid genomes 

with a bias in parental composition like humans, in which most of the genome is comprised of 

modern human haplotypes with small fragments derived from archaic human, regions from the 

minor parent (e.g., Neanderthal or Denisovan) are decreased near functional elements and hybrid 

incompatibilities (Juric et al., 2016; Sankararaman et al., 2014; Schumer et al., 2018). 

Conversely, there are examples of “adaptive introgression,” in which alleles from the minor 

parent confer a benefit, like wing patterning in butterflies, high altitude tolerance in the Tibetan 

human population, and winter color morphs in the snowshoe hare (Dasmahapatra et al., 2012; 

Huerta-Sánchez et al., 2014; Jones et al., 2018; Norris et al., 2015; Oziolor et al., 2019; Racimo 
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et al., 2015; Richards and Martin, 2017; Song et al., 2011; Suarez-Gonzalez et al., 2018). The 

environment undoubtedly plays a significant role in hybrid fitness, and genotype by environment 

interactions will shape hybrid fitness in a similar manner as they shape non-hybrid fitness. For 

example, there is general acceptance that the Saccharomyces species complex is largely void of 

genic incompatibilities (with exceptions (Lee et al., 2008)), however most experiments looking 

for incompatibilities have used laboratory conditions. Hou et al. utilized different carbon 

sources, chemicals, and temperatures to show that over one-fourth of intraspecific crosses show 

condition-specific loss of offspring viability (Hou et al., 2015). This is echoed by many examples 

of condition specific hybrid incompatibility in plants (Bomblies et al., 2007; Chen et al., 2014; 

Fu et al., 2013; Jeuken et al., 2009; Saito et al., 2007; Shii et al., 1980). Similarly, there are 

numerous examples of environment dependent high fitness hybrid genotypes (Anderson et al., 

2009; Arnold et al., 2012; Grant and Grant, 2010, 2002; Johnson et al., 2010; Martin et al., 2006; 

Rieseberg et al., 2003; Salzburger et al., 2002; Schwarz et al., 2005; Seehausen, 2004; Zhang et 

al., 2020), exemplified by classic research showing Darwin’s finch hybrids with different beak 

shapes gained a fitness benefit during and after an El Niño event (Grant and Grant, 2002). 

The budding yeasts in the genus Saccharomyces have emerged as a particularly adept 

system to study genome evolution following hybridization. Recent evidence supports the 

hypothesis that the long-recognized whole genome duplication that occurred in the common 

ancestor that gave rise to Saccharomyces resulted from hybridization (Marcet-Houben and 

Gabaldón, 2015), and led to speculation that ancient hybridization could also explain other whole 

genome duplications in plants and animals (Wolfe, 2015). Introgression and hybridization have 

also been detected across the Saccharomyces clade (Barbosa et al., 2016; Belloch et al., 2009; 

González et al., 2006; Hittinger, 2013; Leducq et al., 2016; Marsit et al., 2017; Selmecki et al., 
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2015); most famously, the lager brewing lineage S. pastorianus is a hybrid between S. cerevisiae 

and S. eubayanus (Baker et al., 2015; Dunn and Sherlock, 2008; Gibson and Liti, 2015; Nakao et 

al., 2009; Peris et al., 2016; Walther et al., 2014). A bias towards one parent sub-genome was 

identified in the ancient hybridization event and in S. pastorianus, and selection is inferred to be 

important in this process (Emery et al., 2018; Marcet-Houben and Gabaldón, 2015). 

Experimental evolution of lab derived hybrids has provided significant new insights into the 

genetic architecture and influence of the environment on hybrid genome evolution (Dunn et al., 

2013; Peris et al., 2020; Piotrowski et al., 2012; Zhang et al., 2020). 

To empirically understand the genomic changes that occur as a hybrid adapts to a new 

environment, we previously created de novo interspecific hybrids between two yeast species, S. 

cerevisiae and S. uvarum, which are approximately 20 million years divergent and differ in a 

range of phenotypes, notably in preferred growth temperature. S. uvarum has been isolated 

primarily from Nothofagus (beech) and associated soil in Patagonia and similar habitats across 

the world, and is specifically known for fermentation of cider and wines at cold temperatures 

(Almeida et al., 2014; Fernandez-Espinar et al., 2003; Pérez-Torrado et al., 2018; Rainieri et al., 

1999; Rodríguez et al., 2017). Many S. uvarum strains show evidence of introgression from 

several other yeast species, and S. cerevisiae x S. uvarum hybrids have been isolated from 

fermentation environments (Almeida et al., 2014; Krogerus et al., 2018). 

We previously evolved S. cerevisiae x S. uvarum hybrids in the laboratory in several 

nutrient-limited environments at the preferred growth temperature of S. cerevisiae (Smukowski 

Heil et al., 2017). We frequently observed a phenomenon known as loss of heterozygosity 

(LOH) in these evolved hybrids, in which an allele from one species is lost while the other 

species’ allele is maintained.  The outcome of such events is the homogenization of the hybrid 
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genome at certain loci, and represents a way in which a hybrid genome may become biased 

toward one parent’s sub-genome. This type of mutation can occur due to gene conversion or 

break induced replication, and as previously noted, has also been observed in organisms 

including S. pastorianus, pathogenic hybrid yeast, and hybrid plants, but its role in adaptation 

has been unclear (Li and Zhang, 2013; Marsit et al., 2017; Schröder et al., 2016). We used 

genetic manipulation and competitive fitness assays to show that a particular set of LOH events 

was the result of selection on the loss of the S. uvarum allele and amplification of the S. 

cerevisiae allele at the high affinity phosphate transporter PHO84 in phosphate limited 

conditions. By empirically demonstrating that LOH can be the product of selection, we 

illuminated how an underappreciated mutation class can underlie adaptive hybrid phenotypes. 

This prior study described an example of how the environment (differences in nutrient 

availability) can bias a hybrid genome towards one parent’s sub-genome. Due to many examples 

of genotype by temperature interaction in hybrids across many taxa, and in particular difference 

in species temperature preference in our hybrids, we speculated that temperature is an important 

environmental modifier which may influence parental sub-genome representation in hybrids. 

Temperature can perturb fundamentally all physiological, developmental, and ecological 

processes, and as such, temperature is an essential factor in determining species distribution and 

biodiversity at temporal and spatial scales (Chen et al., 2011; Guisan and Thuiller, 2005; Stuart-

Smith et al., 2017). We hypothesized that in S. cerevisiae x S. uvarum hybrids, S. cerevisiae 

alleles may be favored at warmer temperatures, whereas S. uvarum alleles may be preferred at 

colder temperatures, giving the hybrid an expanded capacity to adapt. To test how temperature 

influences hybrid genome composition over time, we evolved the same interspecific hybrid yeast 

in the laboratory at 15°C for 200 generations. In comparing laboratory evolution at 15°C and 
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30°C, we present evidence that temperature can indeed bias hybrid genome composition towards 

one parental sub-genome, and we focus on a reciprocal LOH event at the PHO84 locus. We 

show that which species’ allele is lost or maintained at this locus is dependent on the parental 

species’ temperature preference and the temperature at which the hybrid was evolved, thus 

revealing a genotype by environment interaction. Our results are one of the first clear examples 

with a molecular genetic explanation of how hybrids have expanded adaptive potential by 

maintaining two genomes, but also how adapting to one condition may abrogate evolutionary 

possibilities in heterogeneous environments. 

 

3.2 Results 

3.2.1 Laboratory evolution of hybrids and their parents at cold temperatures  

To test whether temperature can influence the direction of resolution of hybrid genomes, we 

evolved 14 independent populations of a S. cerevisiae x S. uvarum hybrid in nutrient-limited 

media at 15° C for 200 generations (phosphate-limited: 6 populations; glucose-limited: 4 

populations; sulfate-limited: 4 populations; see Table B.4 for strain details). Diploid S. 

cerevisiae and S. uvarum populations were evolved in parallel (4 populations of S. cerevisiae and 

2 populations of S. uvarum in each of the three nutrient limited conditions; see Table B.4 for 

strain details). Populations were sampled from the final timepoint and submitted for whole 

genome sequencing and analysis. 

 

3.2.2  Loss of S. cerevisiae alleles in cold evolved hybrids 

We detected large scale copy number variants in our cold evolved populations, including whole 

and partial chromosome aneuploidy and loss of heterozygosity (Table 3.1; Tables B.1-B.2; 
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Figures B.1-B.7). Copy number changes, and specifically amplification of nutrient transporter 

genes, are well-recognized paths to adaptation in laboratory evolution in nutrient limited 

conditions (Dunham et al., 2002; Dunn et al., 2013; Gresham et al., 2010, 2008; Hong et al., 

2018; Lauer et al., 2018; Payen et al., 2014; Piotrowski et al., 2012; Sanchez et al., 2017; 

Selmecki et al., 2015; Smukowski Heil et al., 2019; Sunshine et al., 2015). We find a preference 

for S. cerevisiae partial and whole chromosome amplification in hybrids evolved at both 15°C 

and 30°C, which may reflect an increased capacity for S. cerevisiae to acquire this type of 

mutation (Table 3.1) (Bergström et al., 2014). In contrast, we observe a bias in the direction of 

LOH resolution dependent on temperature. Previously, we observed more LOH events in hybrids 

evolved at 30°C in which the S. uvarum allele was lost (5/9 LOH events) (Smukowski Heil et al., 

2017). In this study, we observe 6/6 LOH events in hybrids evolved at 15°C in which the S. 

cerevisiae allele is lost and the S. uvarum allele is maintained, suggestive of a S. uvarum cold 

temperature benefit. While our sample sizes are modest, together these results indicate that 

temperature can determine hybrid genomic composition in the generations following a 

hybridization event. 

 
Table 3.1. Mutations in cold-evolved hybrid populations 
Populatio
n 

Location Gene(s) Mutation 

P1-15° S. cerevisiae 
chrXVI: 772650 

CLB2 coding-nonsynonymous: D333A 

S. uvarum 
chrVII: 818275 

UBR1 coding-nonsynonymous: F1634C 

S. uvarum chrXI: 
5832 

JEN1 5'-upstream 

S. cerevisiae 
chrXIII: 1-81102 
S. uvarum 
chrXIII: 1-82283 

41 genes 
including 
PHO84 

LOH: loss of S. cerevisiae allele 
and amplification of S. uvarum 
allele 
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S. cerevisiae 
chrXIII: 81102-
168343 

47 genes CNV: Segmental amplification of 
S. cerevisiae  

P2-15° S. uvarum chrIV: 
903941 

YBR259W coding-nonsynonymous: S624Y 

P2F-15° S. uvarum chrV: 
179951 

YAT2 coding-synonymous 

P3-15° S. uvarum chrXI: 
101238 

LST4 coding-nonsynonymous: S533A 

S. cerevisiae 
chrXIII: 1-79085 
S. uvarum 
chrXIII: 1-80181 

40 genes 
including 
PHO84 

LOH: loss of S. cerevisiae allele 
and amplification of S. uvarum 
allele 

S. cerevisiae 
chrXIII:79085-
168343 

48 genes Segmental amplification of S. 
cerevisiae  

G7-15° S. cerevisiae 
chrXI:80553 

ACP1 5’ upstream  

S. cerevisiae 
chrIV:651345-
871844 

118 genes Segmental amplification S. 
cerevisiae allele 

S. uvarum chrII: 
554234-1289935 

159 genes Segmental amplification S. 
uvarum allele 

S. cerevisiae 
chrXV:976083-
1071297 

46 genes LOH: loss of S. cerevisiae allele 

G8-15° S. cerevisiae 
chrIV:955826 

VHS1 5'-upstream 

S. cerevisiae 
chrV:321068 

AIM9 coding-nonsynonymous: A369V 

S. cerevisiae 
chrXI:80553 

CCP1 5'-upstream 

S. cerevisiae 
chrXV:977571 

TYE7 coding-nonsynonymous: E167K 

S. uvarum 
chrXV:685069 

IKI1 coding-nonsynonymous: A2E 

S. cerevisiae 
chrIII:169495-
316620 

82 genes LOH: loss of S. cerevisiae allele 

S. cerevisiae 
chrXII:732111-
1078177 

181 genes Segmental amplification of S. 
cerevisiae allele 

S. cerevisiae 
chrXV: 340969-
464306,464306-
594878 

71 genes, 72 
genes 

LOH: loss of S. cerevisiae allele 
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G9-15° S. cerevisiae 
chrXII:812389 

FKS1 coding-nonsynonymous: S798Y 

S. cerevisiae 
chrXII:818575-
1078177 

136 genes Segmental amplification of S. 
cerevisiae allele 

S. cerevisiae 
chrXV:976083-
1071297 

46 genes LOH: loss of S. cerevisiae allele 

G10-15° S. cerevisiae 
chrXV:1034298 

GPB1 5’ upstream 

S7-15° S. cerevisiae 
chrXII:238463 

YLR046C coding-nonsynonymous: M117I 

S. cerevisiae 
chrXII:1047895 

FMP27 coding-nonsynonymous: P1300S 

S. cerevisiae 
chrII:786030-
813184 

12 genes 
including SUL1 

Segmental amplification of S. 
cerevisiae allele 

S8-15° S. cerevisiae 
chrIX:212119 

AIR1 5’ upstream 

S. cerevisiae 
chrIX:212130 

AIR1 5’ upstream 

S. cerevisiae 
chrII:786025-
813184 

12 genes 
including SUL1 

Segmental amplification of S. 
cerevisiae allele 

S9-15° S. cerevisiae 
chrII:786017-
813184 

12 genes 
including SUL1 

Segmental amplification of S. 
cerevisiae allele 

S10-15° S. uvarum 
chrXIII: 752118 

GTO3 5’ upstream 

S. uvarum 
chrXVI: 456125 

SUR1 5’ upstream 

S. cerevisiae 
chrII:770240-
813184 

21 genes 
including SUL1 

Segmental amplification of S. 
cerevisiae allele 

LOH: loss of heterozygosity; CNV: copy number variant. No mutations were detected in 
populations P4-15°, P5-15°, or P6-15°. Breakpoints of CNV and LOH are approximate. 
 

In line with previous studies, we find both chromosomal aneuploidy and LOH are 

nutrient limitation specific, with repeatable genomic changes occurring in replicate populations 

under the same nutrient condition, but no changes shared across nutrients. In glucose limitation, 

3/4 hybrid populations experienced chromosome XV LOH, losing the S. cerevisiae allele for 
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portions of the chromosome. Haploidization of one of these implicated regions on chromosome 

XV was previously observed in S. cerevisiae diploids evolved at 30°C in glucose limitation 

(Dunham et al., 2002; Smukowski Heil et al., 2017), but it was not observed in any previously 

evolved hybrids, and which genes may be responsible for fitness increases are unclear. In sulfate 

limitation, we recapitulate previous hybrid laboratory evolution results (Smukowski Heil et al., 

2017), observing the amplification of the S. cerevisiae high affinity sulfate transporter gene 

SUL1 in low sulfate conditions (4/4 hybrids, Figures B.1, B.2). Amplification of S. cerevisiae 

SUL1 therefore seems to confer a high relative fitness regardless of temperature (see section 

below, “Pleiotropic fitness costs resulting from loss of heterozygosity”). Though prior work 

showed highly repeatable amplification of S. cerevisiae SUL1 at 30°C in S. cerevisiae haploids 

and diploids (Dunham et al., 2002; Gresham et al., 2008; Payen et al., 2014; Sanchez et al., 2017; 

Smukowski Heil et al., 2017), and amplification of S. uvarum SUL2 after approximately 500 

generations at 25°C in S. uvarum diploids (Sanchez et al., 2017), we never observed 

amplification of SUL1 or SUL2 in S. cerevisiae or S. uvarum diploids at 15°C, albeit our 

experiments were terminated at 200 generations.  

Finally and most notably, in low phosphate conditions, we discovered a LOH event in 

which the S. cerevisiae allele is lost and S. uvarum allele is amplified on chromosome XIII, 

which encompasses the high affinity phosphate transporter PHO84 locus (2/6 hybrid 

populations; Figure 3.1A). The LOH tract length extends approximately 80kb from the telomere 

in both cold evolved populations (P1-15°C: 0-82,283; P3-15°C: 0-79,085), and the breakpoints 

are potentially due to microhomology, located in the genes GIM5 and VPS9, respectively. This 

LOH event is of high interest, as we previously identified a repeated LOH event encompassing 

the same genomic region when hybrid populations were evolved at 30°C (3/6 populations, 
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Figure 3.1A). Furthermore, the directionality of this LOH event is the opposite outcome of our 

observations of hybrids evolved at 30° C, in which the S. cerevisiae allele was amplified and the 

S. uvarum allele was lost. We are unfortunately limited by sample size in determining if these 

LOH events are statistically significant; however, the repeatability and directionality in 

resolution of these LOH events suggest they are modulated by temperature and worthy of further 

investigation. 
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Figure 3.1. Loss of heterozygosity directionality results from selection on different species’ alleles at 

different temperatures. A) Evolved hybrids exhibit reciprocal loss of heterozygosity on chromosome XIII 
encompassing the high affinity phosphate transporter gene PHO84 (located in region shaded with yellow) in 
phosphate limited conditions at different temperatures. 2/6 independent populations lost the S. cerevisiae allele 
when evolved at 15°C (top 2 panels, breakpoints in S. cerevisiae coordinates P1-15°C: 82,283; P3-15°C: 
79,085), 3/6 independent populations lost the S. uvarum allele when evolved at 30°C (bottom 3 panels, 
breakpoints in S. cerevisiae coordinates P4-30°C: 221753; P5-30°C: 234112; P3-30°C: 24,562). Purple 
denotes a region where both alleles are present at a single copy, blue denotes a S. uvarum change in copy 
number, red denotes a S. cerevisiae change in copy number. Note, copy number was derived from sequencing 
read depth at homologous ORFs. Clone sequencing was utilized for experiments at 30°C and population 
sequencing was utilized for experiments at 15°C, so exact population frequency and copy number changes are 
unclear for experiments at 15°C. B) Allele swap experiments in which a hybrid with one allele of PHO84 from 
each species is competed against a hybrid with both copies of PHO84 either from S. cerevisiae 
(ScPHO84/ScPHO84; red) or S. uvarum (SuPHO84/SuPHO84; blue) reveal a fitness effect dependent on 
temperature. Error bars denote 95% confidence intervals. C) Allele swap experiments in which a diploid S. 
cerevisiae homozygous for S. cerevisiae alleles of PHO84 is competed against a diploid S. cerevisiae with 
both copies of PHO84 from S. uvarum (SuPHO84/SuPHO84; blue) revealing a fitness effect dependent on 
temperature. Error bars denote 95% confidence intervals. 
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3.2.3  Environment-dependent loss of heterozygosity aids in temperature adaptation in hybrids 

Based on previous results that demonstrated that LOH at the PHO84 locus conferred a high 

competitive fitness benefit at warm temperatures (measured by direct competition of strains 

carrying the LOH vs an ancestral strain labeled with a neutral GFP marker), we hypothesized 

that this apparent preference for the alternate species’ allele in different environments is 

explained by a genotype by environment interaction at the PHO84 locus itself. Pho84 is a H+-

coupled inorganic phosphate transporter, responsible for both sensing of phosphate in the 

environment and phosphate uptake, particularly when phosphate is scarce. The two species’ 

proteins have a pairwise identity of 90% and are conserved at key residues identified as essential 

in phosphate transport, but do differ in several residues in transmembrane domains and notably 

in the large loop VI in the cytoplasm (Figures B.8-B.9) (Lagerstedt et al., 2004; Popova et al., 

2010; Samyn et al., 2016, 2012). 

To test the hypothesis that there is a genotype by environment interaction involving the 

PHO84 locus, we repeated the competitive growth assays of allele-swapped strains from 

Smukowski Heil et al. (2017) at 15°C. These strains are either homozygous S. cerevisiae, 

homozygous S. uvarum, or heterozygous for both species at the PHO84 locus (including both 

promoter and coding sequences) in an otherwise isogenic hybrid background. Indeed, we find a 

fitness tradeoff dependent on temperature, in which hybrids homozygous for S. uvarum PHO84 

show a fitness increase of 39.30% (+/-5.16; 95% C.I.) at 15°C relative to their hybrid ancestor, 

which carries a copy of each species’ PHO84 allele. In contrast, hybrids homozygous for S. 

cerevisiae PHO84 show a slight relative fitness decrease (-5.36% +/-2.54; 95% C.I.) at this 

temperature (Figure 3.1B). There is a significant difference between fitness of hybrids 

homozygous for S. cerevisiae PHO84 at different temperatures (p<0.001, Welch Two Sample t-
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test), and between fitness of hybrids homozygous for S. uvarum PHO84 at different temperatures 

(p<0.0001, Welch Two Sample t-test) suggesting that both species’ alleles of PHO84 are 

temperature sensitive.  

To further explore how genetic interactions in the hybrid influence strain fitness, we 

created a S. cerevisiae diploid homozygous for S. uvarum PHO84 (including both promoter and 

coding sequence) in an otherwise isogenic background. This strain exhibits a fitness increase of 

48.56% (+/-27.72, 95% C.I. ) at 15°C and a fitness decrease of -7.61% (+/-3.04, 95% C.I.) at 

30°C relative to a diploid S. cerevisiae homozygous for S. cerevisiae PHO84 (Figure 3.1C; 

p=0.0071, Welch Two Sample t-test). These results remain consistent with our previous results 

in the hybrid background, in which the S. uvarum allele is more beneficial at cold temperatures. 

This suggests that the PHO84 locus alone is sufficient to confer a temperature dependent fitness 

benefit and that no sizable genetic interactions contribute to this effect. Technical issues 

prevented us from testing the reciprocal combination (S. uvarum diploid with S. cerevisiae 

PHO84 alleles). 

 
3.2.4  Pleiotropic fitness costs resulting from loss of heterozygosity  

We clearly demonstrate a fitness trade-off dependent on temperature at the PHO84 locus. To 

explore if other mutations in evolved hybrids show antagonistic pleiotropy at divergent 

temperatures, we conducted a series of competitive fitness assays at 15°C and 30°C. We isolated 

two clones from each hybrid population evolved at 15°C, and competed the clone against a 

common GFP-marked unevolved hybrid ancestor in the nutrient limitation it was evolved in at 

both 15°C and 30°C. We observe that clones isolated from the same population often have 

differences in competitive fitness, which we attribute to genetically different subpopulations 

coexisting in the population. As all of our analyses are conducted using population sequencing as 
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opposed to clone sequencing, the mutations present in an individual clone may be different than 

indicated in Table 3.1 (and Tables B.1 and B.2). However, we are still able to detect several 

trends, including examples of antagonistic pleiotropy and temperature independent high fitness 

genotypes.  

First, we sought to identify how the chromosome XIII LOH event influences competitive 

fitness beyond the PHO84 locus. We genotyped clones isolated from evolved populations and 

selected clones that have chromosome XIII LOH. Clones evolved in phosphate limitation with 

the chromosome XIII LOH event (homozygous S. uvarum PHO84; P1-15°C and P3-15°C) have 

higher competitive fitness at 15°C and decreased competitive fitness at 30°C, displaying 

antagonistic pleiotropy (Figure 3.2A, although note clones isolated from the same population 

have different magnitudes of fitness decreases). The competitive fitness increases seen in 

evolved hybrid clones at 15°C are much less extreme than the values observed for the allele swap 

strains (Figure 3.1B), suggesting that other genes included in the LOH event may have a 

negative fitness effect, and/or that genetic interactions dampen the magnitude of the fitness 

increase. 
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Figure 3.2. Fitness assays exhibit that loss of heterozygosity can result in antagonistic pleiotropy  

A) One or two clones were isolated from each population evolved in phosphate limitation at 15°C and 
competed against a common competitor, the fluorescently-labeled hybrid ancestor of the evolution 
experiments, at 15°C (blue) and 30°C (red) in phosphate limitation. Clones with chromosome XIII loss of 
heterozygosity exhibited higher fitness relative to their ancestor at 15°C and neutral or negative fitness at 
30°C. Data for P5c2-15°C and P6c2-15°C competed at 30°C was not collected. The height of the bar 
represents the average competitive fitness value; gray points represent independent fitness measurements used 
to calculate the average. Error bars denote 95% confidence intervals; note where no cap of the error bar is 
apparent, the error bar is truncated for visualization purposes. B) Clones evolved in phosphate limitation at 
30°C were competed against a common competitor, the hybrid ancestor of the evolution experiments, at 15°C 
and 30°C in phosphate limitation. Clones with chromosome XIII loss of heterozygosity exhibited higher 
fitness relative to their ancestor at 30°C and neutral or negative fitness at 15°C. The height of the bar 
represents the average competitive fitness value; gray points represent independent fitness measurements used 
to calculate the average. Error bars denote 95% confidence intervals; note where no cap of the error bar is 
apparent, the error bar is truncated for visualization purposes. No error bars are present for P1-30°C competed 
at 15°C as no replicates were successfully completed. 
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To compare these results to the reciprocal LOH event seen in hybrids evolved at 30°C in 

which the evolved strains became homozygous for S. cerevisiae PHO84, we competed clones 

from populations initially evolved at 30°C at 15°C. Indeed, clones with the LOH event 

homozygous for S. cerevisiae PHO84 (P3-30°C, P4-30°C, P5-30°C) have increased fitness at 

30°C and decreased fitness at 15°C (Figure 3.2B), consistent with the PHO84 allele swap 

competitive fitness results. Of course, there are other mutations present in these clones, and some 

evidence that these fitness values may be influenced by the tract length of the LOH event, which 

ranges from approximately 79kb to 234kb. For example, P3-30°C has the shortest LOH tract at 

approximately 25kb in length and has a higher relative fitness at 15°C than either P4-30°C or P5-

30°C, whose LOH tracts extend to 221kb and 234kb, respectively (Figure 3.1A). The LOH tract 

length is approximately 80kb in both cold evolved populations (P1-15°C: 82,283; P3-15°C: 

79,085), but is made more complex by the amplification of a portion of the S. cerevisiae sub-

genome adjacent to the LOH event (P1-15°C: 81,105-168,345; P3-15°C: 79,074-168,345; 

Figure 3.1A). Together, these results support a temperature sensitive fitness response at the 

PHO84 locus, but also imply that there may be other genes modulating fitness in the 

chromosome XIII LOH events, something we hope to explore in future work. 

In contrast, clones isolated from populations without chromosome XIII LOH (P2-15°C, 

P4-15°C, P5-15°C, P6-15°C, P1-30°C, P2-30°C, P6-30°C) generally show increased fitness at 

the temperature they were evolved at, but have variable fitness responses at the temperature they 

were not evolved at. Similarly, hybrid clones evolved in other media conditions at 15°C 

generally show an increase in fitness at 15°C, but variable responses at 30°C, with some clones 

having higher relative fitness at 15°C and lower fitness at 30°C, some clones showing the 

opposite trend, and some clones having similar fitness at both temperatures (Figure 3.3). It thus 
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appears that temperature specific antagonistic pleiotropy, in which a clone has high fitness at one 

temperature and low fitness at the other temperature, is relatively rare, with the LOH 

encompassing PHO84 being the only clear example (although clones P2-C2 and G9-C2 display a 

pattern of antagonistic pleiotropy as well). The only other distinct pattern in the fitness data is 

that all hybrids evolved in sulfate limitation at 15°C show fitness gains at both 15°C and 30°C. 

All sulfate-limited hybrid clones have an increased fitness ranging from 23.66-41.01% relative to 

their hybrid ancestor at 30°C, except for the clone from population S9-15°C (Figure 3.3B). This 

result is in line with the observation of an amplification of S. cerevisiae SUL1 at very low 

frequency and/or low copy number in population S9-15°C compared to other sulfate limited 

evolved populations, which display high copy number S. cerevisiae SUL1 amplification (Figure 

A3.1). Previous work conducted at 30°C has illustrated that SUL1 amplification in sulfate-

limited conditions is highly advantageous. These new data suggest that an amplification of S. 

cerevisiae SUL1 confers a fitness benefit at both cold and warm temperatures, but is most 

beneficial at warm temperatures. SUL1 thus provides a clear example of a temperature 

independent high fitness genotype. 
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Figure 3.3. Fitness assays 
A) One or two clones were isolated from each population evolved in glucose limitation at 15°C and competed 
against a common competitor, the fluorescently-labeled hybrid ancestor of the evolution experiments, at 15°C 
(blue) and 30°C (red) in glucose limitation. The height of the bar represents the average competitive fitness 
value; gray points represent independent fitness measurements used to calculate the average. Error bars denote 
95% confidence intervals; note where no cap of the error bar is apparent, the error bar is truncated for 
visualization purposes. Where no error bars are shown, no replicates were successfully completed.  B) One or 
two clones were isolated from each population evolved in sulfate limitation at 15°C and competed against a 
common competitor, the fluorescently-labeled hybrid ancestor of the evolution experiments, at 15°C (blue) and 
30°C (red) in sulfate limitation. The height of the bar represents the average competitive fitness value; gray 
points represent independent fitness measurements used to calculate the average. Error bars denote 95% 
confidence intervals; note where no cap of the error bar is apparent, the error bar is truncated for visualization 
purposes. Where no error bars are shown, no replicates were successfully completed. 
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3.2.5  Mutations in TPK2 are likely responsible for flocculation phenotype 

Through comparison of the single nucleotide variants and indels called in the hybrid populations 

evolved at 15°C and 30°C, we observed a slight, though not significant, increase in the number 

of mutations in the S. cerevisiae portion of the genome when evolved at temperatures preferred 

by S. uvarum (12/19 mutations are in the S. cerevisiae sub-genome at 15°C compared to 16/30 

mutations in the S. cerevisiae sub-genome at 30°C, Fisher’s exact test p=0.5636; Table B.3). 

There was no overlap in genes with variants identified in datasets from 15°C and 30°C. 

We suspect that the low growth temperature is a selective pressure for both the hybrids 

and the parental populations, and we did observe mutations in two genes (BNA7 and OTU1) that 

were previously identified in a study of transcriptional differences of S. cerevisiae in long-term, 

glucose-limited, cold chemostat exposure (Siew et al., 2007). We found no overlap with genes 

previously identified to be essential for growth in the cold (Abe and Minegishi, 2008; García-

Ríos et al., 2016), or differentially expressed during short-term cold exposure (Kandror et al., 

2004; Lashkari et al., 1997), though our screen is not saturated and growth conditions differ 

between these studies. Additionally, we observed some mutations in genes that are members of 

the cAMP-PKA pathway, which has previously been implicated in cold and nutrient-limitation 

adaptation (Sahara et al., 2002; Siew et al., 2007). 

Based on the mutations observed in populations evolved at 30°C, we previously 

hypothesized that an intergenomic conflict between the nuclear and mitochondrial genome of S. 

cerevisiae and S. uvarum could be an important selection pressure during the evolution of these 

hybrids (Smukowski Heil et al., 2017). We find further circumstantial evidence for the 

possibility that mitochondrial conflicts are influential in hybrid evolution as 3/19 point mutations 

in the hybrids are related to mitochondrial function, whereas 1/20 are related in the parental 
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species populations (for a total of 7/46 point mutations in hybrids and 1/46 point mutations in 

parentals when both temperatures are considered; p=0.0585, Fisher’s exact test). 

 Finally, we did observe one recurrent mutational target. Eight independent S. cerevisiae 

diploid lineages had a substitution occur at 1 of 3 different amino acid positions in Tpk2, a 

cAMP-dependent protein kinase catalytic subunit. Previously, it has been reported that Tpk2 is a 

key regulator of the cell sticking phenotype known as flocculation through inactivation of Sfl1, a 

negative regulator of FLO11, and activation of FLO8, a positive regulator of FLO11 (Conlan and 

Tzamarias, 2001; Robertson and Fink, 1998). This mutation was detected exclusively in 

flocculent populations. We and others have previously established that flocculation evolves quite 

frequently in the chemostat, likely as an adaptation to the device itself, but we have not 

previously observed a flocculation phenotype caused by these mutations in other evolved 

populations of S. cerevisiae (Hope et al., 2017). While we have not definitively demonstrated 

causation, prior literature links TPK2 to flocculation, and all evolved clones bearing a TPK2 

mutation flocculated within seconds of resuspension by vortexing (Figure B.10). Most mutations 

were heterozygous, but within several lineages, we observed evidence of a LOH event that 

caused the TPK2 mutation to become homozygous. Clones bearing a homozygous mutation in 

TPK2 showed a faster flocculation phenotype than their heterozygous counterparts. We similarly 

observed one lineage with a mutation causing a pre-mature stop and subsequent LOH in SFL1, 

whose isolated clones displayed a robust flocculation phenotype. We suspect that our previous 

lack of detection is likely due to the well-established genetic differences in the FLO8 gene 

between the strains used in this study and previous studies, which would alter whether a FLO8 

dependent flocculation phenotype is possible (Liu et al., 1996). 
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3.3 Discussion 

In summary, we evolved populations of interspecific hybrids at cold temperatures and show that 

temperature can influence parental representation in a hybrid genome. We find a variety of 

mutations whose annotated function is associated with temperature or nutrient limitation, 

including both previously described and novel genes. Most notably, we discover a temperature 

and species specific gene by environment interaction in hybrids, which empirically establishes 

that temperature can influence hybrid genome evolution. 

Growth temperature appears to be one of the most definitive phenotypic differences 

between species of the Saccharomyces clade, with S. cerevisiae being exceptionally 

thermotolerant, while many other species exhibit cold tolerance (Gonçalves et al., 2011; Singer 

and Lindquist, 1998; Weiss et al., 2018). Significant work has focused on determining the 

genetic basis of thermotolerance in S. cerevisiae with less attention devoted to cold tolerance, 

though numerous genes and pathways have been implicated (Abe and Minegishi, 2008; Aguilera 

et al., 2007; García-Ríos et al., 2016; Homma et al., 2003; Kandror et al., 2004; Lashkari et al., 

1997; Paget et al., 2014; Phadtare et al., 1999; Rodriguez-Vargas et al., 2002). Hybrids may offer 

a unique pathway for coping with temperatures above or below the optimal growing temperature 

of one parent (Greig et al., 2002; Leducq et al., 2016; Li et al., 2019), and may aid in the 

identification of genes important in temperature tolerance. For example, it has long been 

speculated that the allopolyploid hybrid yeast S. pastorianus (S. cerevisiae x S. eubayanus) 

tolerates the cold temperatures utilized in lager beer production due to the sub-genome of the 

cold adapted S. eubayanus (Baker et al., 2015; Dunn and Sherlock, 2008; Gibson and Liti, 2015; 

Hebly et al., 2015; Libkind et al., 2011; Nakao et al., 2009; Nikulin et al., 2018; Peris et al., 

2016; Walther et al., 2014). Indeed, creation of de novo hybrids between S. cerevisiae and cold 
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tolerant species S. uvarum, S. eubayanus, S. arboricola, and S. mikatae all show similar ability to 

ferment at 12°C (Nikulin et al., 2018). A pair of recent studies show that mitochondrial 

inheritance in hybrids is also important in heat and cold tolerance, with the S. cerevisiae 

mitotype conferring heat tolerance and S. uvarum and S. eubayanus mitotypes conferring cold 

tolerance (Baker et al., 2019; Li et al., 2019). The hybrid ancestor used for our laboratory 

evolution experiments at both 15°C and 30°C has S. cerevisiae mitochondria, but exploring how 

this has influenced the evolution of these hybrids is worthy of further work. 

Though our work here is complicated by utilizing multiple selection pressures (nutrient 

limitation and cold temperature), several patterns are suggestive of temperature specific 

adaptations in evolved hybrids. We observe LOH events exclusively favoring the retention of the 

S. uvarum allele, and we demonstrate a fitness advantage of the S. uvarum allele compared to the 

S. cerevisiae allele at PHO84. The temperature sensitivity of the PHO84 allele is a curious 

phenomenon for which we do not yet have a clear understanding. One potential connection is the 

need for inorganic phosphate for various processes involved in stress response, including heat 

shock and activation of the PKA pathway, for which PHO84 is required (François and Parrou, 

2001; Parrou et al., 1997; Popova et al., 2010; Secco et al., 2012). At the level of the protein, one 

potential region for further investigation of causal temperature sensitivity is the cytoplasmic loop 

VI of the Pho84 protein, from amino acid residues 283-324, a region which contains 13 radical 

substitutions between S. cerevisiae and S. uvarum (Figures B.8-B.9). These substitutions include 

changes from hydrophobic residues to charged residues, which could change temperature 

sensitivity. The promoter, which is quite divergent between the two species, may also be 

important. A genetic screen for S. cerevisiae growth at low temperatures found that uptake of 

phosphate is a growth limiting factor and implicated the overexpression of the genes PHO84, 
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PHO87, PHO90 and GTR1 in growth at 8°C (Vicent et al., 2015). More specifically, the authors 

found that both PHO84 and GTR1 (which are located close together on chromosome XIII) must 

be overexpressed to produce a growth phenotype at low temperatures. While we show that S. 

uvarum PHO84 alone is sufficient to produce a fitness benefit at cold temperatures, we did not 

assay expression nor conduct promoter swaps, which could shine light on the basis of PHO84 

temperature sensitivity as well. However, our results do suggest that the introduction of S. 

uvarum PHO84 into S. cerevisiae strains may prove useful for industrial applications of which 

growth at low temperatures is required. Overall, PHO84 provides an interesting example of 

identifying a gene and pathway previously not appreciated for a role in temperature adaptation, 

and highlights using multiple environments to better understand parental species preferences and 

potentially environment specific incompatibilities. 

More broadly, through the lens of PHO84, we establish LOH as an important molecular 

mechanism in hybrid adaptation, but we also show that this mutation type has fitness tradeoffs. 

The selection of a particular species’ allele may confer a fitness advantage in a given 

environment, but at a risk of extinction if the environment changes.  Furthermore, such mutations 

rarely affect single genes, and instead operate on multigenic genomic segments, leading to a 

further pleiotropic benefit and/or risk even in environments unrelated to the initial selective 

regime. Relatively constant environments such as those found in the production of beer and wine 

may offer fewer such risks, where hybrids may find a particular niche that is less variable than 

their natural environment. Future efforts are warranted to explore how variable environments 

influence hybrid evolution and the extent of antagonistic pleiotropy in hybrid genomes.  

However, because LOH has been documented in a variety of different genera and taxa that 

experience a range of environments, it’s likely that our results have broad implications.  
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In conclusion, we illuminate pathways in which hybridization may allow adaptation to 

different temperature conditions. Mounting evidence suggests that anthropogenic climate change 

and habitat degradation are leading both to new niches that can be occupied by hybrids, as well 

as to new opportunities for hybridization due to changes in species distribution and breakdown of 

prezygotic reproductive isolation barriers (Abbott et al., 2013; Grabenstein and Taylor, 2018; 

Hoffmann and Sgró, 2011). Some researchers have speculated that this process is particularly 

likely in the arctic, where numerous hybrids have already been identified (Kelly et al., 2010). 

Our work supports the idea that portions of these hybrid genomes can be biased in parental 

representation by the environment in the initial generations following hybridization, and that this 

selection on species genetic variation may be beneficial or detrimental as conditions change. 

 

3.4 Materials and Methods 

Strains 

Strains used to inoculate the laboratory evolution experiments were: S. cerevisiae diploid 

(YMD139, YMD140), S. uvarum diploid (YMD366), and a lab-derived diploid hybrid S. 

cerevisiae x S. uvarum (YMD129, YMD130). These strains and those used to gauge relative 

fitness of PHO84 allele replacements in competition assays were previously utilized by 

Smukowski Heil et al. All strains are listed in Table B.4.  

 

Evolution experiments  

Continuous cultures were established using media and conditions previously described with 

several modifications to account for a temperature of 15°C (Gresham et al., 2008; Smukowski 

Heil et al., 2017). Individual cultures were maintained in a 4°C room in a heated water bath such 
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that the temperature the cultures experienced was 15°C, as monitored by a separate culture vessel 

containing a thermometer. The dilution rate was adjusted to approximately 0.08 volumes per 

hour (for 20 mL chemostats, 1.6 mL/hour), equating to about 3 generations per day. Samples 

were taken twice a week and measured for optical density at 600 nm and cell count; microscopy 

was performed to check for contamination; and archival glycerol stocks were made. By 200 

generations, 2/16 hybrid populations, 10/12 S. cerevisiae diploid populations, and 0/6 S. uvarum 

diploid populations had evolved a cell-cell sticking phenotype consistent with flocculation. The 

experiment was terminated at 200 generations and flocculent and non-flocculent populations 

were sampled from the final timepoint and submitted for whole genome sequencing (40 

populations total, some cultures had only a flocculent or non-flocculent population while some 

cultures had both sub-populations).  Populations from vessels that experienced flocculation were 

isolated as described in (Hope et al., 2017), and are denoted with “F”. Briefly, 1 mL of each 

flocculent population was pipetted directly from the vessel upon the termination of the 

experiment and archived in glycerol stocks. Colonies were struck out from glycerol, inoculated 

into liquid culture and grown overnight at room temperature. From overnight cultures that 

displayed a clumping, and/or settling, phenotype, new glycerol stocks were made and one clone 

from each evolved population was selected for sequencing.  

 

Genome sequencing and analysis  

DNA was extracted from each population using the Hoffman–Winston protocol (Hoffman and 

Winston, 1987) and cleaned using the Clean & Concentrator kit (Zymo Research). Nextera 

libraries were prepared following the Nextera library kit protocol and sequenced using paired 

end 150 bp reads on the Illumina NextSeq 500 machine. The reference genomes used were S. 
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cerevisiae v3 (Engel et al., 2014), S. uvarum (Scannell et al., 2011), and a hybrid reference 

genome created by concatenating the two genomes. 

Variant calling was conducted on each population using two separate pipelines. For the 

first pipeline, we trimmed reads using trimmomatic/0.32 and aligned reads to their respective 

genomes (S. cerevisiae., S. uvarum, or a concatenated hybrid genome) using the mem algorithm 

from BWA/0.7.13, and manipulated the resulting files using Samtools/1.7. Duplicates were then 

removed using picard/2.6.0, and the indels were realigned using GATK/3.7. Variants were then 

called using Samtools (bcftools/1.5 with the –A and –B arguments), freebayes and lofreq/2.1.2. 

The variants were then filtered using bcftools/1.5 for quality scores above 10 and read depth 

above 20.  For the second pipeline, reads were trimmed using Trimmomatic/0.32 and aligned 

using Bowtie2/2.2.3, then preprocessed in the same manner as the first pipeline. Variants were 

then called using lofreq/2.1.2 and freebayes/1.0.2-6-g3ce827d (using the --pooled-discrete --

pooled-continuous --report-genotype-likelihood-max --allele-balance-priors-off --min-alternate-

fraction 0.05 arguments from bcbio (https://github.com/bcbio/bcbio-nextgen)). Variants were 

then filtered using bedtools/2.25.0 and the following arguments (Table B.6). In both variant 

calling pipelines, variants were filtered against their sequenced ancestors and annotated for gene 

identity, mutation type, and amino acid change consequence. Final variant calls were manually 

confirmed through visual inspection in the Integrative Genomics Viewer (Robinson et al., 2011) 

(1550 mutations checked in total).  

For comparisons with clones evolved at 30°C which were analyzed using a different 

pipeline (Smukowski Heil et al., 2017), we called variants on the previously published 30°C 

sequencing data using the same computational pipelines described here, and completely 

recapitulated the previous true positive variant calls. 
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Flocculation assays 

Overnight cultures were resuspended by vortexing for three seconds. Highly flocculant clones 

settled out of solution within seconds of vortexing, complicating controlled quantitative 

measurement of the phenotype. Instead, we relied on visual observation within the first few 

seconds after vortexing.  

 

Fitness assays  

We utilize competitive growth as a measurement of strain fitness. The pairwise competition 

experiments were performed in replicate in 20 ml chemostats as previously described (Miller et 

al., 2013; Smukowski Heil et al., 2017). Briefly, a S. cerevisiae x S. uvarum hybrid tagged with a 

neutral GFP marker is grown to steady state in parallel with a query strain. When cultures have 

achieved steady state (approximately 10-15 generations), the GFP and non-GFP cultures are 

mixed at a 50:50 concentration. The proportion of GFP to non-GFP cells is monitored 

approximately every 2 generations for a total of five sampling points (approximately 10 

generations, 25 total generations) using a BD Accuri C6 flow cytometer. Competitive fitness is 

calculated as the slope of the linear region of ln [dark cells/GFP+ cells] versus generations. 

Efforts were made to have at least two replicates for each fitness measurement, but technical 

errors in the running of the fitness assays resulted in some clones having no replicates. Data used 

to estimate fitness can be found in the Supplementary Data, which is available online. The 

competition experiments performed at 15°C were modified as described above for the evolution 

experiments. For all cold-evolved hybrid populations, one to two clones were isolated for use in 

competition experiments. Clones from P1-15° and P3-15° were PCR validated to have the 
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chromosome XIII LOH event, but no other LOH, CNV, or single nucleotide variants were 

screened in these or any other clone tested. 
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CHAPTER 4 GENOMIC STABILITY AND ADAPTATION OF 
BEER BREWING YEASTS DURING SERIAL REPITCHING IN 
THE BREWERY 
 
Ale brewing yeast are the result of admixture between diverse strains of Saccharomyces cerevisiae, 

resulting in a heterozygous tetraploid that has since undergone numerous genomic rearrangements. 

As a result, comparisons between the genomes of modern related ale brewing strains show both 

extensive aneuploidy and mitotic recombination that has resulted in a loss of intragenomic 

diversity. Similar patterns of intraspecific admixture and subsequent selection for one haplotype 

have been seen in many domesticated crops, potentially reflecting a general pattern of 

domestication syndrome between these systems. We set out to explore the evolution of the ale 

brewing yeast, to understand both polyploid evolution and the process of domestication in the 

ecologically relevant environment of the brewery. Utilizing a common brewery practice known as 

‘repitching’, in which yeasts are reused over multiple beer fermentations, we generated population 

time courses from multiple breweries utilizing similar strains of ale yeast. Applying whole-genome 

sequencing to the time courses, we have found that the same structural variations in the form of 

aneuploidy and mitotic recombination of particular chromosomes reproducibly rise to detectable 

frequency during adaptation to brewing conditions across multiple related strains in different 

breweries. Our results demonstrate that domestication of ale strains is an ongoing process and that 

structural variation likely plays a critical role in ale brewing yeast evolution. 

 

4.1 Introduction 

Saccharomyces cerevisiae, the common budding yeast, occupies a diverse number of 

environments, from oak and fruit trees, to human-related industries such as baking and 
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fermentation (Marsit et al., 2017). Modern efforts to characterize the diversity of S. cerevisiae 

through large whole-genome sequencing efforts have found a somewhat discrete population 

structure, in which strains isolated from a particular fermented beverage or geography are more 

closely related to other yeasts from that environment (Gallone et al., 2016; Gonçalves et al., 2016; 

Peter et al., 2018; Strope et al., 2015). Due to a tight association with humans, the genomes of 

yeast are thought to have been shaped by both historical migrations of humans and the environment 

in which they are reared. One of the best characterized examples of this human-associated 

adaptation or domestication is the beer brewing yeasts, which are divided into three large clades 

across the family tree of yeasts. The largest division is split over species barriers between the S. 

cerevisiae ale yeast and the lager yeasts, which are hybrids between S. cerevisiae and S. eubayanus 

(Libkind et al., 2011). The ale yeasts are further divided into two large groups coined as Beer 1 

and Beer 2, with several smaller mixed origin groups containing yeast from the bread, wine, and 

spirits industries. While the Beer 2 group consists primarily of diploid individuals used in 

traditional Belgian styles, the Beer 1 yeasts (herein called ale yeasts) consist of a diverse group of 

mostly tetraploid strains from Germany, Belgium, the UK, the USA, and Norway (Gallone et al., 

2016; Preiss et al., 2018). The origin of the ale yeasts is hypothesized to come from a historical 

admixture between several S. cerevisiae subpopulations who have similar genomic signatures as 

the extant populations of European and Asian wine strains with some beer brewing strains that are 

no longer in existence (Fay et al., 2019). The diversity and structure of these populations has 

allowed for extensive study of the specific molecular adaptations beer brewing yeasts have to their 

human-created environment, making them an excellent system in which to study the genetic basis 

of domestication. 
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Using a combination of genotype association and phenotyping in previous works, several 

specific genetic variations have been linked to traits that are either beneficial for the flavor of a 

particular beer or for growth and maintenance in a beer brewing environment. First, in comparison 

to wild strains, the ale brewing yeasts lack the ability to produce the flavor compound 4-

vinylguaiacol (4-VG), which is undesirable in certain beer styles, through the inactivation of two 

genes, PAD1 and FDC1 (Chen et al., 2015; Mukai et al., 2014). Interestingly, one lineage of ale 

yeasts which are specifically used for making wheat beers in which 4-VG is a desirable 

characteristic, retain functional alleles, highlighting the diversity and specialization of the 

domesticated strains (Gallone et al., 2016; Gonçalves et al., 2016). Second, ale yeasts encode an 

expansion of genes involved in the uptake and breakdown of maltose and maltotriose, two uniquely 

important sugar sources for beer brewing (Gallone et al., 2016; Gonçalves et al., 2016). Third, 

some ale and lager yeasts have been found to have an additional gene sequence likely formed from 

gene fusion, Lg-FLO1 whose presence confers the increased ability to cellularly aggregate 

(flocculate) as fermentation completes (Kobayashi et al., 1998; Ogata et al., 2008; Van Mulders et 

al., 2010). Changes in flocculation behavior of beer brewing strains often allows for increased ease 

of separating the yeast from the liquid finished beer. Finally, both wine and ale brewing yeasts 

show evidence for loss of function alleles in AQY1 and AQY2 resulting in increased osmotolerance 

in high sugar content environments (Gonçalves et al., 2016; Will et al., 2010). As most of these 

putative adaptations have been identified because they are shared among most or all of the ale 

brewing yeasts (Beer 1), it is unclear to what extent there are additional genetic variations which 

are resultant from adaptive evolution or domestication within subsets of the beer brewing yeasts. 

These single gene events have somewhat simplified the process of connecting them to 

potential phenotypes while other mutations prominent in the lineage are more difficult to interpret. 
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Likely as a result of the reduced ability of ale brewing yeasts to complete meiosis and the increased 

mutation rate of both aneuploidy and mitotic recombination in tetraploids (Mayer and Aguilera, 

1990), tracts of homozygosity have been extensively observed in these yeasts. Similarly, in lager 

brewing yeasts, extensive aneuploidy and mitotic recombination between and within these two 

genomes have led to tracts of homozygosity favoring certain S. cerevisiae or S. eubayanus alleles 

(Libkind et al., 2011; Monerawela et al., 2015; Nakao et al., 2009; Salazar et al., 2019). Although 

it is unclear what the consequence of these intragenomic events are in ale and lager yeasts, previous 

studies from our group and others have shown that loss of heterozygosity (LOH) caused by mitotic 

recombination in a previously heterozygous strain can lead to drastic fitness consequences on the 

time scale of short-term experimental evolution (Dunn et al., 2013; Gorter De Vries et al., 2019; 

James et al., 2019; Smukowski Heil et al., 2019, 2017). Furthermore, in other yeasts, such as 

Candida albicans and Cryptococcus neoformans, extensive aneuploidy and LOH can lead to 

diverse phenotypic outcomes such as increased drug resistance and competitive growth (reviewed 

in (Bennett et al., 2014)). Finally, in mitotically dividing human cells, LOH of a non-functional 

tumor suppressor allele can lead to an increased risk of cancer progression including, among 

others, BRCA1 mediated breast and ovarian cancer (Ryland et al., 2015). While LOH has been 

both observed frequently in ale yeasts and has been seen to have phenotypic consequences in other 

mitotic cell populations, it has yet to be linked conclusively to traits in ale brewing yeasts. 

Additionally, ale yeasts’ reduced ability to effectively go through meiosis complicates 

traditional quantitative trait mapping approaches for interpreting genetic variation. Alternative 

approaches that do not rely on meiosis, such as experimental evolution and genetic screens, have 

provided valuable insights into adaptation generally, including the importance of specific 

mutations, copy number variation (Lauer et al., 2018), and ploidy (Selmecki et al., 2015). 
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Therefore, we decided to study adaptation to the brewery by taking advantage of a form of 

experimental evolution already being conducted at breweries. Typically, professional brewers 

serially reuse populations of yeast to brew batches of beer in a practice known as repitching or 

backslopping to reduce the financial burden of constantly buying yeast and to give the yeast the 

opportunity to physiologically adapt to the brewery. The process begins when a brewery purchases 

a batch of a particular yeast strain at scale (population size of ~2 x 1013) from a propagation 

company. These yeasts have commonly been grown from a patch of yeast, derived from a clonal 

glycerol stock stored at -80°C. When a propagation company sends out these yeasts, they often 

grow the stock beyond the needs of a single brewery to meet the demand for a particular strain, 

meaning that there are several generations of yeast growth that occur before the yeast arrive in the 

brewery (minimum of ~50 yeast generations). Once the yeasts arrive at the brewery they are 

inoculated or ‘pitched’ into a cereal and grain derived beer medium or ‘wort’. After the completion 

of fermentation at 10-14 days, the yeasts will flocculate to the bottom of the fermenter and are then 

collected. The brewer will typically collect approximately a third of the yeast, avoiding the trub 

that is made up of hop and protein particulates, and repitch the yeast into the next fermentation 

vessel with fresh wort. The actual number of yeast cells that are transferred varies from brewery 

to brewery and is often modified to match the starting sugar content of the media and the current 

viability of the yeasts. Historically, top-fermenting ale yeasts have also been collected from the 

top of the vessel earlier in fermentation in a practice known as top cropping or skimming. 

Brewers often limit the number of times that yeast are repitched to ~8 reuses to reduce the 

possibility of a failed batch by contamination, physiological changes to viability and vitality 

(Jenkins et al., 2003; Kobayashi et al., 2007; Smart and Whisker, 1996), taste profile changes due 

to altered physiology (Powell et al., 2010; Verbelen et al., 2009), and the possibility of genetic 
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mutation (Deželak et al., 2014; Jenkins et al., 2009, 2008; Lawrence et al., 2012; Powell and 

Diacetis, 2007; Sato et al., 2001; Thorne, 1968). Despite the concern over the possibility of 

adaptive genetic mutations overtaking a population during a repitching regime, adaptive evolution 

has never been documented inside of a brewery using modern whole-genome sequencing. 

Furthermore, the mutational basis, timing, and consequence of any potential adaptive variation has 

not been fully assessed. 

Herein we describe the effect of long-term repitching on brewing yeasts from samples 

collected in collaborations with multiple breweries across the United States and Canada that use 

an American brewing strain, serially-repitched for greater than 10 cycles. From these 

collaborations we either collected a time course across the pitches and sequenced several 

representative timepoints, or sequenced a starting and final population (Figure 4.1). Using a 

combination of short and long read (Illumina and Oxford Nanopore) sequencing, we found large-

scale chromosomal rearrangements rising to a detectable frequency even within the first several 

generations of repitching. We also discovered a potential link between a specific mitotic 

recombination event and both a flocculation behavior change and flavor metabolite production. 

These results indicate both that ale yeasts are continuing to undergo domestication despite decades 

of growth in the brewing environment and that structural variation is likely important in these 

adaptations. 
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Figure 4.1. Research strategy to investigate a natural evolution experiment occurring in the brewery. Ale 
brewing yeast purchased from propagation companies at industrial scale and serially repitched for greater than 
ten beers are sequenced with whole-genome Illumina population sequencing to find signatures of evolution 
during brewery repitching. Mitotic recombination events are detected through allele frequency graphs 
(represented here), which denote every position of the genome as a point whose height is determined by the 
frequency of reads supporting either a reference or alternate allele. Copy number variation is detected and 
displayed as 1000-bp sliding windows, normalized by the average coverage across the genome. 
 

4.2 Results 

We set out to tap into the natural evolution experiment occurring at modern breweries to test 

whether domestication is actively occurring in ale yeasts (Figure 4.1). We established 
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collaborations with four breweries across the USA and Canada: Postdoc Brewing Co., Drake’s 

Brewing Co., Red Circle Brewing Co., and Elysian Brewing Co. All four breweries use a popular 

family of American yeast strains known as the ‘Chico’ yeasts and repitch for an extended number 

of cycles (>15), facilitating direct comparisons between the experiments. We confirmed both the 

ancestry and close genetic relationship between all strains using whole genome phylogenetics (see 

Appendix C; Figure C.1). Each brewery collected population samples of serially repitched yeast 

from independent beer lineages. For Postdoc Brewing Co. and Elysian Brewing Co. respectively 

we were able to collect two and three replicate beer lineages, plus one lineage each from the other 

two brewery partners. A complete record of the brewery populations is available in Table 4.1. 

Further information on recipe and fermentation performance is available in Appendix C. Using 

whole-genome sequencing, we compared the starting genotype assessed from either a clone or 

population depending on availability with the last time point population sample for each beer 

lineage. For one replicate from Postdoc Brewing Co. we sequenced multiple population time 

points, and several representative clones isolated from the beginning and end time points for 

further experimental use. 

 
Table 4.1. Record of strains from brewery collaborations 

Pop. Name Brewery Brewery 
ID 

Strain Rep. Repitch 
Number 

Variants 
Filtered By 

PDB1 Postdoc Brewing Co. PDB Wyeast 1056 1 0 N/A 

PDB6 Postdoc Brewing Co. PDB Wyeast 1056 1 6 PDB1 

PDB15 Postdoc Brewing Co. PDB Wyeast 1056 1 15 PDB1 

PDB19 Postdoc Brewing Co. PDB Wyeast 1056 1 19 PDB1 

PDB26 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB1 Rep. 2 Postdoc Brewing Co. PDB Imperial A07 2 1 N/A 

PDB29 Rep. 2 Postdoc Brewing Co. PDB Imperial A07 2 29 PDB1 Rep. 2 
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E01 Elysian Brewing Co. Elysian. BRY-96 1 0 N/A 

E03 Elysian Brewing Co. Elysian BRY-96 1 15 E01 

E08 Elysian Brewing Co. Elysian BRY-96 2 15 E01 

E09 Elysian Brewing Co. Elysian BRY-96 2 17 E01 

E05 Elysian Brewing Co. Elysian BRY-96 3 1 E07 

E07 Elysian Brewing Co. Elysian BRY-96 3 0 N/A 

E10 Elysian Brewing Co. Elysian BRY-96 3 14 E07 

DK01 Drake's Brewing Co. Drakes 
White Labs 

WLP001 1 24 SRR7406282 

RCB01 
Red Circle Brewing 

Co. 
Red Circle 

Escarpment 
Cali Ale 

1 36 SRR7406282 

Clone Name Brewery 
Brewery 

ID 
Strain Rep. 

Repitch 
Number 

Variants 
Filtered By 

PDB1 c1 Postdoc Brewing Co. PDB Wyeast 1056 1 1 PDB1 

PDB1 c2 Postdoc Brewing Co. PDB Wyeast 1056 1 1 PDB1 

PDB26 c1 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c2 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c3 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c4 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c5 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c6 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c7 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c9 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c10 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c11 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c12 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c13 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c20 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 

PDB26 c23 Postdoc Brewing Co. PDB Wyeast 1056 1 26 PDB1 
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Attempting to capture the full repertoire of genome variations that can occur and contribute 

to evolution, we investigated Single Nucleotide Polymorphisms (SNPs), Insertions and Deletions 

(InDels), Copy Number Variations (CNVs), and changes in allele frequency resulting from mitotic 

recombination. Scanning the whole genome, we found multiple instances of convergent SNPs and 

InDels that occurred in the same genes across multiple separate populations (See Appendix C and 

Table C.6 for full details). 

 

4.2.1  Recurrent whole-chromosome copy number increase indicates adaptive evolution 

We investigated whether there were any large-scale genomic changes by plotting the read coverage 

across the genome for the Postdoc Brewing Co. time course. In line with previous work, we 

observed that the ‘Chico’ yeasts are largely tetraploid and have had several whole chromosome 

and segmental copy number changes (CNVs) that occurred at some point in its recent past (Figure 

4.2A). We observed that during the Postdoc Brewing Co. time course, there was a copy number 

change of chromosome V which led to an increase from 3 to 4 chromosomal copies at a final 

estimated frequency in the population of 48.2% (Figure 4.2B). The second Postdoc Brewing 

experiment also replicated the increase in copy number on chromosome V (Figure 4.2C). 

Interestingly, unlike in the first Postdoc Brewing Co. replicate, the mutation entered the brewery 

at an estimated frequency of 27.6% and reached a frequency of 94.9% by the end of the experiment. 

For the population from Drake’s Brewing Co., we observed an estimated frequency of 27.9% for 

the chromosome V increase in copy number, indicating another replication of the same mutation. 

While no starting population was available for the sample, two separate sequences of WLP001 

were uploaded two years apart by different groups and both shared 3 copies of chromosome V, 
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indicating that the starting strain likely had 3 copies. Additionally, the strain from Red Circle 

Brewing Co., which is of similar origin, maintained 3 copies of chromosome V. 

Wanting to determine whether the potential benefit of the CNV was due to an increase in 

copy number of a particular haplotype or a restoration of a euploid copy number for dosage 

balance, we investigated whether one copy of chromosome V was recurrently amplified between 

populations. Through an investigation of both the clone sequences and the allele frequency of both 

the populations and the clones, we concluded that the increase in copy number of chromosome V 

occurred multiple times in both Postdoc Brewing Co. replicates, indicating a haplotype 

independent fitness benefit (See Appendix C and Figure C.2). Additionally, using phylogenomics 

to recreate the ancestry of the American brewing strains, we determined that the ancestral state of 

the chromosome V copy number for the strains that experienced a copy number increase was four 

copies (See Appendix C for full details). 
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Figure 4.2. Copy number variation of chromosome V occurs multiple times between breweries and within 

the same brewery. (A) Whole-genome coverage of Imperial A07, highlighting the degree of chromosomal and 
sub-telomeric copy number alterations. (B) A time course of the Postdoc Brewing Co. replicate 1 is shown in 
1000-bp coverage windows. A copy number change of chromosome V reaches 48.2% of the population by 
repitch 26. (C) The copy number increase of the second Postdoc Brewing Co. replicate population, starting at 
27.6% of the population and reaching fixation by the 29th repitch. The strain BRY-96, which is used in Elysian 
Brewing Co. starts with a euploid copy number and remains constant during repitching. Drake's Brewing Co., 
which is from WLP001, has an aneuploid lineage which reaches 94.9% of the population. The sample from Red 
Circle Brewing Co. showed an increase coverage near the telomeres across its genome, but this is likely a well-
documented artifact (Gallone et al., 2016). 
 

4.2.2  Recurrent de novo changes in heterozygosity on chromosome VIII suggests an adaptive 

benefit 

Given the admixed, tetraploid nature of the ale brewing strains, we next investigated whether there 

were copy number neutral changes in heterozygosity due to mitotic recombination by plotting the 

allele frequency of all positions in the genome. By looking at the allele frequency of the Postdoc 

Brewing Co. populations over the sampled repitches, we observed an allele frequency change on 

the right arm of chromosome VIII starting at repitch number 15 that appeared to angle towards an 
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allele frequency of 0.5 (Figure 4.3A). Looking at clones isolated from the last timepoint of the 

time course from Postdoc Brewing Co., we identified a private mitotic recombination breakpoint 

within each clone where the allele frequency changed from a haplotype ratio of 3:1 to 2:2 (Figure 

4.3C; full list at Figure C.4). We determined that the signal from the individual clone breakpoints 

stacked in the population data to create the angled pattern, with all events sharing a 2:2 ratio at the 

most distal segment of the chromosome. From these data, we concluded that there are two 

chromosomal haplotypes on the right arm of chromosome VIII in a 3:1 major to minor ratio that 

are broken up by a mitotic recombination event that occurred numerous times independently in the 

population. Using the allele frequency of positions at the terminal end of the chromosome, we 

calculated that the allele frequency change reached a frequency of 43.8% by the end of the 

experiment. 

Expanding our analysis to the other replicate populations, we observed that the second 

experiment from Postdoc Brewing Co. had a similar angled allele frequency change reaching 

25.1% in the population, while all the Elysian Brewing Co. experiments showed sharp de novo 

breakpoints with different start locations (Figure 4.3B). Surprisingly, samples from breweries 

using either the WLP001 strain from White Labs or a derivative of it already had a starting fixed 

allele frequency change before entering the brewery. When we further investigated the rest of the 

American ale brewing strains within our phylogenetic dataset, we found that the entire branch 

leading to WLP001 shared this breakpoint (Figure C.1). Observing the same allele frequency 

change between multiple replicates at multiple breweries and independently within the American 

brewing yeasts, we concluded that this allele frequency change likely confers an adaptive benefit. 

From the Postdoc Brewing Co. replicate 1, for which we sequenced multiple intermediate samples, 

we estimated the selective benefit of the allele frequency change would be 5.70%, using a value 
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of 3 generations per repitch. Upon investigating the other replicate populations, we additionally 

observed several other recurrent mitotic recombination events spanning chromosomes XII and XV 

(Figure C.5). 

 

4.2.3  Loss of BAT1A234D as a candidate for a driver of an adaptive benefit 

We wanted to discover the basis of the selective benefit for the chromosome VIII mitotic 

recombination events as it was the most recurrent and tractable event. Therefore, we investigated 

whether any variation was eliminated as a result of this allele frequency change. We compared 

several clones from the first Postdoc Brewing Co. repitch experiment to identify the smallest 

candidate region in which the allele frequency change occurred and searched for positions inside 

of the region where variation was lost (Figure 4.3C). As the SacCer3 reference genome does not 

capture the genome structure at the end of chromosome VIII and breaks down at the FLO5 gene 

(see below), our analysis spanned YHR180W to FLO5 (Figure 4.3D). There was a single 

nonsynonymous mutation on one haplotype that was eliminated in every clone bearing a known 

allele frequency change and, notably, two clones without an allele frequency change (PDB26, 

clones 7 and 12). The mutation (an alanine-to-asparagine substitution) was found at position 234 

in the gene BAT1, which encodes a mitochondrial branched-chain amino acid (BCAA) 

aminotransferase Bat1 that is critical in the metabolism of BCAA (valine, leucine, and isoleucine). 

Due to the importance of Bat1 for BCAA metabolism even beyond the context of this study, we 

analyzed the function of the A234D variant in a companion study (Koonthongkaew et al., 2020). 

Briefly, we discovered that in an otherwise isogenic background, the BAT1 variant (BAT1A234D) 

leads to the same phenotype as a null allele in BAT1. Specifically, we found that both the null allele 

and the BAT1A234D allele caused a growth defect in minimal medium, reduced levels of intracellular 
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valine and leucine during the logarithmic and stationary phases, respectively, and produced more 

fusel alcohols. 

Interestingly, we found that in the Elysian Brewing Co. experiments, BAT1 did not contain 

the A234D allele, but the allele frequency change on chromosome VIII still occurred. Investigating 

these populations, we found no additional variation that was lost because of the mitotic 

recombination, leading us to suspect that there was additional gene content at the end of 

chromosome VIII that could be further driving the benefit of the mitotic recombination. However, 

the level of structural divergence between the SacCer3 reference genome and the beer strain was 

too great to be bridged using short read sequencing, especially due to the repetitive and paralogous 

nature of FLO5. As there are not any currently available long-read sequencing data for the 

American brewing strains, we generated our own using clones isolated from the first Postdoc 

Brewing Co. experiment. 

 



 86 

 

Figure 4.3. Mitotic recombination events spanning the same region recurrently mutated across multiple 

populations (A) Allele frequency plots of serially-repitched populations from the first Postdoc Brewing Co. 
replicate showing an allele frequency change, appearing at the 15th repitch and reaching a 43.8% frequency in 
the population by the 26th repitch. (B) Replicate populations from Postdoc Brewing Co., Elysian Brewing Co., 
Drake’s Brewing Co., and Red Circle Brewing Co. showing the chromosome VIII allele frequency change. 
When the sample from Drake’s and Red Circle Brewing were compared to their ancestors, WLP001 and Cali 
Ale, it was found that the allele frequency change had previously occurred and is fixed in the strain. (C) 
Chromosome VIII of three representative clones from the 26th repitch from the first Postdoc Brewing Co. 
experiment showing the different breakpoints of the mitotic recombination event. The region used to detect lost 
variation is highlighted in grey. (D) The minimal region, as detected from clone 23 is displayed with all known 
ORFs and variation that is either lost or changes frequency as a result of the mitotic recombination. 
 

4.2.4  Long-read sequencing analysis reveals heterozygous genomic rearrangements at the end 

of chromosome VIII 

Using a MinION sequencer, we generated long reads from a clone isolated from the first time point 

and three clones from the last time point (each with an allele frequency change). From these reads 
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we generated individual assemblies from each of the sequencing runs and polished them for quality 

using both the ONT and Illumina reads (see methods). Through comparisons between the 

assemblies and the SacCer3 reference genome, we found that multiple larger scale genome 

rearrangements had occurred at the telomeres of the beer strains. In particular, the right end of 

chromosome VIII had two separate rearrangements versus the SacCer3 reference that had occurred 

sometime in the ale brewing yeast past, one matching the left arm of chromosome I and the other 

the left end of chromosome IX. Furthermore, we found in the ancestral clones that one copy of 

chromosome I the sequence at the left arm had non-reciprocally transferred to the end of the right 

arm sometime in its past. Based on previous literature we suspect that the two intragenomic 

recombination events on chromosome VIII have been referred to as Lg-Flo1 (chimera between 

FLO5 and YAL065C originally discovered in lager yeast) and ILF1 (chimera between FLO5 and 

YIL169C). Lg-FLO1 is of particular interest for its contribution to flocculation. Beyond the 

chimeric flocculins, we also discovered that additional gene content, extending to the telomere, 

was transferred. From the chromosome IX segment, HXT12, IMA3, VTH1, and PAU14 were 

duplicated to chromosome VIII. From the chromosome I segment, SEO1 and PAU8 were 

duplicated. 

Using alignments of the ONT reads back to polished assemblies, we established what 

variation and haplotypes were attached to which telomeric ends. Specifically, we found that the 

chromosome encoding the BAT1A234D allele is connected to the fragment from chromosome IX. 

Additionally, the minor haplotype is connected to the fragment from chromosome I, while the 

remaining two chromosomes are connected to the content from chromosome IX. While these 

observations were confirmed using ONT reads from clone isolates from the Postdoc Brewing Co. 

experiment, we have further found that the copy number of the chromosome I fragment containing 
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SEO1 increases in both Postdoc Brewing Co. populations and the three Elysian Brewing Co. 

populations by the final timepoint, meaning that the copy number of Lg-FLO1 and SEO1 likely 

both increased in all populations that experienced a chromosome VIII mitotic recombination (See 

Figure C.6). 

 

4.2.5  Increase in yeast settling behavior correlated with an increase in Lg-FLO1 copy number 

Having found an increase in the copy number of Lg-FLO1 because of the mitotic recombination 

on chromosome VIII, we tested whether there were any changes in flocculation behavior of clones 

isolated from the first replicate of the Postdoc Brewing Co experiment. Using a common assay 

known as a Helm’s assay to determine yeast settling rate after six minutes in specific media 

conditions (Bendiak, 1994; D’Hautcourt and Smart, 1999), we found that the clones bearing the 

chromosome VIII mitotic recombination had an increase in flocculation behavior versus the 

ancestral clones (Mann-Whitney U Test: p-value = 6.12 x 10-7). Additionally, we found that two 

clones that had lost the BAT1A234D allele had shown no genomic evidence of experiencing a mitotic 

recombination between the major and minor haplotype maintained the ancestral flocculation rate 

(Clones 7 and 12). 
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Figure 4.4. Flocculation rate increases correlated with mitotic recombination on chromosome VIII. Using 
the Helm’s assay to determine yeast settling behavior six minutes after agitation, it was found that clones bearing 
the chromosome VIII mitotic recombination had an increase in flocculation rate. A Mann-Whitney U Test 
between the ancestral clones and those bearing the mitotic recombination returned a significant result: p-value = 
6.12 x 10-7. 
 

4.2.6  No observable change in growth rate of clones bearing the chromosome VIII mitotic 

recombination in simulated brewing conditions 

Given the potential of an evolutionary benefit of the allele frequency change on chromosome VIII, 

we tested for any growth rate changes of clones bearing this mutation. Briefly, the yeast were 

grown aerobically in freshly prepared brewers wort, and samples were taken on regular intervals 

to measure population density over 24 hours (Figure C.7). Under these conditions no changes in 

growth behavior were observed between clones bearing the mitotic recombination and the 

ancestral clones. 
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4.2.7  Potential shifts in sensory profile of final timepoint yeast clones 

More than anything, the phenotype that is most important for brewers is the taste of their beer. To 

assay for any changes in flavor, we brewed beer with the ancestral strain and two of the clones 

described above and measured both the molecular profile of the beer and the sensory profile with 

a crowd-sourced panel from attendees at a Homebrewing Convention. Among the two 

fermentation replicates that we tested with chemical profiling, we found that there was an increased 

quantity of isobutanol isoamyl acetate and amyl alcohols in the beer produced by the clone lacking 

the BAT1A234D allele (Table 4.2). Notably, our prior investigation of the A234D allele in a 

laboratory strain background conclusively found this same pattern, potentially indicating BAT1 as 

the driver of the metabolite differences (Koonthongkaew et al., 2020). 

Additionally, we observed from the specific gravity measurements that the fermentations 

with the clone that experienced the mitotic recombination on chromosome VIII (PDB26 clone 6) 

did not go to completion when compared to the fermentations from the clones containing the 

BAT1A234D allele (PDB1 clone 1, and PDB26 clone 1). While we don’t know if this is linked to 

this specific allele or another mutation that the clone has, this feature overwhelmed the sensory 

panel, who found the beer to be different in both its maltiness and sweetness (Table C.7). As well, 

we found an increase in the production of total diacetyl, but we do not know definitively whether 

this was because of reduced ability to clean up the fermented product due to a fermentation delay. 

Further replicates and additional testing of clones genetically manipulated to alter the BAT1 allele 

identity are warranted to conclusively test the impact of the chromosome VIII allele frequency 

change, with and without the BAT1A234D allele, on beer characteristics.  
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Table 4.2. Sensory analysis of beers brewed with clones from the first Postdoc Brewing 
replicate 
Sample 
Name 

BAT1 
Status Ferment Alcohol 

(%v/v) 
Specific 
Gravity 

Acetaldehyde 
(ppm) 

1-Propanol 
(ppm) 

Isobutanol 
(ppm) 

Amyl 
Alcohols 

(ppm) 

Iso-Amyl 
Acetate 
(ppm) 

Total 
Diacetyl 

(ppb) 

Total 2,3-
Pentanedione 

(ppb) 
PDB1 

Clone 1 A234D 1 5.1 1.007552 5.89 28.78 18.12 66.29 0.42 44.32 <10 

PDB26 
Clone 6 + 1 4.72 1.010501 6.64 17.82 8.26 39.82 0.28 116.86 18.83 

PDB26 
Clone 1 A234D 1 5.1 1.007233 3.55 24.77 15.77 63.9 0.89 49.47 <10 

PDB1 
Clone 1 A234D 2 4.56 1.015936 3.03 24.8 43.28 93.42 0.18 89.61 <10 

PDB26 
Clone 6 + 2 4.5 1.016369 3.84 23.28 29.6 75.36 0.06 121.92 10.12 

Wort 
Control N/A 2 0 1.050506 0.65 5.28 0 0 0 41.66 <10 

 

4.3 Discussion 

Using whole-genome sequencing on yeast serially repitched across four breweries, seven 

populations, and three different strains, we observed the repeated occurrence of convergent 

mutations rising to high frequency in the populations. Notably, we observed multiple types of 

structural variation impacting chromosomes V, VIII, XII, and XV across multiple replicates. 

Through subsequent phenotyping of clones bearing some of these mutations, we have found a 

change flocculation behavior of strains carrying the mitotic recombination event on chromosome 

VIII. From these data we have concluded that these mutations are likely beneficial and selected 

for in the brewery, indicating that despite centuries of growth in the brewery, ale yeasts continue 

to show signatures of new adaptations. 

Given the few numbers of convergent mutations, we sought to determine the driving force 

behind the potential adaptive benefit of the chromosome V copy number change and the 

chromosome VIII mitotic recombination. First, from clone and population sequencing, we were 

able to determine that the copy number change was not haplotype dependent (see Appendix C), 

meaning that any benefit likely originated from a dosage balance with the rest of the genome. 

Second, we found that because of the mitotic recombination on chromosome VIII a point mutation 
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in BAT1 in the Postdoc Brewing Co. populations was recurrently lost. Notably, the BAT1A234D 

allele was also recurrently lost in two clones wherein no evidence of mitotic recombination was 

found, indicating that its loss could have led to an adaptive benefit independent of the mitotic 

recombination event. Creating the BAT1A234D allele in a lab strain and comparing to an isogenic 

wild-type, we discovered that the mutation led to a number of phenotypes including a sensitivity 

to osmotic stress, reduced fermentation ability when grown in 20% glucose, and a growth defect 

in minimal media (Koonthongkaew et al., 2020). Attempting to measure one aspect of competitive 

benefit in brewing conditions of clones bearing the BAT1A234D allele, we generated multiple growth 

curves in wort medium of clones isolated from the first and last timepoint of the repitching regime. 

From these experiments, no obvious changes in growth patterns were observed, however we do 

note that the experiments were limited in scope and did not fully represent the brewing 

environment due to a lack of scale. Further experiments, utilizing competitive growth against a 

GFP tagged ancestor, grown across multiple brewery repitches, would more fully recreate the 

competitive environment of the brewery. 

Additionally, the populations from Elysian Brewing Co. did not have the BAT1A234D allele, 

indicating there is likely to be additional adaptive consequences from the mitotic recombination 

event. Therefore, we applied long-read sequencing and de novo assembly on the clones from the 

first Postdoc Brewing Co. replicate to resolve the structure of the telomeric regions. As a result, 

we found that the mitotic recombination led to a copy number increase of Lg-FLO1 and SEO1 

from the minor haplotype and reduction of ILF1, HXT12, IMA3, VTH1, and PAU14 from the major 

haplotype. Given the alteration in copy number of a flocculation associated gene, we tested several 

clones with and without the chromosome VIII mitotic recombination and found a clear increase in 

the flocculation behavior correlating with the increase in copy number of Lg-FLO1. Previous 
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reports comparing flocculation ability and Lg-FLO1 copy number between distinct strains of S. 

pastorianus found a similar correlation, providing further evidence that Lg-FLO1 gene copy 

number strongly impacts flocculation phenotype (van den Broek et al., 2015). Additionally, at the 

Sapporo Breweries in Japan, Sato et. al observed a decrease in flocculation behavior of three 

isolates of a S. pastorianus strain over three years of repitching correlated respectively with the 

loss of the terminal end of chromosome VIII, the loss of the messenger RNA of Lg-FLO1, and the 

a deletion in the internal portion of Lg-FLO1 (Sato et al., 2001). Therefore, the alterations of 

flocculation behavior observed here are almost certainly tied to the copy number change of Lg-

FLO1. 

Considering the long history of beer brewing, one might presume that the yeast specialized 

in malt fermentation would already be pre-adapted to the brewery environment, meaning that new 

variation wouldn’t provide a strong adaptive benefit. Especially given that repitching is not a new 

phenomenon with Louis Pasteur commenting in 1876 on the practice of passaging yeast within 

and between breweries: 

 

[T]he wort is never left to ferment spontaneously, the fermentation being invariably 

produced by the addition of yeast formed on the spot in a preceding operation, or procured 

from some other working brewery, which, again, had at some time been supplied from a 

third brewery, which itself had derived it from another, and so on, as far back as the oldest 

brewery that can be imagined. … [T]he interchange of yeasts amongst breweries is a time-

honoured custom, which has been observed in all countries at all periods, as far back as we 

can trace the history of brewing. ((Pasteur, 1879), p. 186) 
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However, within our experiments we see multiple mutations overtaking the population in 

a relatively short period of time. The most parsimonious answer is that the brewing process has 

somehow changed in a way that creates new selective pressures, allowing for novel, highly 

beneficial mutations to evolve. One possibility is that the breweries which we partnered with utilize 

practices that the ‘Chico’ yeasts had not been extensively exposed to. Notably, with the 

introduction of long-term storage of beer brewing strains by either cryopreservation or freeze-

drying, many of the strains that are currently used in commercial breweries have not seen a modern 

industrial brewery since they were preserved. Thus, any changes that have occurred in the common 

brewing practice since their preservation would be novel to these strains, allowing for new adaptive 

mutations. One relevant change in the last half century is the shift in preference by brewers for 

cylindroconical fermentation vessels, which easily allow for yeast to flocculate after fermentation 

is complete and collect in the cone at the bottom of the vessel (Maule, 1986). Before the shift in 

preference occurred, many styles of fermenter were in common use including the use of open 

fermentation vessels, where yeast could be collected by skimming the top of the culture. As the 

style of fermentation vessel and yeast collection technique shifted, we hypothesize that so too did 

the preference for certain flocculation behavior of brewing yeast strains. 

Additionally, the brewing industry has shifted in the last several decades towards the use 

of pure clonal strains and propagation companies for yeast maintenance versus keeping yeast at 

scale in the brewery constantly through continual reuse. Often, to create a stock of a brewing strain 

the population is bottlenecked down to a very small size, often making a single representation of 

the population. Through this process it is likely that mutations that aren’t representative of the 

population at large and are potentially deleterious become genetically fixed. As well, given that 

the ales strains are mostly asexual, there is a lack of meiotic recombination that could separate 
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deleterious mutations that arise on otherwise adaptive genetic backgrounds. Therefore, when a 

strain with a deleterious mutation is grown to a massive population size in stressful brewing 

conditions, there is selection for de novo reversions of the deleterious mutations through structural 

variation. Within our brewing experiments, we have seen two examples that potentially fit this 

explanation. First, the copy number of chromosome V returned to a euploid copy number after 

growth in the brewery, which is its hypothesized ancestral state (see Appendix C). Second, the 

nonsynonymous mutation in BAT1 that is thought to be deleterious was genetically reverted. While 

the genetic drift then selection model is an attractive explanation for the data seen within, further 

work is required to rigorously test its veracity. 

Another interesting complication for creating a single strain representation of a population 

was the occurrence of multiple lineages in the Postdoc Brewing Co. experiments that had the same 

or similar mutations within the population. We observed multiple independent occurrences of the 

CNV of chromosome V and the mitotic recombination on chromosome VIII. This phenomenon, 

called clonal interference, occurs when a new beneficial mutation is unable to completely overtake 

the population before another beneficial mutation occurs, creating competition between the new 

and old beneficial mutation and preventing a single lineage from taking over the population. 

Typically the parameters that are thought to control the degree of clonal interference during 

adaptive evolution are the mutation rate of beneficial mutations, the selective benefit of those 

mutations, and the population size (Gerrish and Lenski, 1998). As yeast population sizes inside of 

a brewery are immense, there is an ideal environment for clonal interference, potentially 

complicating the ability to create a single strain representative of a brewery. However, it is unclear 

why the non-Postdoc Brewing Co. populations did not experience the same degree of clonal 

interference. We suspect that the euploid nature of chromosome V of BRY-96 and the preexisting 
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mitotic recombination in WLP001 may have allowed for a different population dynamic that led 

to a single lineage dominating the population. The other possibility is that the beneficial mutations 

observed in the non-Postdoc Brewing Co. populations occurred earlier in their outgrowth, leading 

to a single lineage dominating the population. 

Matching with this hypothesis, we found that on multiple instances the yeast entering the 

brewery already had undergone some amount of genetic divergence from the stock’s genotype. 

This is likely due to the number of generations required for a stock of yeast to be grown to a 

population size needed by professional brewers. For example, given a 20 hectoliter batch of wort, 

the recommendation by White Labs, a prominent propagation company, is to add 2.4 x 1013 cells 

of yeast. The absolute minimum number of generations required to reach this number of yeast 

from a single cell, assuming a doubling per generation with no death, is 44.4 generations of yeast 

growth, which is almost certainly an underestimate. The number of generations occurring in the 

brewery, assuming 3 generations per beer fermentation, is 45 generations for 15 serial repitches 

and 78 for 26 serial repitches, meaning the growth period at the propagation company constitutes 

anywhere from half to a quarter of the yeasts growth in our experiments. As well, because 

mutations enter the population at a proportion of one over the total population size, beneficial 

mutations that occur earlier in the outgrowth have a higher probability of fixing in the population. 

Given the number of yeast cells needed by a brewer, it is likely inevitable that some amount of 

detectable evolution will occur prior to a batch of yeast even entering the brewery. These 

conclusions match with recent work that found phenotypic differences in subclonal lineages 

isolated from the same stock of yeast, purchased from commercial vendors (Rácz et al., 2021). 

Typically, the professional brewer wants to know how long they can reuse their yeast 

before they will start to notice considerable difference in the characteristics of the yeast or beer. 
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Perhaps the most accurate but somewhat unsatisfying response is that it depends on a number of 

factors. Specifically, the timing might be different given the spectrum of adaptive mutations that 

a particular strain has access to, the individual mutation rate of that strain, and the number of 

generations that the population was grown at the propagation company. Even given replicates 

using the same strain, there is an element of stochastic mutation that can potentially drastically 

change how a brewery population evolves. Looking to the future and at methods to have serially 

repitched populations with fewer impactful mutations may begin with sequencing more 

populations and finding isolates that are better preadapted to the modern brewery. However, this 

strategy assumes these mutations do not have undesirable tradeoffs on other aspects of 

performance, such as on flavor profile, fermentation kinetics, and flocculation behavior. As well, 

if the possible spectrum of adaptive mutations is determined for a given strain it may be possible 

for a commercial service to track the frequency of these mutations over time and identify when 

they start impacting the beer. We note that due to the variability in beer styles employed during 

most of the time courses analyzed here, we were unable to rigorously track changes in fermentation 

characteristics and/or beer quality that may have happened in tandem with the rise of these 

mutations. 

In conclusion, we observed multiple independent brewing yeast populations with high-

frequency structural mutations that likely contributed to changes in yeast characteristics in the 

brewery. Discovering the likely adaptive benefit of mitotic recombination events in the brewery 

raises the possibility that historical ale brewing yeast adaptation was due in part to these kinds of 

structural mutations. Notably, the ale yeasts are thought to have originated from an admixture 

event which introduced intragenomic variation into the ancestor of the modern brewing strains 

(Fay et al., 2019). Potentially, ale yeasts have the capacity to adapt to new conditions using mitotic 
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recombination on existing variation to eliminate or fix deleterious or adaptive alleles respectively. 

Such events have been observed within the lager brewing yeasts wherein similar patterns of 

structural variation have been linked to phenotypic outcomes (Gallone et al., 2019; Usher and 

Bond, 2009). Furthermore, multiple mitotic recombination events were shown to lead to lead to 

changes in both sugar utilization and flocculation when de novo hybrids between S. cerevisiae and 

S. eubayanus were evolved in simulated brewing conditions (Gorter De Vries et al., 2019). Given 

the prevalence of structural mutations in the history of the genome of brewing yeasts, and their 

link to adaptive phenotypic outcomes, further investigation into the consequences of this variation 

will likely provide additional insights into their domestication. 

 

4.4 Materials and Methods 

Origin, growth and collection of population samples from the breweries 

Depending on the brewery, yeast cells were ordered from Wyeast, Imperial Yeast, White Labs, 

Escarpment Laboratories, or an internal propagation service (in the case of Elysian Brewing Co.). 

For some of the experiments, starting samples were collected either from the shipment or from the 

first beer brewed with the yeast. Otherwise these yeast cells were commonly grown for several 

generations in low density wort, then transferred into a cycle of several ale beer recipes ranging 

from barley wine to double IPAs. The precise recipe and conditions are proprietary for some of 

the breweries, however Postdoc Brewing Co. has provided the style in which the yeast were 

passaged through (Table C.1). For the Postdoc Brewing Co. samples, they were collected from 

the middle of the flocculated yeast after the runnings of hop and protein particulate was disposed 

of. Once samples were collected, they were stored at 4°C in a sterile, airtight container until 



 99 

transfer to the laboratory was possible. Upon arrival in the laboratory, the samples were thoroughly 

mixed and 1 mL was transferred to a 25% glycerol stock that was subsequently frozen at -70°C. 

 

Short-read genome sequencing of brewery yeast populations and clones 

Populations of yeast cells, previously stored in 25% glycerol at -70°C were transferred to deionized 

water (diH2O) and measured for cell density using a hemocytometer. Based on cell density counts 

in the diH2O, the cell suspensions were diluted and plated to collect approximately 1,000 

independent yeast colonies, grown for 4 days on yeast extract peptone dextrose (YEPD) plates 

with 2% glucose and 1.7% agar at room temperature. These plates were scraped for cells with a 

sterile glass rod, concentrated by centrifugation, and washed in diH2O. DNA was then extracted 

from the cell pellets using a modified Hoffman-Winston preparation (Hoffman and Winston, 

1987). 

 Single clone isolates were generated from a population glycerol stock. In short, the brewery 

populations were streaked onto a YEPD plate and grown at room temperature. A single colony 

was isolated and grown overnight in 5 mL of YEPD liquid medium with rotation. A portion of the 

overnight culture was stored in a 25% glycerol stock for archiving and subsequent analysis. The 

remaining cells were concentrated, washed with diH2O and had their DNA extracted with a 

modified Hoffman-Winston preparation (Hoffman and Winston, 1987). Clones 13 through 23 were 

selected for sequencing based on their likelihood for bearing a chromosome VIII allele frequency 

change from genotyping using PCR and Sanger sequencing for a SNP frequency within a variable 

region on the end of the chromosome. 

After measuring the concentration of DNA using a Qubit Fluorometer (Thermo Fisher 

Scientific), dual-indexed Illumina libraries were generated using a Nextera sample preparation kit 
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(Illumina, Inc.) with 50 ng of input DNA. The genomic libraries were sequenced using 150-bp 

paired end sequencing on an Illumina NextSeq 500 using the manufacturer’s recommended 

protocols. 

 

Whole genome analysis of copy number, allele frequency, and de novo variants 

The Illumina reads were demultiplexed using bcl2fastq with default parameters. The reads were 

then aligned to the SacCer3 reference genome (R64-2-1) using BWA-mem (version 0.7.15) (Li, 

2013). The alignments, after being sorted and indexed with SAMtools (Li et al., 2009) (version 

1.9) were marked for duplicates using Picard Tools (version 2.6.0). When libraries were sequenced 

on multiple lanes or runs, the alignments were combined using SAMtools. Afterwards, the 

alignments had their InDels realigned using GATK (version 3.7). 

Short mutations such as SNPs and InDels were then called using three separate variant 

calling software packages. First, BCFtools call using modified input parameters was used. Second, 

FreeBayes (version 1.0.2-6-g3ce827d) (Garrison and Marth, 2012) using input parameters (–

pooled-discrete –pooled-continuous –report-genotype-likelihood-max –allelebalance-priors-off –

min-alternate-fraction 0.1) were used to call both SNPs and InDels. Finally, in a paired mode with 

the sample’s ancestor, LoFreq was used to call SNPs (Wilm et al., 2012). For all of the variant 

callers, BEDtools was used to filter the variants called for a sample versus its ancestor (Quinlan 

and Hall, 2010). Each variant file was subsequently filtered using standard parameters that are 

listed in Supp. Table 8. The three variant files were then filtered to exclude overlaps of the same 

variant and combined into one file using a custom script. Afterwards, the annotation and impact 

of the variants were determined using a script previously published in (Pashkova et al., 2013). 

Finally, each variant that passed all filters was manually checked for its authenticity in the 
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Integrative Genomics Viewer (IGV) (Robinson et al., 2011). When variant calls from BCFtools 

call exceeded 300 variants, these files were ignored, as they were found to contain primarily false-

positives through manual inspection and comparisons with other software. 

 As noted earlier, there are multiple haplotypes containing varying degrees of shared 

variation between homologous chromosomes. To quantity and observe the degree that this 

variation has been altered through mitotic recombination, allele frequency was calculated and 

plotted for all genomic coordinates. Briefly, from the previously generated alignments, variant 

calls were generated using the GATK (version 3.7) HaplotypeCaller. These variant calls were 

passed to GATK VariantToTable and modified using an in-house java script into a per base allele 

ratio between a reference and alternate allele. Subsequently, the allele frequency was plotted using 

an R script with ggplot2. Changes in the ratios between haplotypes were visually determined 

through inspection of these plots. Precise values on the proportion of the allele frequency change 

of chromosome VIII in the population were generated using an average of the change in allele 

frequency of a set of SNPs that were highly representative of the mitotic recombination events in 

the clones at the end of chromosome VIII. These values were then used to calculate the selective 

benefit of the chromosome VIII allele frequency. 

 Using the alignments listed above, the copy number of the genome was determined and 

plotted using an in-house script. Briefly, the total genome coverage was calculated using GATK 

(version 2.6.5) DepthOfCoverage. Next, the per window average coverage across the genome was 

calculated using the command-line tools version of IGVtools, while filtering for windows with a 

high average mapping quality (MAPQ>30). These files were combined using a python script to 

generate a normalized coverage measure. As many of the samples included a ‘wavy’ coverage in 

which the coverage varied across the genome in an inconsistent and seemingly random pattern, the 
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per ORF coverage was unable to be accurately determined. In the cases that the coverage was too 

‘wavy’ to accurately determine the coverage, the allele frequency plots that are described above 

were used to determine the copy number as the per allele coverage remained unchanged by the 

‘wavy’ sequencing artifact. 

 

Phylogenomic analysis to determine ancestry and structure of the American brewing yeasts 

In order to properly understand the diversity and previous evolutionary history of the American 

brewing strains, all publicly available brewing strains whole genome sequencing were processed 

into a phylogenetic representation. Capturing the most amount of American diversity possible, 

some strains that had not previously been sequenced, but suspected to be part of the American 

yeast group (due to tips from professional and amateur brewers) were ordered and kindly donated 

from a variety of yeast propagation companies. As described above, the strains had their DNA 

extracted and sequenced using the paired-end Illumina technology. All of the sequencing reads 

were aligned using a similar strategy as previously described above with slight modifications, and 

called for variants in the GVCF mode using GATK (version 4.1.1.0) HaplotypeCaller on regions 

of high confidence (excluding the first and last 50 kb of each chromosome to avoid poorly 

assembled telomeric sequences). Individual variant calls were collected and jointly genotyped 

using GATK GenomicsDBImport and GenotypeGVCFs and filtered with GATK (version 4.1.3.0). 

Removing the influence of ancestral variation lost by mitotic recombination, the SNPs from the 

sample excluding BE051 were then filtered by SNPs called from BE051 using BEDtools (Quinlan 

and Hall, 2010). The SNP calls were then converted into two concatenated fasta files wherein the 

first fasta was the SacCer3 reference genome with the reference allele as listed if the strain was 

either heterozygous or homozygous for the reference allele. The second fasta also contained the 
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SacCer3 allele unless a heterozygous or homozygous variant position was detected in which case 

the alternate allele was outputted. This task was done using BCFtools. The concatenated fastas 

from all of the American brewing strains were passed to IQTree2 to generate a maximum-

likelihood tree using GTR4 + gamma model (Minh et al., 2019). The tree was then modified for 

aesthetics and annotation using iTOL (Letunic and Bork, 2019). 

Comparisons between the ‘Chico’ yeasts and BRY-96 for determination of the ancestry of 

the ‘Chico’ yeasts was done using the aforementioned SNP calls. First, the union of the SNPs 

called in WLP001 and Wyeast 1056 was generated using BEDtools. Second, the mutations unique 

to BRY-96 when compared with that union were generated. Finally, the remaining SNPs from 

BRY-96 were manually inspected for veracity using IGV. 

 

Measurement of flocculation behavior using the Helm’s Assay 

The flocculation behavior of clones isolated from the first replicate population from Postdoc 

Brewing Co. were measured similar to as described (Bendiak, 1994; D’Hautcourt and Smart, 

1999). Briefly, single yeast colonies from a 2% YPD plate were grown in 5 mL of wort medium 

for 48 hours with rotation. The optical density of the cultures was measured at 600 nm (OD600) 

by taking a well-mixed derivative from the culture, deflocculating it in 250 mM EDTA (pH 7.5) 

and resuspending it in water for measurement. Afterwards, the cultures were backdiluted in wort 

to an OD600 of 0.5 in 50 mL of wort medium to match a final cell/mL density of 1.0x107. The 

cultures were then shaken for 72 hours at room temperature. Next, 10 mL of the cultures were spun 

at 1500 rpm for 5 min., washed in 0.5 M EDTA (pH 7.5) to deflocculate the yeast cells, and 

resuspended in distilled water. The cultures were then diluted in a calculated amount of distilled 

water to bring the density of the cultures to an OD600 of 15 (~1x108 cells/mL). The final OD600 
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of this culture was measured to ensure accuracy for later calculations. Next, 10 mL of the culture 

was transferred to a 15 mL conical tube, where it was first washed in 4 mM CaCl2, then 

resuspended in a suspension solution consisting of 4 mM CaCl2, 4% ethanol, 4.05 g/L Glacial 

acetic acid, and 6.8 g/L sodium acetate. The cultures were then agitated for 25 seconds by 

vortexing before being allowed to settle for exactly 6 minutes. Afterwards, the top ten percent of 

the culture was collected using a micropipette, washed in 250 mM EDTA (pH 7.5) and 

resuspended in distilled water before being measured for its OD600. Finally, a summary metric 

called percent flocculant was generated from the ratio of OD600 measurements from the top ten 

percentage of the culture and the known OD600 of the culture. 

 

Generation of laboratory brewers wort media 

The brewers wort media, utilized for the growth phenotyping and fermentation analysis was made 

as previously mentioned in (Smukowski Heil et al., 2018) with slight modification. Briefly, 320 

grams of amber liquid malt extract from Breiss Malt and Ingredients Co were mixed with 1.5 liters 

of distilled water and boiled for an hour. Fifteen minutes before the boil finished, 0.2 gram of the 

Wyeast Beer Nutrient Blend was added to the mixture according to the manufacture’s guidelines. 

After the wort had been chilled to a workable temperature, the specific gravity was measured using 

a hydrometer (and the value read was corrected based on the temperature), and the media was 

passed through fresh Melitta filters to remove any large coagulants. Next, the media was passed 

through a 0.45 micron filter (Nalgene 500mL Rapid-Flow Bottle Top Filters) to completely 

sterilize the media. The specific gravity of all batches used herein were found to be the same value 

of 1.050. 
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Measurements of growth parameters of brewing yeast isolates in brewers wort 

The growth characteristic of clones isolated from the first replicate population from Postdoc 

Brewing Co. was measured. First, single yeast colonies from a 2% YPD plate were grown in 5 mL 

of wort medium for 48 hours with rotation. The optical density of the cultures was measured at 

600 nm (OD600) by taking a well-mixed derivative from the culture, deflocculating it in 250 mM 

EDTA (pH 7.5) and resuspending it in water for measurement. Each culture was then diluted in an 

appropriate amount of wort to reach a final OD600 of 0.05 in 50 mL of wort and shaken for 24 

hours at room temperature. Samples were taken periodically during the growth curve from the 50 

mL cultures, and the optical density was measured as mentioned above. Utilizing a script written 

in the R programming language, the growth data were analyzed using the growthrates package. 

Employing the growthrates implementation of fitting linear models to the exponential growth 

period outlined in (Hall et al., 2014), we extracted the maximum growth rate of the clones. To 

determine whether there was a difference in the growth rates between clones, we conducted a 

Kruskal Wallis rank sum test. 

 

Sensory profiling of brewing yeasts 

The isolated clones from the first Postdoc Brewing replicate were tested for differences in the 

production of flavor compounds and the effect these compounds had on the beer sensory profile. 

First, two separate beer batches (beer batches 1 and 2) were generated from fermentations carried 

out either at Postdoc Brewing (using an all grain pale ale recipe) or in the laboratory (using the 

malt extract wort mentioned earlier). The yeast that fermented the beer were grown in the 

laboratory from single colonies to the desired cell count in 2% YEPD liquid medium with shaking. 

For the first and second beer batch, the yeast were concentrated with centrifugation and pitched 
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into the wort at a rate of 3.5 x 105 and 1.0 x 106 cells per degree of plato (measure of sugar density) 

respectively. 

Second, both beer batches were submitted to White Laboratories for analytical services 

including gas chromatography measurements of a number of flavor compounds and measurements 

of alcohol percentage and specific gravity. Next, the beers from batch 1 were submitted to an 

untrained judging panel (n=95) at the Homebrew Con 2018, who used a standardized beer 

scoresheet from the Beer Judge Certification Program to analyze the profile of the beer. The 

identity of the beers were kept masked from the participants while they filled out their analysis. 

Afterwards, the scoresheets were aggregated and analyzed for differences using a Kruskal Wallis 

rank sum statistical test. 

 

Long read and genome assembly generation of an American brewing yeast 

Yeast cell cultures were grown overnight at 30°C in 20 mL of YPD medium to early stationary 

phase before cells were harvested by centrifugation. Total genomic DNA was then extracted using 

the QIAGEN Genomic-tip 100/G according to the manufacturer’s instructions. The extracted DNA 

was barcoded using the EXP-NBD104 native barcoding kit (Oxford Nanopore Technologies) and 

the concentration of the barcoded DNA was measured with a Qubit 1.0 fluorometer (Thermo 

Fisher Scientific). The barcoded DNA samples were pooled with an equal concentration for each 

strain. Using the SQK-LSK109 ligation sequencing kit (Oxford Nanopore Technologies), the 

adapters were ligated on the barcoded DNA. Finally, the sequencing mix was added to the R9.3 

flowcell for a 48 hour run. 

 The ONT reads were demultiplexed using Guppy with default parameters. The adapters on 

the raw reads were removed using Porechop. Afterwards, each sample was independently run 
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through SMARTdenovo with default parameters to generate a draft genome assembly. To improve 

the quality of the assembly, the draft sequences were first run through racon then medaka. Next 

they were refined using pilon and the Illumina reads previously generated for the four clones 

sequenced on the MinION. The identity of the contigs was determined through pairwise alignment 

of the contigs (masked with RepeatMasker) to the SacCer3 reference genome using Minimap2 and 

plotted using an R package called DotPlotly. Confirmation of the contig identity, and the inferred 

identity of the ancestor was done using a combination of Minimap2 alignments of the SacCer3 

reference ORFs, SacCer3 reference sequence, ONT reads, and Illumina reads, all visualized in 

IGV. 
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CHAPTER 5 CONCLUSIONS AND FUTURE DIRECTIONS 

Within this thesis, I have described three sets of experiments utilizing experimental evolution to 

garner new understanding about reproducibility in evolution, the influence of admixture in 

evolution, and the domestication of beer brewing yeasts. Each chapter has described a set of 

experiments with an increasing number of variables, with the hope of bridging the divide 

between evolution in the laboratory and evolution in nature. First, in Chapter 2, I discussed the 

use of the chemostat to produce a constant and reproducible environment with a laboratory strain 

in three different nutrient limitations. Therein, I found a set of highly reproducible targets of 

mutation that clustered within certain complexes and regions of the genome. However, I found 

heterogeneity in the mechanism and benefit of mutation that was potentially modulated by 

genome context. Second, in Chapter 3, I similarly explored evolution in the chemostat, except 

with the added variables of temperature and genome composition resulting from hybridization. 

Together with Dr. Caiti Smukowski Heil, I found that temperature modified the direction of 

hybrid genome retention coincident with ancestral temperature preference. Finally, in Chapter 4, 

I expanded the general methodology of experimental evolution to the industrial process of beer 

brewing to explore the domestication of beer brewing yeast. Similar to Chapter 3, I discovered 

that the admixed origin of the ale brewing yeasts likely influenced its domestication. In 

particular, I found that structural variation in the form of aneuploidy and mitotic recombination 

were the primary sources of adaptive variation, indicating the importance of this form of 

mutation in the domestication of beer brewing yeasts. These findings matched with what is 

observed both within the extant lager and ale brewing yeasts as well as the findings of Chapter 

3. Below I discuss several future directions that would help generate a more predictive model of 

evolution, increase our understanding of the relevance of repitching and structural variation in 
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brewing yeast domestication, connect variation in phenotype to genotype for ale brewing yeast, 

and help reveal the origin of multiple life history traits of the ale brewing yeasts. 

 

5.1  Contingency and stochasticity in evolution 

Adaptive evolution in a mutation limited environment relies on the cooperative action of the 

formation of new beneficial variants and selection acting on those new variants. Thus, a more 

complete understanding of the mechanisms and rates of beneficial mutation occurrence as well 

as the influences of the selective benefit of those mutations would lead to a more predictive 

model of evolution. In Chapter 2 I discussed multiple instances where the adaptive benefit and 

mutational frequency of specific CNVs and Ty element mobilizations respectively were likely 

influenced by genomic context. Below I propose new strategies to investigate whether the 

observational findings seen in Chapter 2 hold when the conditions of the experiment are altered. 

Furthermore, I put forward new methods to categorize the extent of epistasis during chemostat 

experimental evolution. 

 

5.1.1  The influence of genome context on SUL1 CNV 

During the evolution experiments in sulfur-limitation described in Chapter 2, I observed that the 

local sequence context likely impacts the span of chromosomal amplifications through a 

combination of fitness effects and mutational mechanism. One potential way to measure the 

impact of both mechanisms on the formation and selection of amplified SUL1 alleles would be to 

translocate the SUL1 locus to a different location in genome and repeat the evolution 

experiments. Through comparison of the rate and span of amplifications to the known benefits 

and costs of amplified regions of the genome available in Payen et al., 2016, SUL1 could be used 
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as a tool to investigate genome context in CNV formation and evolution. Overall, these 

experiments would push our observational support of the contingency of CNV amplification 

towards a more mechanistic understanding. 

 

5.1.2  Probing the effect of Ty element mobilization bias on evolutionary outcomes 

The rate of Ty element mobilization towards a particular region of the genome depends on its 

position relative to a gene transcribed by Pol III (Baller et al., 2012; Bridier-Nahmias et al., 

2015; Mularoni et al., 2012). In this way, tRNAs increase the mutation rate in their local 

sequence neighborhood. During experimental evolution, I found that the proximity of the 

recurrently targeted genes to predictors of mobilization likely influenced whether they were 

mutated by Ty elements versus SNP/InDels (See Chapter 2 for more details). However, this 

pattern was most prominently observed in sulfate limitation, potentially due to the lack of 

proximity of recurrent targets of mutation in glucose and phosphate limitation. To extend these 

observations, three strategies could be taken: First, new tRNAs could be introduced proximal to 

the previously observed recurrent targets in phosphate and glucose limitations, such as GSH1 and 

RME1. Then, once the evolution experiments were repeated in these conditions, we could 

monitor the rate of new Ty insertion versus SNP/InDel into the proximal gene to see whether the 

new insertion has biased the outcomes of evolution towards the most mutationally likely 

outcome. Special care would need to be taken to ensure that the introduction of the new tRNA 

would not disrupt the expression of the proximal gene through qPCR measurements of transcript 

levels in the relevant conditions (Hamdani et al., 2019). A second strategy would be to move a 

preexisting tRNA, such as tD(GUC)B away from proximity to SPT7, repeat the evolution 

experiments, and similarly observe whether the rates of Ty insertions versus SNP/InDel are 
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altered. Using any of these strategies would create a more direct link between the influence of 

tRNA on local sequence context and long-term evolutionary outcomes. 

 

5.1.3  Epistasis in adaptive evolution 

Within the three nutrient-limited conditions highlighted in Chapter 2, I observed under 20 

recurrent targets of mutation across 32 replicates in each condition. These data would suggest 

that there is a narrow pathway to adaptation that occurs through the mutation of a quantized 

number of genes. However, previous measurements of the competitive fitness of nearly every 

gene in the yeast genome using the yeast deletion collection revealed there are many more 

possible beneficial mutations that are not explored (Payen et al., 2016). When looking at 

phosphate-limited conditions specifically, there are 195 possible mutations that provide at least a 

5% competitive fitness increase, but only 14 are observed across 32 evolution experiment 

replicates. Similar numbers exist for sulfate and glucose limited conditions (Sulfate-limited 

8/123; Glucose-limited 18/143). One possible explanation for this incongruency is that the 

measurements in Payen et al. only captured the adaptive benefit of the mutations in isolation, 

without looking at how they interact with possible secondary mutations. Possible epistatic effects 

between the mutations could alter the long-term benefit of any single mutation during 

experimental evolution. 

 A comprehensive way to categorize the effects of epistasis on evolutionary outcomes 

would be to measure the competitive fitness of the unobserved mutations in the genetic 

background of a strain that contains one of the observed high impact mutations. Subsequent 

comparisons between the competitive fitness measurements of the same gene in different genetic 

backgrounds would yield insights into the extent by which epistasis shapes evolutionary 
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trajectories. Given the tools available to yeast genetics, this could be achieved through first 

genetically replacing the known highly recurrent genes, such as GSH1 with a selectable marker. 

Subsequently, these strains could be mated in mass to the haploid yeast deletion collection 

(Giaever et al., 2002). Afterwards, the mated diploids could be sporulated, generating haploids 

that could then be selected for the correct mating type using a set of genetic markers. The 

resulting libraries would consist of the yeast deletion collection in the genetic background of a 

knockout of a highly recurrent gene. These libraries would then be competed in the chemostat in 

their relevant nutrient limitation. Comparisons between the input frequency of the barcodes 

associated with yeast deletion collection and further time points would yield a measure of the 

competitive fitness. The same general strategy could be applied for the known beneficial CNV 

that occur during experimental evolution such as SUL1 and PHO84 through transformation of 

the yeast deletion collection with a selectable plasmid encoding additional copies of the gene of 

interest. Further evaluation of the differences in competitive fitness of the deletion collection in 

different genetic backgrounds would allow for direct measurement of the effects of epistasis. 

Overall, these experiments would yield greater insight into the effect that epistasis has in 

determining the trajectory of adaptation during experimental evolution in the chemostat. 

 

5.2 Further relevance of structural variation in brewing 

In Chapter 4, I used the common brewery practice of repitching to investigate the domestication 

of beer brewing yeasts. Through partnerships with multiple breweries using the same or similar 

strain of yeast, I was able to observe replication of the same type of structural variation rising in 

frequency in experimental populations, indicating its adaptive benefit in the brewery. While the 

primary focus of the work ended up being on the most recurrent of these events, a mitotic 
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recombination on the right arm of chromosome VIII there were additionally several other 

recurrent mitotic recombination events whose function or relevance has not been extensively 

investigated. One limitation to further investigation of these events is the lack of a high-quality 

genome assembly that well represents the sometimes nonsyntenic and divergent ale yeast 

genome. In Chapter 4, I discussed the use of error-probe long reads generated through Oxford 

Nanopore Technologies for the de novo assembly and haplotype matching of the mitotic 

recombination of chromosome VIII. While it was possible in this instance to use the ONT reads 

to resolve the structure of chromosome VIII, subsequent work should be put towards the 

generation of a higher quality de novo assembly of the ale strains, generated from higher 

accuracy PacBio HiFi reads, such that the identification of structural variation, de novo SNPs and 

InDels, and Ty element mobilization can be probed with greater specificity and efficiency (Hon 

et al., 2020). Furthermore, having high quality long reads would enable the investigation of 

difficult-to-resolve regions of the genome, such as the duplicated MAL and floculin genes. 

 Additionally, the work presented in Chapter 4 exclusively utilized strains from the 

American brewing yeast clade to allow for comparisons to be made between the replicate 

experiments. Given the similar genome structure, and the recent common ancestor, I predict that 

the same forms of structural variation would be relevant during the repitching of other ale 

brewing yeasts, however the specific chromosomal regions may likely be different due to genetic 

background effects. Further investigation of repitching using strains from the English, German, 

and Belgian ale beer clades should be undertaken to understand the broader applicability of the 

findings presented in Chapter 4. Additionally, with the increased use of farmhouse beer strains, 

such as the Kveik yeast, it may be possible to observe how previously unindustrialized yeast 

adapt to the modern brewery (Preiss et al., 2018). However, the limitation in expanding the study 
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cohort to include breweries that use non-American strains is finding breweries that repitch for an 

extended period. One alternative approach would be to partner with the propagation companies 

who cultivate the yeast for the breweries. From several of the populations in Chapter 4, there 

was preexisting population variation, observable by population sequencing from the first time 

point in brewery, indicating that it is possible to observe evolution during the propagation itself. 

Given that the propagation companies commonly cultivate their yeast in conditions that are 

similar to that of the brewery, they are likely representative of the conditions inside of the 

brewery. Due to the few number of generations that occur at the propagation company some 

experiments would likely yield no insight as no new variation would be detectable on the 

population level, however more replication would be possible as the throughput of propagation 

companies is higher. Additionally, as the process is more controlled at a propagation company, it 

would be possible to accurately track the number of yeast generations occurring during 

propagation, allowing for selection of certain populations to analyze depending on their 

generation number. Overall, by increasing the repitching study cohort we can determine the 

relevance of the findings of Chapter 4 to other brewing clades, and potentially generate new 

insights into the domestication of beer brewing yeasts. 

 

5.3  Mapping functional variation in brewing yeast 

Large scale phenotyping has shown that despite the shared origin of the ale brewing strains, there 

is extensive variation in many traits that are highly relevant to brewing conditions (Gallone et al., 

2016; Peter et al., 2018). Understanding the genetic basis of this phenotypic variation may 

provide key insight to the specific genetic mechanisms by which yeast have become 

domesticated. Despite the availability of these data and the accompanying whole genome 
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sequencing, there has been limited success in connecting specific variation in genotype to 

variation in phenotype using traditional genome wide association studies. Alternative methods, 

such as experimental evolution have been discussed and implemented in Chapter 4 of this 

thesis. While this strategy is effective in connecting de novo variation to phenotype, it has 

limited ability to connect existing variation to phenotype. A powerful method to connect 

genotype to phenotype across a broad range of model systems is quantitative trait loci mapping 

(reviewed in Rockman, 2008). However, the lack of functional meiosis among the ale brewing 

strains limits the utility of this strategy. To overcome this, two alternatives would be to either to 

find a strain that has somehow retained the ability to successfully complete meiosis or to 

genetically manipulate the yeast to reintroduce sporulation. 

Regarding the first strategy, a recent publication found, through large scale phenotyping of 

the yeast 1,011 strain collection, that five of the ale strains showed some evidence of sporulation 

(Peter et al., 2018). Currently, these strains are being investigated for their ability to survive 

meiosis and are promising candidates for subsequent analysis. Considering the second strategy, 

to ameliorate whatever deficiency is responsible for the lack of meiosis, we must understand 

something about its genetic basis. While it is suspected that the ale strains are unable to conduct 

meiosis due to do high presence of aneuploidy (Gallone et al., 2016), it is likely that there is 

additional disruptive variation in some part of the pathway controlling meiosis as fully euploid 

beer strains still cannot successfully complete meiosis (De Chiara et al., 2020). Additionally, 

several other members of the Sake, French dairy and French Guyana clades have lost sporulation 

due to loss of function variants in members of the meiosis pathway, indicating this as a common 

mechanism of sterility (De Chiara et al., 2020). Therefore, one potential strategy would be to 

complement any loss of function variation in the ale strains with a wild-type allele to cure 
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meiosis. One effective method to generate complementation across the genome would be to mate 

the tetraploid ale strain with a lab strain that is fully capable of completing meiosis, and thus 

generate an octoploid strain with full a complement of the entire meiosis pathway. Previous work 

has found that generation of higher ploidy Saccharomyces is possible up to twelve genome 

copies (Peris et al., 2020). However, this strategy would require the genetic manipulation of the 

ale strain such that it was homozygous for its sex determination locus and depend on the 

variation impeding meiosis to be recessive. If either of these strategies are effective in generating 

a meiosis competent ale strain, new links between variation and phenotype could be explored in 

much higher throughput and resolution. Overall, this would unlock key insights into the 

evolutionary history of the domestication of the ale brewing strains and the variation that led to 

its vital role in human life. 

 

5.4  What are the consequences of life history trait shifts? 

Despite the discovery of the admixed beginnings of the ale and lager brewing strains, there are 

still several open questions surrounding the origin of their life history traits (Fay et al., 2019). 

First, it is unclear when exactly the ale brewing yeast lost their ability to successfully complete 

meiosis, and whether the transition was due to adaptation. One prominent hypothesis in the field 

is that the loss of sexual reproduction could be correlated with the transition to a tetraploid 

lifestyle, as aneuploidy, which is more common in tetraploids, leads to disruptions to the faithful 

segregation of chromosomes (Gallone et al., 2016). Another idea is that sporulation was lost by a 

lack of selection for its maintenance as sporulation is only induced upon starvation for both 

nitrogen and carbon, which would likely be unusual in an industrial brewing setting. Second, it is 

unclear based on current evidence the genetic mechanism by which the strains became tetraploid 
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and what long-term effect it has had on their evolution. Previous work using a tetraploid 

laboratory strain during asexual experimental evolution discovered that while tetraploidy initially 

reduced fitness, it accelerated future fitness gains (Selmecki et al., 2015). Therefore, tetraploidy 

could have been favored as the result of positive fitness outcomes during a rapid adaptation to 

the brewing environment. An alternative hypothesis is that tetraploidy could have allowed for a 

greater amount of intragenomic diversity to be locked into a single lineage, which could be 

advantageous when outcrossing is either rare or absent.  

Unfortunately, many of the primary events that would give credence to one hypothesis over 

another for both the loss of sporulation and gain of tetraploidy occurred likely 400-500 years ago 

(Gallone et al., 2016). Without the fortuitous discovery of an ale yeast locked away in the belly 

of a sunken ship, there is little hope that the ancestral state of the ale yeast can be directly 

observed (Thomas et al., 2021). Therefore, to answer these questions, inference using extant 

yeast strains must be used to recreate these early events. One promising advancement that could 

lead to answers to these questions is the application of long-read sequencing to the phasing of 

higher ploidy genomes (Abou Saada et al., 2021). Perhaps through the collective analysis of the 

haplotype patterns of many ale brewing strains, the timing of loss of meiosis, and the gain of 

tetraploidy could be determined. However, the answers that are locked away in the ancestral 

haplotype might simply be lost to the homogenizing influence of mitotic recombination and 

aneuploidy. Hopefully, as sequencing technology and computational algorithms improve, we 

will someday have an answer to the complete origin story of the ale brewing yeasts. 
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APPENDIX A: Supplementary materials for Chapter 2 
 

Table A.1. All mutations observed during the chemostat evolution experiments  

Sample Chr Position Type Effect ORF Gene Mutation 

G1 chrV 520259 SNP/INDEL nonsynonymous YER167W BCK2 G682* 

G1 chrX 235587 SNP/INDEL nonsynonymous YJL101C GSH1 S257F 

G10 chrIX 69868 SNP/INDEL nonsynonymous YIL147C SLN1 P1196T 

G10 chrV 520259 SNP/INDEL nonsynonymous YER167W BCK2 G682* 

G10 chrX 236338 SNP/INDEL nonsynonymous YJL101C GSH1 G7S 

G10 chrXIII 218547 SNP/INDEL nonsynonymous YML029W USA1 R396indel 

G10 chrXV 411326 SNP/INDEL nonsynonymous YOR043W WHI2 E153* 

G11 chrII 330958 SNP/INDEL nonsynonymous YBR046C ZTA1 K185R 

G11 chrVIII 116838 SNP/INDEL intergenic NA NA NA 

G11 chrX 234549 SNP/INDEL nonsynonymous YJL101C GSH1 A603E 

G12 chrM 20663 SNP/INDEL synonymous Q0065 AI4 L133L 

G12 chrM 20663 SNP/INDEL synonymous Q0070 AI5_ALPHa L133L 

G12 chrM 20663 SNP/INDEL synonymous Q0045 COX1 L133L 

G12 chrXV 411594 SNP/INDEL nonsynonymous YOR043W WHI2 S242* 

G13 chrIV 836608 SNP/INDEL nonsynonymous YDR188W CCT6 L63R 

G13 chrIV 836608 SNP/INDEL nonsynonymous YDR187C YDR187C S47R 

G14 chrIX 342202 SNP/INDEL intergenic NA NA NA 

G14 chrXII 863973 SNP/INDEL nonsynonymous YLR371W ROM2 L420F 

G14 chrXV 412193 SNP/INDEL nonsynonymous YOR043W WHI2 E442* 

G15 chrIX 84074 SNP/INDEL nonsynonymous YIL142W CCT2 L258W 

G15 chrXII 164066 Ty Upstream YLR007W NSE1  

G15 chrXII 164066 Ty Upstream YLR006C SSK1  

G16 chrV 520259 SNP/INDEL nonsynonymous YER167W BCK2 G682* 

G16 chrXIII 302619 Ty Upstream YMR015C ERG5  

G16 chrXIII 302619 Ty Downstream YMR016C SOK2  

G17 chrIII 190027 SNP/INDEL nonsynonymous YCR033W SNT1 L1180* 

G17 chrIX 84075 SNP/INDEL nonsynonymous YIL142W CCT2 L258F 

G17 chrV 335088 SNP/INDEL nonsynonymous YER088C DOT6 S34* 

G17 chrVII 989653 SNP/INDEL intergenic NA NA NA 

G17 chrVII 1035088 SNP/INDEL nonsynonymous YGR271W SLH1 F1100V 

G17 chrVIII 246342 SNP/INDEL synonymous YHR074W QNS1 G50G 

G17 chrX 235255 SNP/INDEL nonsynonymous YJL101C GSH1 F368I 

G17 chrX 236506 Ty Upstream YJL101C GSH1  
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G17 chrX 236506 Ty Upstream YJL100W LSB6  

G17 chrXII 898374 SNP/INDEL five_prime_UTR_intron YLR388W NA NA 

G17 chrXIII 889769 SNP/INDEL nonsynonymous YMR308C PSE1 E818G 

G17 chrXIV 413774 SNP/INDEL nonsynonymous YNL112W DBP2 F46I 

G17 chrXV 1013449 SNP/INDEL nonsynonymous YOR360C PDE2 S458* 

G18 chrIX 132917 SNP/INDEL nonsynonymous YIL121W QDR2 G225E 

G18 chrV 479831 SNP/INDEL nonsynonymous YER155C BEM2 Y1006* 

G18 chrV 479940 SNP/INDEL nonsynonymous YER155C BEM2 S970* 

G18 chrVII 795136 Ty Upstream YGR153W None  

G18 chrVII 795136 Ty Downstream tA(UGC)G None  

G18 chrVII 795136 Ty Inside YGR152C RSR1  

G18 chrVIII 513052 SNP/INDEL synonymous YHR206W SKN7 T107T 

G18 chrX 236005 SNP/INDEL nonsynonymous YJL101C GSH1 V118F 

G18 chrXII 676499 SNP/INDEL nonsynonymous YLR266C PDR8 H409R 

G18 chrXV 642294 SNP/INDEL intergenic NA NA NA 

G19 chrV 480767 SNP/INDEL nonsynonymous YER155C BEM2 W694* 

G19 chrVII 103191 SNP/INDEL nonsynonymous YGL206C CHC1 I1438M 

G19 chrX 235587 SNP/INDEL nonsynonymous YJL101C GSH1 S257F 

G19 chrXI 47013 Ty Upstream YKL208W CBT1  

G19 chrXI 47013 Ty Upstream YKL209C STE6  

G19 chrXI 47013 Ty Upstream tT(CGU)K TRT2  

G19 chrXI 618062 SNP/INDEL synonymous YKR094C RPL40b A107A 

G19 chrXII 406479 SNP/INDEL nonsynonymous YLR131C ACE2 S115indel 

G19 chrXII 489897 SNP/INDEL nonsynonymous YLR162W YLR162W P109indel 

G19 chrXII 489911 SNP/INDEL nonsynonymous YLR162W YLR162W R113indel 

G19 chrXIII 244303 SNP/INDEL nonsynonymous YML013W UBX2 A52E 

G2 chrM 34945 SNP/INDEL intergenic NA NA NA 

G2 chrV 195642 SNP/INDEL nonsynonymous YER020W GPA2 Y159D 

G2 chrX 236492 Ty Upstream YJL101C GSH1  

G2 chrX 236492 Ty Upstream YJL100W LSB6  

G2 chrXVI 219885 SNP/INDEL nonsynonymous YPL175W SPT14 D386Y 

G20 chrII 807169 Ty Downstream YBR299W MAL32  

G20 chrIV 617412 SNP/INDEL intergenic NA NA NA 

G20 chrX 235571 SNP/INDEL nonsynonymous YJL101C GSH1 M262I 

G20 chrXII 406838 SNP/INDEL 5'-upstream YLR131C ACE2 NA 

G21 chrI 203245 Ty Upstream YAR050W FLO1  

G21 chrII 524665 SNP/INDEL nonsynonymous YBR140C IRA1 L655W 

G21 chrIV 568755 Ty Upstream tD(GUC)D None  

G21 chrIV 568755 Ty Upstream tR(UCU)D None  
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G21 chrIV 568755 Ty Upstream YDR058C TGL2  

G21 chrIV 568755 Ty Downstream YDR059C UBC5  

G21 chrIV 1433679 SNP/INDEL nonsynonymous YDR490C PKH1 A197E 

G21 chrM 34945 SNP/INDEL intergenic NA NA NA 

G21 chrXVI 100747 SNP/INDEL synonymous YPL237W SUI3 K84K 

G21 chrXVI 100747 SNP/INDEL synonymous YPL238C YPL238C F39F 

G22 chrV 480741 SNP/INDEL nonsynonymous YER155C BEM2 S703* 

G22 chrX 235723 SNP/INDEL nonsynonymous YJL101C GSH1 V212F 

G22 chrX 577865 SNP/INDEL nonsynonymous YJR077C MIR1 T109S 

G22 chrXII 406111 SNP/INDEL nonsynonymous YLR131C ACE2 Q238* 

G22 chrXIII 192633 Ty Upstream YML042W CAT2  

G22 chrXIII 192633 Ty Upstream YML043C RRN11  

G22 chrXIII 740362 SNP/INDEL nonsynonymous YMR234W RNH1 G33C 

G22 chrXV 282045 Ty Downstream YOL021C DIS3  

G22 chrXV 282045 Ty Upstream tG(GCC)O2 SUF17  

G22 chrXV 282045 Ty Upstream YOL022C TSR4  

G22 chrXV 412237 Ty Upstream YOR044W IRC23  

G22 chrXV 412237 Ty Inside YOR043W WHI2  

G22 chrXVI 775856 SNP/INDEL intergenic NA NA NA 

G23 chrI 180855 Ty Upstream tL(CAA)A SUP56  

G23 chrII 692619 SNP/INDEL nonsynonymous YBR237W PRP5 N217K 

G23 chrIX 248401 Ty Upstream YIL057C RGI2  

G23 chrIX 248401 Ty Upstream tS(UGA)I SUP17  

G23 chrV 418254 SNP/INDEL nonsynonymous YER129W SAK1 T325M 

G23 chrV 476603 SNP/INDEL nonsynonymous YER155C BEM2 Y2082* 

G23 chrVI 210849 Ty Upstream YFR028C CDC14  

G23 chrVI 210849 Ty Upstream YFR029W PTR3  

G23 chrVI 210849 Ty Upstream tY(GUA)F2 SUP6  

G23 chrXI 50235 SNP/INDEL nonsynonymous YKL205W LOS1 T62I 

G23 chrXII 406820 SNP/INDEL nonsynonymous YLR131C ACE2 M1I 

G23 chrXVI 744093 Ty Upstream YPR109W GLD1  

G23 chrXVI 744093 Ty Upstream tT(UGU)P None  

G23 chrXVI 744093 Ty Upstream YPR108W-
A None  

G23 chrXVI 744093 Ty Downstream YPR108W RPN7  

G24 chrV 480262 SNP/INDEL nonsynonymous YER155C BEM2 Q863* 

G24 chrXII 288034 Ty Inside YLR080W EMP46  

G24 chrXII 288034 Ty Downstream YLR079W SIC1  

G24 chrXIV 291012 SNP/INDEL nonsynonymous YNL186W UBP10 S505R 

G24 chrXV 411401 SNP/INDEL nonsynonymous YOR043W WHI2 E178* 
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G25 chrI 203094 Ty Upstream YAR050W FLO1  

G25 chrIX 70005 SNP/INDEL nonsynonymous YIL147C SLN1 V1150G 

G25 chrV 195642 SNP/INDEL nonsynonymous YER020W GPA2 Y159D 

G25 chrX 556731 SNP/INDEL nonsynonymous YJR064W CCT5 T273M 

G25 chrXVI 219885 SNP/INDEL nonsynonymous YPL175W SPT14 D386Y 

G26 chrI 39261 SNP/INDEL nonsynonymous YAL056W GPB2 M1I 

G26 chrI 180967 Ty Upstream tL(CAA)A SUP56  

G26 chrI 202951 Ty Upstream YAR050W FLO1  

G26 chrIV 1458624 SNP/INDEL nonsynonymous YDR505C PSP1 S199R 

G26 chrIX 71790 SNP/INDEL nonsynonymous YIL147C SLN1 A555V 

G26 chrIX 372266 Ty Inside YIR007W EGH1  

G26 chrIX 372266 Ty Downstream YIR008C PRI1  

G26 chrVI 226854 Ty Upstream YFR036W CDC26  

G26 chrVI 226854 Ty Upstream YFR035C None  

G26 chrVI 226854 Ty Upstream tK(CUU)F None  

G26 chrVI 226854 Ty Upstream YFR034C PHO4  

G26 chrVI 226854 Ty Downstream YFR037C RSC8  

G26 chrVIII 300573 SNP/INDEL nonsynonymous YHR098C SFB3 R454S 

G26 chrX 235519 SNP/INDEL nonsynonymous YJL101C GSH1 R280G 

G26 chrXII 372615 SNP/INDEL nonsynonymous YLR113W HOG1 W332* 

G26 chrXII 675074 SNP/INDEL nonsynonymous YLR265C NEJ1 D128N 

G26 chrXVI 491553 Ty Downstream YPL031C PHO85  

G26 chrXVI 491553 Ty Upstream YPL032C SVL3  

G27 chrI 203250 Ty Upstream YAR050W FLO1  

G27 chrIX 31275 SNP/INDEL nonsynonymous YIL166C YIL166C S431C 

G27 chrVII 730992 Ty Upstream YGR120C COG2  

G27 chrVII 730992 Ty Downstream YGR121C MEP1  

G27 chrVII 730992 Ty Upstream tN(GUU)G None  

G27 chrXII 405786 SNP/INDEL nonsynonymous YLR131C ACE2 Y346indel 

G27 chrXII 605174 Ty Downstream YLR231C BNA5  

G27 chrXII 605174 Ty Upstream YLR229C CDC42  

G27 chrXII 605174 Ty Downstream tI(UAU)L None  

G27 chrXIV 201917 SNP/INDEL nonsynonymous YNL239W LAP3 G450V 

G27 chrXIV 682813 SNP/INDEL nonsynonymous YNR031C SSK2 S874* 

G27 chrXV 170924 Ty Downstream YOL082W ATG19  

G27 chrXV 170924 Ty Upstream YOL081W IRA2  

G27 chrXV 411452 SNP/INDEL nonsynonymous YOR043W WHI2 R195* 

G27 chrXV 411557 SNP/INDEL nonsynonymous YOR043W WHI2 Q230indel 

G27 chrXV 411563 SNP/INDEL nonsynonymous YOR043W WHI2 Q232K 
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G27 chrXV 1036390 SNP/INDEL nonsynonymous YOR372C NDD1 N28indel 

G28 chrI 202932 Ty Upstream YAR050W FLO1  

G29 chrI 41731 SNP/INDEL nonsynonymous YAL056W GPB2 E825* 

G29 chrV 479338 SNP/INDEL nonsynonymous YER155C BEM2 A1171indel 

G29 chrV 481111 SNP/INDEL nonsynonymous YER155C BEM2 E580* 

G29 chrV 557749 SNP/INDEL nonsynonymous YER184C TOG1 F311S 

G29 chrVI 167559 Ty Upstream YFR012W DCV1  

G29 chrVI 167559 Ty Upstream YFR011C MIC19  

G29 chrVI 167559 Ty Downstream tY(GUA)F1 SUP11  

G29 chrVI 167559 Ty Downstream YFR010W UBP6  

G29 chrX 234451 SNP/INDEL nonsynonymous YJL101C GSH1 Y636D 

G29 chrXII 404817 SNP/INDEL nonsynonymous YLR131C ACE2 R669indel 

G29 chrXII 706384 SNP/INDEL nonsynonymous YLR284C ECI1 E219D 

G3 chrM 85596 SNP/INDEL nonsynonymous Q0297 Q0297 A15indel 

G31 chrX 234356 Ty Inside YJL101C GSH1  

G31 chrX 234356 Ty Downstream YJL102W MEF2  

G31 chrX 234356 Ty Downstream tR(ACG)J None  

G31 chrX 235539 SNP/INDEL nonsynonymous YJL101C GSH1 A273E 

G31 chrX 236005 SNP/INDEL nonsynonymous YJL101C GSH1 V118F 

G31 chrXII 62340 SNP/INDEL nonsynonymous YLL040C VPS13 S436A 

G31 chrXV 1036451 SNP/INDEL nonsynonymous YOR372C NDD1 Y7* 

G31 chrXVI 105441 SNP/INDEL 5'-upstream YPL234C VMA11 NA 

G32 chrI 203003 Ty Upstream YAR050W FLO1  

G32 chrM 85596 SNP/INDEL nonsynonymous Q0297 Q0297 A15indel 

G32 chrX 228863 SNP/INDEL ARS ARS1009 NA NA 

G32 chrXIV 684135 SNP/INDEL nonsynonymous YNR031C SSK2 W433* 

G4 chrI 203250 Ty Upstream YAR050W FLO1  

G4 chrIV 1014796 SNP/INDEL nonsynonymous YDR277C MTH1 E303* 

G4 chrIX 69868 SNP/INDEL nonsynonymous YIL147C SLN1 P1196T 

G5 chrI 106877 SNP/INDEL nonsynonymous YAL023C PMT2 M559L 

G5 chrX 235994 SNP/INDEL nonsynonymous YJL101C GSH1 N121K 

G5 chrXIII 301642 SNP/INDEL nonsynonymous YMR015C ERG5 A282P 

G5 chrXIV 281414 Ty Inside YNL191W DUG3  

G5 chrXIV 281414 Ty Upstream YNL190W None  

G6 chrIV 630265 SNP/INDEL nonsynonymous YDR092W UBC13 G41D 

G6 chrVI 71985 SNP/INDEL nonsynonymous YFL033C RIM15 L815indel 

G7 chrV 517729 SNP/INDEL intergenic NA NA NA 

G7 chrVI 256035 SNP/INDEL intergenic NA NA NA 

G7 chrX 194443 SNP/INDEL nonsynonymous YJL116C NCA3 D144A 
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G7 chrXIII 557091 SNP/INDEL intergenic NA NA NA 

G7 chrXIV 710260 SNP/INDEL nonsynonymous YNR047W FPK1 E580Q 

G7 chrXVI 315823 SNP/INDEL synonymous YPL125W KAP120 I812I 

G8 chrI 131089 SNP/INDEL synonymous YAL012W CYS3 A97A 

G8 chrII 90872 SNP/INDEL nonsynonymous YBL069W AST1 H44Q 

G8 chrII 90872 SNP/INDEL synonymous YBL070C YBL070C T18T 

G8 chrII 259459 SNP/INDEL synonymous YBR012C YBR012C A36A 

G8 chrII 288489 SNP/INDEL intergenic NA NA NA 

G8 chrII 630993 SNP/INDEL nonsynonymous YBR203W COS111 I609T 

G8 chrII 664345 SNP/INDEL synonymous YBR220C YBR220C G111G 

G8 chrII 687343 SNP/INDEL nonsynonymous YBR235W VHC1 L148P 

G8 chrVII 144793 SNP/INDEL 5'-upstream YGL191W COX13 NA 

G8 chrVIII 289326 SNP/INDEL nonsynonymous YHR093W AHT1 K62T 

G8 chrXI 137514 SNP/INDEL intergenic NA NA NA 

G8 chrXII 695580 SNP/INDEL synonymous YLR276C DBP9 G417G 

G8 chrXIV 258371 SNP/INDEL nonsynonymous YNL205C YNL205C H69Q 

G8 chrXIV 322133 SNP/INDEL ARS ARS1415 NA NA 

G8 chrXV 88058 SNP/INDEL nonsynonymous YOL123W HRP1 T72R 

G8 chrXV 148622 SNP/INDEL nonsynonymous YOL090W MSH2 D414A 

G8 chrXV 412193 SNP/INDEL nonsynonymous YOR043W WHI2 E442* 

G9 chrM 66892 SNP/INDEL intergenic NA NA NA 

G9 chrM 81992 SNP/INDEL intergenic NA NA NA 

G9 chrXII 1020334 Ty Inside YLR442C SIR3  

P1 chrIV 1159597 SNP/INDEL intergenic NA NA NA 

P1 chrV 506640 SNP/INDEL nonsynonymous YER164W CHD1 W417indel 

P1 chrX 204071 SNP/INDEL ARS ARS1008 NA NA 

P1 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P1 chrXIV 149883 SNP/INDEL nonsynonymous YNL262W POL2 V558L 

P10 chrVI 24499 SNP/INDEL nonsynonymous YFL053W DAK2 K359N 

P10 chrVII 625324 SNP/INDEL nonsynonymous YGR068C ART5 *587C 

P10 chrX 264748 SNP/INDEL nonsynonymous YJL090C DPB11 E102K 

P10 chrX 544126 SNP/INDEL nonsynonymous YJR057W CDC8 C22F 

P10 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P10 chrXIV 556263 SNP/INDEL nonsynonymous YNL039W BDP1 Y406D 

P10 chrXV 442477 SNP/INDEL nonsynonymous YOR061W CKA2 L315* 

P11 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P12 chrVII 870194 SNP/INDEL intergenic NA NA NA 

P12 chrXI 47292 Ty Inside YKL208W CBT1  

P12 chrXI 47292 Ty Upstream YKL207W EMC3  
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P12 chrXI 47292 Ty Upstream YKL209C STE6  

P12 chrXI 47292 Ty Upstream tT(CGU)K TRT2  

P12 chrXII 1021221 SNP/INDEL nonsynonymous YLR442C SIR3 S344* 

P12 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P13 chrIV 918933 SNP/INDEL nonsynonymous YDR227W SIR4 E455* 

P13 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P13 chrXV 442315 SNP/INDEL nonsynonymous YOR061W CKA2 G261V 

P14 chrIX 342202 SNP/INDEL intergenic NA NA NA 

P14 chrXI 642185 SNP/INDEL nonsynonymous YKR101W SIR1 L549* 

P14 chrXII 1019664 SNP/INDEL nonsynonymous YLR442C SIR3 R863I 

P14 chrXII 1022219 SNP/INDEL nonsynonymous YLR442C SIR3 W11* 

P14 chrXV 441777 SNP/INDEL nonsynonymous YOR061W CKA2 K82* 

P14 chrXV 442247 SNP/INDEL nonsynonymous YOR061W CKA2 F238indel 

P15 chrV 299655 SNP/INDEL nonsynonymous YER070W RNR1 K236E 

P15 chrVII 358707 SNP/INDEL synonymous YGL080W MPC1 K24K 

P15 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P15 chrXVI 245969 SNP/INDEL nonsynonymous YPL161C BEM4 I84M 

P16 chrV 507356 SNP/INDEL nonsynonymous YER164W CHD1 L655indel 

P16 chrVI 166290 SNP/INDEL nonsynonymous YFR010W UBP6 W408* 

P16 chrXII 236668 SNP/INDEL nonsynonymous YLR045C STU2 E346K 

P17 chrVII 1073612 SNP/INDEL intergenic NA NA NA 

P17 chrXI 165801 SNP/INDEL nonsynonymous YKL151C NNR2 Y44D 

P17 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P17 chrXVI 339609 SNP/INDEL intergenic NA NA NA 

P18 chrI 180841 Ty Upstream tL(CAA)A SUP56  

P18 chrIII 127392 Ty Upstream YCR007C None  

P18 chrIII 127392 Ty Upstream tN(GUU)C None  

P18 chrIII 261235 Ty Inside YCR084C TUP1  

P18 chrIV 432295 Ty Upstream YDL010W GRX6  

P18 chrIV 432295 Ty Downstream YDL009C None  

P18 chrIV 432295 Ty Upstream YDL012C None  

P18 chrVII 74889 Ty Upstream tV(AAC)G3 None  

P18 chrX 424752 Ty Upstream YJL006C CTK2  

P18 chrX 424752 Ty Upstream YJL005W CYR1  

P18 chrX 424752 Ty Upstream tL(UAA)J SUP51  

P18 chrXI 308428 Ty Downstream YKL069W None  

P18 chrXI 308428 Ty Upstream tV(AAC)K1 None  

P18 chrXI 308428 Ty Upstream YKL068W-
A None  

P18 chrXII 1020964 SNP/INDEL nonsynonymous YLR442C SIR3 E430* 
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P18 chrXV 441564 SNP/INDEL nonsynonymous YOR061W CKA2 K11* 

P18 chrXVI 743920 Ty Upstream YPR109W GLD1  

P18 chrXVI 743920 Ty Upstream tT(UGU)P None  

P18 chrXVI 743920 Ty Upstream YPR108W-
A None  

P18 chrXVI 743920 Ty Downstream YPR108W RPN7  

P19 chrI 180941 Ty Upstream tL(CAA)A SUP56  

P19 chrI 203221 Ty Upstream YAR050W FLO1  

P19 chrI 203299 Ty Upstream YAR050W FLO1  

P19 chrII 794199 SNP/INDEL nonsynonymous YBR295W PCA1 E451K 

P19 chrV 300207 SNP/INDEL nonsynonymous YER070W RNR1 G420R 

P19 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P2 chrIV 1029648 SNP/INDEL synonymous YDR283C GCN2 T134T 

P2 chrV 507968 SNP/INDEL nonsynonymous YER164W CHD1 E859indel 

P2 chrVII 583100 SNP/INDEL nonsynonymous YGR044C RME1 K265E 

P2 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P20 chrI 203249 Ty Upstream YAR050W FLO1  

P20 chrM 74424 SNP/INDEL nonsynonymous Q0250 COX2 E223K 

P20 chrM 74424 SNP/INDEL 5'-upstream Q0255 Q0255 NA 

P20 chrV 506319 SNP/INDEL nonsynonymous YER164W CHD1 K310E 

P20 chrV 506391 SNP/INDEL nonsynonymous YER164W CHD1 Q334indel 

P20 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P20 chrXVI 747035 Ty Upstream YPR111W DBF20  

P20 chrXVI 747035 Ty Upstream YPR110C RPC40  

P21 chrVII 583069 SNP/INDEL nonsynonymous YGR044C RME1 R275K 

P21 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P22 chrV 547112 SNP/INDEL nonsynonymous YER178W PDA1 D99A 

P22 chrX 54928 SNP/INDEL nonsynonymous YJL201W ECM25 T184P 

P22 chrXII 604531 SNP/INDEL 5'-upstream YLR230W YLR230W NA 

P22 chrXII 920148 SNP/INDEL synonymous YLR399C BDF1 L483L 

P22 chrXVI 819266 Ty Downstream YPR144C NOC4  

P22 chrXVI 819266 Ty Upstream tI(AAU)P1 None  

P22 chrXVI 819266 Ty Downstream YPR143W RRP15  

P23 chrI 180942 Ty Upstream tL(CAA)A SUP56  

P23 chrVII 583193 SNP/INDEL nonsynonymous YGR044C RME1 H234Y 

P23 chrXI 159727 SNP/INDEL nonsynonymous YKL155C RSM22 S539T 

P23 chrXIV 60690 SNP/INDEL nonsynonymous YNL304W YPT11 Q132K 

P23 chrXIV 62724 SNP/INDEL intron YNL302C NA NA 

P23 chrXV 441753 SNP/INDEL nonsynonymous YOR061W CKA2 Q74* 

P24 chrI 40819 SNP/INDEL nonsynonymous YAL056W GPB2 D521Y 
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P24 chrII 548433 SNP/INDEL nonsynonymous YBR154C RPB5 G193C 

P24 chrX 233745 Ty Downstream YJL101C GSH1  

P24 chrX 233745 Ty Inside YJL102W MEF2  

P24 chrX 233745 Ty Upstream tR(ACG)J None  

P24 chrXI 308604 Ty Downstream YKL069W None  

P24 chrXI 308604 Ty Upstream tV(AAC)K1 None  

P24 chrXI 308604 Ty Upstream YKL068W-
A None  

P24 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P24 chrXIV 492017 SNP/INDEL synonymous YNL071W LAT1 S165S 

P24 chrXV 1012026 SNP/INDEL synonymous YOR359W VTS1 L280L 

P25 chrI 203250 Ty Upstream YAR050W FLO1  

P25 chrIV 564826 SNP/INDEL nonsynonymous YDR055W PST1 G434S 

P25 chrXIV 345147 SNP/INDEL nonsynonymous YNL154C YCK2 H44Y 

P25 chrXIV 757318 SNP/INDEL synonymous YNR067C DSE4 V594V 

P25 chrXV 442216 SNP/INDEL nonsynonymous YOR061W CKA2 S228* 

P26 chrI 203250 Ty Upstream YAR050W FLO1  

P26 chrIV 378422 SNP/INDEL nonsynonymous YDL042C SIR2 Y8* 

P26 chrIV 378422 SNP/INDEL synonymous YDL041W YDL041W A107A 

P26 chrV 299397 SNP/INDEL nonsynonymous YER070W RNR1 T150P 

P26 chrV 300466 SNP/INDEL nonsynonymous YER070W RNR1 A506D 

P26 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P27 chrI 203249 Ty Upstream YAR050W FLO1  

P27 chrX 367104 SNP/INDEL synonymous YJL041W NSP1 G401G 

P27 chrXI 87500 SNP/INDEL nonsynonymous YKL188C PXA2 N429indel 

P27 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P27 chrXV 658660 SNP/INDEL 5'-upstream YOR174W MED4 NA 

P27 chrXV 1060708 SNP/INDEL synonymous YOR383C FIT3 H116H 

P28 chrI 203120 Ty Upstream YAR050W FLO1  

P28 chrIV 556537 SNP/INDEL 5'-upstream YDR050C TPI1 NA 

P28 chrX 339908 SNP/INDEL nonsynonymous YJL051W IRC8 D41A 

P28 chrXII 604531 SNP/INDEL 5'-upstream YLR230W YLR230W NA 

P28 chrXV 71887 SNP/INDEL synonymous YOL132W GAS4 P196P 

P28 chrXVI 743920 Ty Upstream YPR109W GLD1  

P28 chrXVI 743920 Ty Upstream tT(UGU)P None  

P28 chrXVI 743920 Ty Upstream YPR108W-
A None  

P28 chrXVI 743920 Ty Downstream YPR108W RPN7  

P29 chrVI 36890 SNP/INDEL nonsynonymous YFL049W SWP82 V30L 

P29 chrVII 583519 SNP/INDEL nonsynonymous YGR044C RME1 Q125indel 
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P29 chrXI 641265 SNP/INDEL nonsynonymous YKR101W SIR1 N242indel 

P29 chrXIII 25024 SNP/INDEL nonsynonymous YML123C PHO84 L259indel 

P29 chrXV 441663 SNP/INDEL nonsynonymous YOR061W CKA2 W44indel 

P3 chrIV 255912 SNP/INDEL synonymous YDL114W YDL114W A103A 

P3 chrVII 583105 SNP/INDEL nonsynonymous YGR044C RME1 C263S 

P3 chrVII 583303 SNP/INDEL nonsynonymous YGR044C RME1 L197* 

P3 chrXII 1022054 SNP/INDEL nonsynonymous YLR442C SIR3 Y66* 

P3 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P30 chrV 507507 SNP/INDEL nonsynonymous YER164W CHD1 R706* 

P30 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P30 chrXV 387806 SNP/INDEL nonsynonymous YOR030W DFG16 E328* 

P32 chrVII 583282 SNP/INDEL nonsynonymous YGR044C RME1 R204T 

P32 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P32 chrXIII 136638 SNP/INDEL nonsynonymous YML069W POB3 D380G 

P32 chrXIII 702315 SNP/INDEL nonsynonymous YMR217W GUA1 H176N 

P4 chrVII 583036 SNP/INDEL nonsynonymous YGR044C RME1 S286* 

P4 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P5 chrII 210769 SNP/INDEL nonsynonymous YBL008W HIR1 V373F 

P5 chrIV 209881 SNP/INDEL synonymous YDL140C RPO21 V227V 

P5 chrV 505587 SNP/INDEL nonsynonymous YER164W CHD1 E66* 

P5 chrVI 166068 Ty Downstream YFR011C MIC19  

P5 chrVI 166068 Ty Inside YFR010W UBP6  

P5 chrVII 583892 SNP/INDEL nonsynonymous YGR044C RME1 M1L 

P5 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P5 chrXIII 348189 SNP/INDEL nonsynonymous YMR038C CCS1 I24M 

P6 chrVII 596693 SNP/INDEL nonsynonymous YGR054W YGR054W M1V 

P6 chrVIII 172918 SNP/INDEL nonsynonymous YHR031C RRM3 S18* 

P6 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P6 chrXVI 167009 SNP/INDEL nonsynonymous YPL203W TPK2 G252C 

P7 chrII 798080 SNP/INDEL nonsynonymous YBR296C PHO89 S148* 

P7 chrV 508903 SNP/INDEL nonsynonymous YER164W CHD1 W1171* 

P7 chrVII 368360 SNP/INDEL intergenic NA NA NA 

P7 chrX 642520 SNP/INDEL nonsynonymous YJR117W STE24 A172indel 

P7 chrXII 1021104 SNP/INDEL nonsynonymous YLR442C SIR3 S383* 

P7 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P7 chrXIII 685203 SNP/INDEL nonsynonymous YMR208W ERG12 I246S 

P8 chrI 18651 SNP/INDEL intergenic NA NA NA 

P8 chrIV 920138 SNP/INDEL nonsynonymous YDR227W SIR4 N856K 

P8 chrIV 920313 SNP/INDEL nonsynonymous YDR227W SIR4 Q915* 
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P8 chrXII 1020295 SNP/INDEL nonsynonymous YLR442C SIR3 V653F 

P8 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

P9 chrXI 641180 SNP/INDEL nonsynonymous YKR101W SIR1 S214* 

P9 chrXI 641559 SNP/INDEL nonsynonymous YKR101W SIR1 K340indel 

P9 chrXIII 25025 SNP/INDEL nonsynonymous YML123C PHO84 L259P 

S1 chrII 405793 Ty Upstream tD(GUC)B None  

S1 chrII 405793 Ty Upstream tR(UCU)B None  

S1 chrII 405793 Ty Upstream YBR081C SPT7  

S1 chrII 405793 Ty Downstream YBR082C UBC4  

S10 chrII 404510 Ty Inside YBR081C SPT7  

S10 chrII 405304 Ty Upstream tD(GUC)B None  

S10 chrII 405304 Ty Upstream tR(UCU)B None  

S10 chrII 405304 Ty Upstream YBR081C SPT7  

S10 chrIV 410260 Ty Upstream YDL024C DIA3  

S10 chrIV 410260 Ty Upstream tA(AGC)D None  

S10 chrIV 410260 Ty Upstream YDL022C-
A None  

S10 chrXV 282057 Ty Downstream YOL021C DIS3  

S10 chrXV 282057 Ty Upstream tG(GCC)O2 SUF17  

S10 chrXV 282057 Ty Upstream YOL022C TSR4  

S11 chrIII 50702 SNP/INDEL 5'-upstream YCL041C YCL041C NA 

S11 chrIII 50702 SNP/INDEL nonsynonymous YCL042W YCL042W L40R 

S11 chrM 53653 SNP/INDEL intergenic NA NA NA 

S11 chrVII 1078634 SNP/INDEL intergenic NA NA NA 

S11 chrXIII 796148 SNP/INDEL nonsynonymous YMR264W CUE1 E115A 

S11 chrXIV 93981 SNP/INDEL nonsynonymous YNL287W SEC21 Q663L 

S12 chrII 404322 Ty Inside YBR081C SPT7  

S12 chrIV 569431 Ty Downstream tD(GUC)D None  

S12 chrIV 569431 Ty Downstream tR(UCU)D None  

S12 chrIV 569431 Ty Upstream YDR058C TGL2  

S12 chrIV 569431 Ty Inside YDR059C UBC5  

S12 chrM 20438 SNP/INDEL intron Q0070 NA NA 

S12 chrM 20438 SNP/INDEL intron Q0065 NA NA 

S12 chrM 20438 SNP/INDEL intron Q0045 NA NA 

S12 chrVII 378345 SNP/INDEL nonsynonymous YGL066W SGF73 S246* 

S12 chrVII 378764 SNP/INDEL nonsynonymous YGL066W SGF73 K386* 

S12 chrX 468950 SNP/INDEL nonsynonymous YJR021C REC107 N184Y 

S12 chrXI 660868 Ty Upstream YKR106W GEX2  

S12 chrXI 660868 Ty Upstream YKR105C VBA5  

S12 chrXV 465407 SNP/INDEL nonsynonymous YOR073W SGO1 E213K 
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S13 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S13 chrIV 568676 Ty Upstream tD(GUC)D None  

S13 chrIV 568676 Ty Upstream tR(UCU)D None  

S13 chrIV 568676 Ty Inside YDR058C TGL2  

S13 chrIV 568676 Ty Downstream YDR059C UBC5  

S13 chrXVI 498632 SNP/INDEL nonsynonymous YPL028W ERG10 D179E 

S14 chrII 405319 Ty Upstream tD(GUC)B None  

S14 chrII 405319 Ty Upstream tR(UCU)B None  

S14 chrII 405319 Ty Upstream YBR081C SPT7  

S14 chrIV 1259639 Ty Upstream YDR393W SHE9  

S14 chrIV 1259639 Ty Inside YDR392W SPT3  

S14 chrVII 378409 SNP/INDEL nonsynonymous YGL066W SGF73 Y267* 

S15 chrII 404265 Ty Inside YBR081C SPT7  

S15 chrIX 370139 Ty Upstream YIR007W EGH1  

S15 chrIX 370139 Ty Upstream tE(UUC)I None  

S15 chrIX 370139 Ty Upstream YIR006C PAN1  

S15 chrXI 578478 Ty Upstream YKR074W AIM29  

S15 chrXI 578478 Ty Inside YKR073C None  

S15 chrXI 578478 Ty Upstream tK(UUU)K None  

S15 chrXI 578478 Ty Upstream YKR072C SIS2  

S15 chrXI 578649 Ty Upstream YKR074W AIM29  

S15 chrXI 578649 Ty Upstream YKR073C None  

S15 chrXI 578649 Ty Upstream tK(UUU)K None  

S15 chrXI 578649 Ty Upstream YKR072C SIS2  

S15 chrXII 502430 Ty Upstream YLR172C DPH5  

S15 chrXII 502430 Ty Inside YLR173W None  

S16 chrI 174563 SNP/INDEL synonymous YAR019C CDC15 G191G 

S16 chrIV 384473 SNP/INDEL intergenic NA NA NA 

S16 chrIV 1257258 Ty Downstream YDR391C None  

S16 chrIV 1257258 Ty Upstream tG(CCC)D SUF3  

S16 chrIV 1257258 Ty Upstream YDR390C UBA2  

S16 chrVII 378764 SNP/INDEL nonsynonymous YGL066W SGF73 K386* 

S17 chrII 405404 Ty Upstream tD(GUC)B None  

S17 chrII 405404 Ty Upstream tR(UCU)B None  

S17 chrII 405404 Ty Upstream YBR081C SPT7  

S17 chrII 790023 SNP/INDEL nonsynonymous YBR294W SUL1 N263K 

S17 chrIV 489131 Ty Upstream YDR022C ATG31  

S17 chrIV 489131 Ty Upstream tV(UAC)D None  

S17 chrIV 489131 Ty Upstream YDR023W SES1  
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S17 chrIV 1259639 Ty Upstream YDR393W SHE9  

S17 chrIV 1259639 Ty Inside YDR392W SPT3  

S17 chrV 142064 SNP/INDEL nonsynonymous YEL007W MIT1 S58L 

S17 chrVII 377746 SNP/INDEL nonsynonymous YGL066W SGF73 Y46* 

S17 chrVII 377966 Ty Downstream YGL067W NPY1  

S17 chrVII 377966 Ty Inside YGL066W SGF73  

S17 chrVII 378115 SNP/INDEL nonsynonymous YGL066W SGF73 Y169* 

S17 chrXI 46934 Ty Upstream YKL208W CBT1  

S17 chrXI 46934 Ty Upstream YKL209C STE6  

S17 chrXI 46934 Ty Upstream tT(CGU)K TRT2  

S17 chrXIV 748413 SNP/INDEL nonsynonymous YNR063W YNR063W V491L 

S18 chrIII 210593 Ty Downstream YCR047C BUD23  

S18 chrIII 210593 Ty Upstream YCR046C IMG1  

S18 chrIII 210593 Ty Upstream YCR045C RRT12  

S18 chrIII 235114 SNP/INDEL nonsynonymous YCR067C SED4 D403E 

S18 chrIV 1259639 Ty Upstream YDR393W SHE9  

S18 chrIV 1259639 Ty Inside YDR392W SPT3  

S18 chrVII 378437 SNP/INDEL nonsynonymous YGL066W SGF73 E277* 

S18 chrVII 378757 SNP/INDEL nonsynonymous YGL066W SGF73 Y383* 

S18 chrVII 379348 SNP/INDEL nonsynonymous YGL066W SGF73 S580indel 

S18 chrXIV 136117 Ty Inside YNL270C ALP1  

S18 chrXIV 136117 Ty Upstream YNL271C BNI1  

S18 chrXV 111155 Ty Downstream YOL108C INO4  

S18 chrXV 111155 Ty Upstream YOL107W None  

S18 chrXV 111155 Ty Upstream tG(UCC)O SUF1  

S18 chrXV 111155 Ty Downstream YOL109W ZEO1  

S19 chrI 41522 SNP/INDEL nonsynonymous YAL056W GPB2 C755F 

S19 chrII 126166 SNP/INDEL intergenic NA NA NA 

S19 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S19 chrII 799657 Ty Upstream YBR297W MAL33  

S19 chrII 799657 Ty Downstream YBR296C-
A None  

S19 chrV 508238 SNP/INDEL nonsynonymous YER164W CHD1 Q949indel 

S19 chrVI 66592 SNP/INDEL nonsynonymous YFL034W MIL1 D372E 

S19 chrVII 544796 Ty Downstream YGR029W ERV1  

S19 chrVII 544796 Ty Upstream tD(GUC)G2 None  

S19 chrVII 544796 Ty Downstream YGR030C POP6  

S19 chrVII 544796 Ty Upstream snR46 SNR46  

S19 chrX 424854 Ty Upstream YJL006C CTK2  

S19 chrX 424854 Ty Upstream YJL005W CYR1  
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S19 chrX 424854 Ty Upstream tL(UAA)J SUP51  

S19 chrX 709758 Ty Upstream YJR150C DAN1  

S19 chrXI 578803 Ty Upstream YKR074W AIM29  

S19 chrXI 578803 Ty Upstream YKR073C None  

S19 chrXI 578803 Ty Upstream tK(UUU)K None  

S19 chrXI 578803 Ty Upstream YKR072C SIS2  

S19 chrXII 20727 Ty Downstream YLL060C GTT2  

S19 chrXVI 819353 Ty Downstream YPR144C NOC4  

S19 chrXVI 819353 Ty Upstream tI(AAU)P1 None  

S19 chrXVI 819353 Ty Downstream YPR143W RRP15  

S2 chrII 332445 Ty Downstream YBR047W FMP23  

S2 chrII 332445 Ty Upstream YBR048W RPS11B  

S2 chrII 332445 Ty Upstream YBR046C ZTA1  

S2 chrII 405301 Ty Upstream tD(GUC)B None  

S2 chrII 405301 Ty Upstream tR(UCU)B None  

S2 chrII 405301 Ty Upstream YBR081C SPT7  

S2 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S2 chrII 790021 SNP/INDEL nonsynonymous YBR294W SUL1 N263H 

S2 chrIV 384473 SNP/INDEL intergenic NA NA NA 

S2 chrVI 252115 Ty Upstream YFR051C RET2  

S2 chrVI 252115 Ty Upstream YFR052W RPN12  

S2 chrVII 378402 Ty Inside YGL066W SGF73  

S2 chrVII 857792 Ty Upstream tL(CAA)G3 None  

S2 chrVII 857792 Ty Upstream YGR181W TIM13  

S2 chrVII 879487 SNP/INDEL intergenic NA NA NA 

S2 chrXI 578803 Ty Upstream YKR074W AIM29  

S2 chrXI 578803 Ty Upstream YKR073C None  

S2 chrXI 578803 Ty Upstream tK(UUU)K None  

S2 chrXI 578803 Ty Upstream YKR072C SIS2  

S2 chrXII 550702 SNP/INDEL nonsynonymous YLR203C MSS51 M420T 

S2 chrXII 550702 SNP/INDEL 5'-upstream YLR202C YLR202C NA 

S20 chrII 790023 SNP/INDEL nonsynonymous YBR294W SUL1 N263K 

S20 chrIV 1259644 Ty Upstream YDR393W SHE9  

S20 chrIV 1259644 Ty Inside YDR392W SPT3  

S20 chrIX 22492 Ty Downstream YIL169C CSS1  

S20 chrIX 435789 SNP/INDEL synonymous YIR042C YIR042C A65A 

S20 chrVII 378248 SNP/INDEL nonsynonymous YGL066W SGF73 K214* 

S20 chrVII 378449 Ty Inside YGL066W SGF73  

S20 chrXV 28246 Ty Downstream YOL155C HPF1  
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S21 chrII 790021 SNP/INDEL nonsynonymous YBR294W SUL1 N263H 

S21 chrIII 84581 SNP/INDEL intergenic NA NA NA 

S21 chrV 86340 Ty Downstream YEL034W HYP2  

S21 chrV 86340 Ty Upstream YEL032W MCM3  

S21 chrV 86340 Ty Inside YEL033W MTC7  

S21 chrV 86340 Ty Upstream tS(AGA)E None  

S21 chrV 86340 Ty Upstream YEL035C UTR5  

S21 chrVII 879487 SNP/INDEL intergenic NA NA NA 

S21 chrXI 578803 Ty Upstream YKR074W AIM29  

S21 chrXI 578803 Ty Upstream YKR073C None  

S21 chrXI 578803 Ty Upstream tK(UUU)K None  

S21 chrXI 578803 Ty Upstream YKR072C SIS2  

S21 chrXII 550702 SNP/INDEL nonsynonymous YLR203C MSS51 M420T 

S21 chrXII 550702 SNP/INDEL 5'-upstream YLR202C YLR202C NA 

S22 chrIV 1295417 SNP/INDEL 5'-upstream YDR413C YDR413C NA 

S22 chrVII 378242 SNP/INDEL nonsynonymous YGL066W SGF73 K212* 

S22 chrVII 378368 Ty Inside YGL066W SGF73  

S22 chrXIV 150178 SNP/INDEL nonsynonymous YNL262W POL2 P656Q 

S23 chrII 402196 SNP/INDEL nonsynonymous YBR081C SPT7 I1019R 

S23 chrII 405319 Ty Upstream tD(GUC)B None  

S23 chrII 405319 Ty Upstream tR(UCU)B None  

S23 chrII 405319 Ty Upstream YBR081C SPT7  

S23 chrII 405546 Ty Upstream tD(GUC)B None  

S23 chrII 405546 Ty Upstream tR(UCU)B None  

S23 chrII 405546 Ty Upstream YBR081C SPT7  

S23 chrII 788467 Ty Upstream YBR294W SUL1  

S23 chrII 788467 Ty Downstream YBR293W VBA2  

S23 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S23 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S23 chrIII 281102 SNP/INDEL nonsynonymous YCR093W CDC39 T329I 

S23 chrIV 569127 Ty Downstream tD(GUC)D None  

S23 chrIV 569127 Ty Downstream tR(UCU)D None  

S23 chrIV 569127 Ty Upstream YDR058C TGL2  

S23 chrIV 569127 Ty Downstream YDR059C UBC5  

S23 chrIV 592545 Ty Inside YDR073W SNF11  

S23 chrVI 5529 SNP/INDEL ARS ARS600 NA NA 

S23 chrVI 5529 SNP/INDEL telomere TEL06L NA NA 

S23 chrVI 229099 SNP/INDEL nonsynonymous YFR037C RSC8 P30S 

S23 chrVII 378389 Ty Inside YGL066W SGF73  
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S23 chrVII 962310 Ty Upstream YGR235C MIC26  

S23 chrVII 962310 Ty Downstream YGR237C None  

S23 chrVII 962310 Ty Downstream YGR236C SPG1  

S23 chrVIII 188938 Ty Inside YHR040W BCD1  

S23 chrVIII 188938 Ty Downstream YHR041C SRB2  

S23 chrVIII 266602 Ty Inside YHR080C LAM4  

S23 chrVIII 266602 Ty Upstream YHR081W LRP1  

S23 chrXI 108243 SNP/INDEL nonsynonymous YKL181W PRS1 I310V 

S23 chrXI 650135 Ty Downstream YKR102W FLO10  

S23 chrXII 279503 SNP/INDEL nonsynonymous YLR072W LAM6 M214I 

S23 chrXII 485327 Ty Downstream YLR160C ASP3-4  

S23 chrXII 485327 Ty Upstream YLR159W None  

S23 chrXII 485327 Ty Downstream YLR159C-
A None  

S23 chrXII 485327 Ty Upstream RDN5-5 RDN5-5  

S23 chrXIII 481621 SNP/INDEL intergenic NA NA NA 

S23 chrXV 586898 SNP/INDEL 5'-upstream YOR140W SFL1 NA 

S23 chrXVI 299161 SNP/INDEL nonsynonymous YPL134C ODC1 T115indel 

S23 chrXVI 819322 Ty Downstream YPR144C NOC4  

S23 chrXVI 819322 Ty Upstream tI(AAU)P1 None  

S23 chrXVI 819322 Ty Downstream YPR143W RRP15  

S24 chrII 790021 SNP/INDEL nonsynonymous YBR294W SUL1 N263H 

S24 chrIX 292408 SNP/INDEL 5'-upstream YIL032C YIL032C NA 

S24 chrX 617485 Ty Upstream YJR100C AIM25  

S24 chrX 617485 Ty Upstream tL(UAG)J None  

S24 chrX 617485 Ty Upstream YJR101W RSM26  

S24 chrXII 32066 SNP/INDEL intergenic NA NA NA 

S24 chrXVI 70489 SNP/INDEL nonsynonymous YPL254W HFI1 Y335* 

S25 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S25 chrXVI 186734 SNP/INDEL nonsynonymous YPL190C NAB3 R331K 

S25 chrXVI 494094 SNP/INDEL synonymous YPL030W TRM44 K184K 

S26 chrI 180861 Ty Upstream tL(CAA)A SUP56  

S26 chrII 405369 Ty Upstream tD(GUC)B None  

S26 chrII 405369 Ty Upstream tR(UCU)B None  

S26 chrII 405369 Ty Upstream YBR081C SPT7  

S26 chrII 574062 SNP/INDEL synonymous YBR169C SSE2 K645K 

S26 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S26 chrII 790023 SNP/INDEL nonsynonymous YBR294W SUL1 N263K 

S26 chrIV 541535 SNP/INDEL intergenic NA NA NA 

S26 chrIV 1259709 SNP/INDEL 5'-upstream YDR393W SHE9 NA 
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S26 chrIV 1259709 SNP/INDEL nonsynonymous YDR392W SPT3 *338Y 

S26 chrVII 754777 Ty Inside YGR131W FHN1  

S26 chrVII 754777 Ty Upstream YGR130C None  

S26 chrVII 754777 Ty Downstream YGR132C PHB1  

S26 chrX 524198 Ty Downstream YJR047C ANB1  

S26 chrX 524198 Ty Upstream tS(AGA)J None  

S26 chrX 524198 Ty Downstream YJR046W TAH11  

S26 chrXVI 69359 SNP/INDEL 5'-upstream YPL254W HFI1 NA 

S27 chrII 790023 SNP/INDEL nonsynonymous YBR294W SUL1 N263K 

S27 chrVII 863792 Ty Inside YGR184C UBR1  

S27 chrXII 499056 SNP/INDEL nonsynonymous YLR167W RPS31 P37R 

S28 chrI 203274 Ty Upstream YAR050W FLO1  

S28 chrM 7649 SNP/INDEL rRNA 15S_rRNA NA NA 

S28 chrXI 578649 Ty Upstream YKR074W AIM29  

S28 chrXI 578649 Ty Upstream YKR073C None  

S28 chrXI 578649 Ty Upstream tK(UUU)K None  

S28 chrXI 578649 Ty Upstream YKR072C SIS2  

S28 chrXIV 331839 SNP/INDEL splice-site YNL162W NA NA 

S29 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S29 chrII 790023 SNP/INDEL nonsynonymous YBR294W SUL1 N263K 

S29 chrIV 410069 Ty Upstream YDL024C DIA3  

S29 chrIV 410069 Ty Upstream tA(AGC)D None  

S29 chrIV 410069 Ty Upstream YDL022C-
A None  

S29 chrXIII 437834 SNP/INDEL nonsynonymous YMR085W YMR085W I115K 

S29 chrXIV 45788 SNP/INDEL synonymous YNL313C EMW1 I745I 

S3 chrII 403980 Ty Inside YBR081C SPT7  

S3 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250indel 

S3 chrIX 183668 Ty Upstream YIL096C BMT5  

S3 chrIX 183668 Ty Upstream tI(AAU)I1 None  

S3 chrIX 183668 Ty Upstream YIL095W PRK1  

S3 chrVII 195260 SNP/INDEL nonsynonymous YGL163C RAD54 L382V 

S3 chrVII 378446 Ty Inside YGL066W SGF73  

S3 chrVII 583184 SNP/INDEL nonsynonymous YGR044C RME1 E237* 

S3 chrVIII 315940 SNP/INDEL nonsynonymous YHR101C BIG1 L10R 

S3 chrXII 666548 SNP/INDEL nonsynonymous YLR260W LCB5 L235F 

S3 chrXIII 736078 SNP/INDEL nonsynonymous YMR231W PEP5 R845K 

S3 chrXVI 631634 Ty Downstream YPR030W CSR2  

S3 chrXVI 631634 Ty Inside YPR031W NTO1  

S30 chrIX 174942 Ty Upstream YIL102C None  



 170 

S30 chrIX 174942 Ty Upstream tT(AGU)I1 None  

S30 chrIX 174942 Ty Downstream YIL101C XBP1  

S30 chrIX 363142 SNP/INDEL 5'-upstream YIR004W DJP1 NA 

S30 chrVII 378334 SNP/INDEL nonsynonymous YGL066W SGF73 Y242* 

S30 chrVII 378488 SNP/INDEL nonsynonymous YGL066W SGF73 E294* 

S30 chrXV 757730 SNP/INDEL 5'-upstream YOR221C MCT1 NA 

S31 chrII 39328 SNP/INDEL nonsynonymous YBL098W BNA4 L62M 

S31 chrII 405404 Ty Upstream tD(GUC)B None  

S31 chrII 405404 Ty Upstream tR(UCU)B None  

S31 chrII 405404 Ty Upstream YBR081C SPT7  

S31 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S31 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S31 chrIV 590497 SNP/INDEL nonsynonymous YDR072C IPT1 G283V 

S31 chrVII 74255 Ty Downstream YGL226W MTC3  

S31 chrVII 74255 Ty Upstream tV(AAC)G3 None  

S31 chrX 524284 Ty Downstream YJR047C ANB1  

S31 chrX 524284 Ty Upstream tS(AGA)J None  

S31 chrX 524284 Ty Downstream YJR046W TAH11  

S31 chrXI 308327 Ty Downstream YKL069W None  

S31 chrXI 308327 Ty Upstream tV(AAC)K1 None  

S31 chrXI 308327 Ty Upstream YKL068W-
A None  

S31 chrXII 666548 SNP/INDEL nonsynonymous YLR260W LCB5 L235F 

S31 chrXIV 531723 SNP/INDEL 5'-upstream YNL052W COX5a NA 

S31 chrXVI 62472 SNP/INDEL intergenic NA NA NA 

S31 chrXVI 433530 SNP/INDEL nonsynonymous YPL061W ALD6 Q315* 

S31 chrXVI 744097 Ty Upstream YPR109W GLD1  

S31 chrXVI 744097 Ty Upstream tT(UGU)P None  

S31 chrXVI 744097 Ty Upstream YPR108W-
A None  

S31 chrXVI 744097 Ty Downstream YPR108W RPN7  

S4 chrV 517729 SNP/INDEL intergenic NA NA NA 

S5 chrVII 378501 SNP/INDEL nonsynonymous YGL066W SGF73 L298indel 

S5 chrX 286288 SNP/INDEL nonsynonymous YJL080C SCP160 D980A 

S5 chrXIII 202796 SNP/INDEL synonymous YML038C YMD8 S436S 

S6 chrII 405489 SNP/INDEL intergenic NA NA NA 

S6 chrII 789984 SNP/INDEL nonsynonymous YBR294W SUL1 N250K 

S7 chrVII 378368 SNP/INDEL nonsynonymous YGL066W SGF73 M254indel 

S7 chrVIII 192224 SNP/INDEL nonsynonymous YHR042W NCP1 S561* 

S7 chrXVI 728341 SNP/INDEL nonsynonymous YPR097W YPR097W A983D 
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S8 chrII 404438 Ty Inside YBR081C SPT7  

S8 chrII 404688 Ty Inside YBR081C SPT7  

S8 chrII 767936 Ty Upstream YBR281C DUG2  

S8 chrII 767936 Ty Upstream YBR282W MRPL27  

S8 chrII 797486 Ty Downstream YBR295W PCA1  

S8 chrII 797486 Ty Inside YBR296C PHO89  

S8 chrIII 6401 SNP/INDEL intergenic NA NA NA 

S8 chrIV 1509994 Ty Upstream YDR538W PAD1  

S8 chrIV 1509994 Ty Downstream YDR536W STL1  

S8 chrVII 378650 SNP/INDEL nonsynonymous YGL066W SGF73 G348* 

S8 chrXI 578867 Ty Upstream YKR074W AIM29  

S8 chrXI 578867 Ty Upstream YKR073C None  

S8 chrXI 578867 Ty Downstream YKR075C None  

S8 chrXI 578867 Ty Upstream tK(UUU)K None  

S8 chrXI 578867 Ty Upstream YKR072C SIS2  

S8 chrXIV 427209 SNP/INDEL intergenic NA NA NA 

S8 chrXIV 696260 SNP/INDEL nonsynonymous YNR038W DBP6 N222K 

S8 chrXV 115639 SNP/INDEL nonsynonymous YOL105C WSC3 S57C 

S9 chrVII 378437 SNP/INDEL nonsynonymous YGL066W SGF73 E277* 

S9 chrXIII 454261 SNP/INDEL nonsynonymous YMR093W UTP15 V83I 
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APPENDIX B: Supplementary materials for Chapter 3 
 

 

Figure B.1. Copy number plots of cold-evolved hybrids populations.  

Genome wide copy number is plotted for evolved hybrid populations at 15°C. Nutrient limitation is indicated 
in the upper right corner (G=glucose, S=sulfate, P=phosphate), numbers indicate independent populations. 
Purple denotes a region where both alleles are present at a single copy (alternating purple indicates different 
chromosomes from chrI - chrXVI), blue denotes a S. uvarum change in copy number, red denotes a S. 
cerevisiae change in copy number. Note, copy number was derived from population sequencing read depth at 
homologous ORFs. 
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Figure B.2. Amplification of S. cerevisiae SUL1 in hybrids evolved at 15°C and 30°C. 

Copy number is plotted across chrII in a representative hybrid clone evolved in sulfate limitation at 30°C and a 
population evolved in sulfate limitation at 15°C. Copy number was derived from sequencing read depth at 
homologous ORFs. A region containing the S. cerevisiae allele of the high affinity sulfate transporter SUL1 is 
amplified in 7/7 populations evolved at 30°C and 4/4 populations evolved at 15°C, suggesting that the locus is 
not temperature sensitive, and instead that S. cerevisiae allele is more fit at both temperatures.  
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Figure B.3. Copy number plots of cold-evolved S. cerevisiae diploid populations.  

Copy number is plotted across the genome for S. cerevisiae evolved populations. Alternating grey and red 
indicate different chromosomes (from chrI – chrXVI). Copy number was derived from average population 
sequencing read depth in 1000 bp intervals. Nutrient limitation is indicated in the upper right corner 
(G=glucose, S=sulfate, P=phosphate), numbers indicate independent populations. 
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Figure B.4. Copy number plots of cold-evolved, flocculent S. cerevisiae diploid populations. 

Copy number is plotted across the genome for S. cerevisiae evolved, flocculent populations that were isolated 
separately from populations dispersed in the culture. Alternating grey and red indicate different chromosomes 
(from chrI – chrXVI). Copy number was derived from average population sequencing read depth in 1000 bp 
intervals. Nutrient limitation is indicated in the upper right corner (G=glucose, S=sulfate, P=phosphate), 
numbers indicate independent populations. 
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Figure B.5. Loss of heterozygosity plots of cold-evolved S. cerevisiae diploid populations. 

Alternate allele (e.g., non-reference allele) frequency is plotted across the genome for S. cerevisiae evolved 
populations. The unique pattern of heterozygosity is produced by a strain history of crossing FL100 to S288C 
to produce GF167, which was crossed to S288C to produce the diploid strain used here. This produced regions 
of heterozygosity and regions of homozygosity (regions that appear blank because no alternate allele is called). 
This also allows the detection of loss of heterozygosity (LOH), where regions that were heterozygous become 
homozygous for the reference or non-reference allele. Alternating grey and red indicate different chromosomes 
(from chrI – chrXVI). Nutrient limitation is indicated in the upper right corner (G=glucose, S=sulfate, 
P=phosphate), numbers indicate independent populations. Note that LOH events are not at fixation in the 
population, so these events are instead indicated by allele frequencies approaching zero or one.  
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Figure B.6. Loss of heterozygosity plots of cold-evolved, flocculent S. cerevisiae diploid populations. 

Alternate allele (e.g., non-reference allele) frequency is plotted across the genome for S. cerevisiae evolved, 
flocculent populations that were isolated separately from populations dispersed in the culture. The unique 
pattern of heterozygosity is produced by a strain history of crossing FL100 to S288C to produce GF167, which 
was crossed to S288C to produce the diploid strain used here. This produced regions of heterozygosity and 
regions of homozygosity (regions that appear blank because no alternate allele is called). This also allows the 
detection of loss of heterozygosity (LOH), where regions that were heterozygous become homozygous for the 
reference or non-reference allele. Alternating grey and red indicate different chromosomes (from chrI – 
chrXVI). Nutrient limitation is indicated in the upper right corner (G=glucose, S=sulfate, P=phosphate), 
numbers indicate independent populations. Note that LOH events are not at fixation in the population, so these 
events are instead indicated by allele frequencies approaching zero or one.  
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Figure B.7. Copy number plots of cold-evolved S. uvarum diploid populations. 

Copy number is plotted across the genome for S. uvarum evolved populations. Alternating grey and blue 
indicate different chromosomes (from chrI – chrXVI). Copy number was derived from average population 
sequencing read depth in 1000 bp intervals. Nutrient limitation is indicated in the upper right corner 
(G=glucose, S=sulfate, P=phosphate), numbers indicate independent populations. 
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Figure B.8. Protein alignment of PHO84 

S. cerevisiae and S. uvarum alleles of PHO84 were aligned using Clustal Omega. Black indicates shared 
identity, white indicates a radical substitution, and grey indicates a conservative substitution. 
 

S.cerevisiae    1 MSSVNKDTIHVAERSLHKEHLTEGGNMAFHNHLNDFAHIEDPLERRRLALESIDDEGFGW 
S.uvarum        1 MSSVAKDNISIAERSLHRENLTEGGNLAFHNHLNDFAHIEDPLERRRLALESIDNEGFGW 
 
 
S.cerevisiae   61 QQVKTISIAGVGFLTDSYDIFAINLGITMMSYVYWHGSMPGPSQTLLKVSTSVGTVIGQF 
S.uvarum       61 QQVKTISIAGVGFLTDSYDIFAINLGISMMSYVYWHGDMPASSQTLLKVSTSVGTVIGQV 
 
 
S.cerevisiae  121 GFGTLADIVGRKRIYGMELIIMIVCTILQTTVAHSPAINFVAVLTFYRIVMGIGIGGDYP 
S.uvarum      121 GFGTLADIVGRKKIYGLELIIMIVCTILQTTVAHSPAINFVAVLTFYRIVMGIGIGGDYP 
 
 
S.cerevisiae  181 LSSIITSEFATTKWRGAIMGAVFANQAWGQISGGIIALILVAAYKGELEYANSGAECDAR 
S.uvarum      181 LSSIITSEFATTKWRGAIMGAVFANQAWGQISGGIIALILVAAYKNDLNYANSGAECDAR 
 
 
S.cerevisiae  241 CQKACDQMWRILIGLGTVLGLACLYFRLTIPESPRYQLDVNAKLELAAAAQEQDGEKKIH 
S.uvarum      241 CQKACDQMWRVLIGLGTVPGLLCLYFRLTIPESPRYQLDVNAELLR-VEKKEQEAEKKLY 
 
 
S.cerevisiae  301 DTSDEDMAINGLERASTAVESLDNHPPKASFKDFCRHFGQWKYGKILLGTAGSWFTLDVA 
S.uvarum      300 GTSDDDMAIHGLERAPTAVESIDMHPPKASFKDFCKHFGQWKYGKILLGTAGSWFMLDVA 
 
 
S.cerevisiae  361 FYGLSLNSAVILQTIGYAGSKNVYKKLYDTAVGNLILICAGSLPGYWVSVFTVDIIGRKP 
S.uvarum      360 FYGLSLNSAIILQTIGYAGSKNVYKKLYDSAVGNLILICAGSLPGYWMSVFTVDIIGRKP 
 
 
S.cerevisiae  421 IQLAGFIILTALFCVIGFAYHKLGDHGLLALYVICQFFQNFGPNTTTFIVPGECFPTRYR 
S.uvarum      420 IQLAGFIILTILFCVIGFAYHKIGDHGLLALYVICQFFQNFGPNTTTFIVPGECFPTRYR 
 
 
S.cerevisiae  481 STAHGISAASGKVGAIIAQTALGTLIDHNCARDGKPTNCWLPHVMEIFALFMLLGIFTTL 
S.uvarum      480 STAHGISAASGKIGAIIAQTALGTLINHNCAKDGKATNCWLPHVMEIFALFMLLGIFTTL 
 
 
S.cerevisiae  541 LIPETKRKTLEEINELYHDEIDPATLNFRNKNNDIESSSPSQLQHEA 
S.uvarum      540 LIPETKRKTLEEINEKYHDEIDPGTLNYRNKMNDVESSSPSQIQH-- 
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Figure B.9. Predicted protein structure of PHO84 

A 2D depiction of the structure of PHO84 was created by using UniProt protein accession P25297 (S. 
cerevisiae PHO84) with the program Protter (Omasits et al., 2014). Radical (blue square) and conservative 
(orange diamond) substitutions between S. cerevisiae and S. uvarum amino acids were annotated using a 
protein alignment (Figure S8).  
 

Figure S9
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Figure B.10. Flocculation assay of several flocculent clones isolated from S. cerevisiae cold-evolved 

populations.  

Overnight cultures were resuspended by vortexing for three seconds. Flocculent clones were photographed 
immediately after vortexing and then again after 5 minutes.  
  

Figure S10
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Table B.1. Mutations in cold-evolved S. cerevisiae diploid populations. 

 

  

Table S1: Mutations in cold-evolved S. cerevisiae diploid populations 
Population Location Gene(s) Mutation 
P7 chrIV:1323639 BNA7 coding-nonsynonymous : I201L 

chrVII:469931 PDR1  coding-nonsynonymous : I790F 
chrXVI:166971 SGE1  5’ upstream 
chrXVI:933898 YPR197C coding-nonsynonymous: *188Y 
chrXIII:1-221882 Includes 

PHO84 
LOH, multiple tract lengths, loss of 
S288C allele 

P7F chrIV:1323639 BNA7 coding-nonsynonymous: I201L 
chrXVI:933898 YPR197C coding-nonsynonymous: *188Y 

P8F chrIV:1323639 BNA7 coding-nonsynonymous: I201L 
chrXVI:167064 TPK2  coding-nonsynonymous: P270R 
chrXVI:933898 YPR197C coding-nonsynonymous: *188Y 
chrXIII:1-86512 Includes 

PHO84 
LOH: loss of S288C allele 

P9 chrXIII: 1-221882 Includes 
PHO84 

LOH, multiple tract lengths, loss of 
S288C allele 

P9F chrXIII: 1-76194 Includes 
PHO84 

LOH: loss of S288C allele 

P10 chrXIII: 1-221882 Includes 
PHO84 

LOH, multiple tract lengths, loss of 
S288C allele 

G3F chrIV: 971450 RKM4 coding-nonsynonymous: E9Q 
chrIV: 1214351 YPR1 coding-nonsynonymous: T150P 
chrXVI: 166845 TPK2 coding-nonsynonymous: E197A 
chrXVI:24965-
376139 

 LOH: loss of S288C 

G4 chrXVI: 166595 TPK2 coding-nonsynonymous: H114N 
chrIX: 1- 439888  CNV: whole chromosome 

amplification of S288C 
chrV: 374386-
576874 

 LOH: loss of S288C 

G4F chrIV: 857504 RAV2 coding-nonsynonymous: F150L 
chrV: 374386-
576874 

 LOH: loss of S288C 

chrIX: 1- 439888  CNV: whole chromosome 
amplification of S288C 

chrXIII: 742394 RNA1 coding-nonsynonymous: N114N 
chrXVI: 166595 TPK2 coding-nonsynonymous: H114N 

G6 chrII:211737 HIR1 coding-nonsynonymous: G695indel 
chrVI: 71469  RIM15 coding-nonsynonymous: P987S 
chrVII: 624765  YGR067C coding-nonsynonymous: Y8N 
chrXII:1-388272  LOH: loss of GRF167 allele 
chrXII:537901- 
1078177  

LOH: loss of S288C allele 

chrXII:202237  RPL15A coding-synonymous: S118S 
chrXV:587229  YOR139C coding-synonymous: H38H 
chrXV:587229  SFL1 coding-nonsynonymous: W83* 
chrM:27782  ATP8 coding-synonymous: Y39Y 

G6F  chrVI: 71469 RIM15 coding-nonsynonymous: P987S 
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Table B.2. Mutations in cold-evolved S. uvarum diploid populations. 

 

 

Table B.3. Comparison of single nucleotide variants called in 15°C and 30°C experimental evolution. 

 

  

Table S2: Mutations in evolved S. uvarum diploid populations 
Population Location Gene(s) Mutation 
G1 chrII:1-1289935  CNV: whole chromosome amplification 

chrX: 1-1016005  CNV: whole chromosome amplification 

chrXII: 1-445542  CNV: whole chromosome amplification 

S2 S. uvarum chrXII: 111565 CYR1 coding-nonsynonymous: R1343C 

CNV: copy number variant. No mutations were detected in P11, P12, G2, S1.  

 

 

Hybrid

S. cer S. uva

Parental species

S. cer S. uva

15°C 

Number of SNPs and InDels

Total Total

12 7 19 1Populations 19 20

Floc. Clones 34 01 1 2 34

30°C 16 14 127Clones 40 19
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Table B.4. Strain list. 

 

  

Table S4: Strain list  

Strain Identifier  Genotype Species Notes  Strain 
background 

YMD139  lys2Δ0/LYS2 ura3-167/URA3 
MATa/MATα 

cer Ancestor of S. 
cerevisiae evolved 
diploids (high Ty) 

GRF167 x 
S288C 

YMD140  lys2Δ0/LYS2 ura3-167/URA3 
MATa/MATα 

cer Ancestor of S. 
cerevisiae evolved 
diploids 

GRF167 x 
S288C 

YMD129  HOΔ::kanMX/HOΔ::kanMX  
lys2-1/ LYS2   ura3-
167/URA3 MATa/MATα 

hybrid Ancestor of evolved 
hybrids 

GRF167 x 
CBS7001 

YMD130  HOΔ::kanMX/HOΔ::kanMX 
lys2-1/ LYS2   ura3-
167/URA3 MATa/MATα 
(high Ty)   

hybrid Ancestor of evolved 
hybrids (high Ty) 

GRF167 x 
CBS7001 

YMD366  HOΔ::kanMX 
/HOΔ::kanMX lys2-1/ LYS2 
ura3Δ::cloNAT/URA3 
MATa/MATα 

uva Ancestor of S. 
uvarum evolved 
diploids 

CBS7001 

 G1  uva Glucose limitation, 
15°C 

YMD366 

 G2  uva Glucose limitation, 
15°C 

YMD366 

 G3F  cer Glucose limitation, 
15°C 

YMD139 

 G4  cer Glucose limitation, 
15°C 

YMD139 

 G4F  cer Glucose limitation, 
15°C 

YMD139 

 G6  cer Glucose limitation, 
15°C 

YMD140 

 G6F  cer Glucose limitation, 
15°C 

YMD140 

 G7  hybrid Glucose limitation, 
15°C 

YMD130 

YMD3928 G7 c1  hybrid Glucose limitation, 
15°C 

YMD130 

YMD3929 G7 c2  hybrid Glucose limitation, 
15°C 

YMD130 

 G8  hybrid Glucose limitation, 
15°C 

YMD130 

YMD3930 G8 c1  hybrid Glucose limitation, 
15°C 

YMD130 

YMD3931 G8 c2  hybrid Glucose limitation, 
15°C 

YMD130 

 G9  hybrid Glucose limitation, 
15°C 

YMD129 

YMD3932 G9 c1  hybrid Glucose limitation, 
15°C 

YMD129 

YMD3933 G9 c2  hybrid Glucose limitation, 
15°C 

YMD129 

 G10  hybrid Glucose limitation, 
15°C 

YMD129 
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Table B.5. Competitive fitness of evolved hybrid strains. 

 

  

Table S5: Competitive fitness of hybrids at two temperatures 

Population 
Identifier 

Original evolution 
conditions 

Competitive Fitness at 
15°C (+/- 95% C.I.) 

Competitive Fitness at 
30°C (+/- 95% C.I.) 

G7-15° Glucose limitation, 15°C C1: -0.66  

C2: 6.37 (+/-50.27) 

C1: 1.86 

C2: 6.63 (+/-17.66) 

G8-15° Glucose limitation, 15°C C1: 2.65 (+/-10.79) 

C2: 14.83 (+/-46.16) 

C2: 2.07 (+/-49.67) 

G9-15° Glucose limitation, 15°C C1: 6.40 (+/-3.55) 

C2: 11.76 

C1: 10.10 (+/-35.96) 

C2: -2.45 (+/-21.37) 

G10-15° Glucose limitation, 15°C C1: 5.14 (+/-0.36) C1: 13.06 (+/-58.47) 

S7-15° Sulfate limitation, 15°C C1: 7.43 (+/-3.47) 

C2: 28.52 (+/-18.04) 

C1: 23.66  

C2: 30.12 (+/-129.57) 

S8-15° Sulfate limitation, 15°C C1: 18.55 (+/-46.41) 

C2: 30.85 (+/-15.04) 

C1: 39.38 (+/-15.94) 

C2: 37.47 (+/-9.72) 

S9-15° Sulfate limitation, 15°C C1: 7.40 (+/-55.15) C1: 12.54 (+/-47.03) 

S10-15° Sulfate limitation, 15°C C1: 12.26 (+/-16.05) C1: 41.01 (+/-51.94) 

P1-15° Phosphate limitation, 15°C C1: 7.38 (+/-1.52) 

C2: 10.01 (+/-1.96) 

C1: -4.81 (+/-5.14) 

C2: 0.40 (+/-10.07) 

P2-15° Phosphate limitation, 15°C C1: -1.83 (+/-5.08) 

C2: -1.93(+/-1.16) 

C1: -3.82 (+/-8.73) 

C2: 9.34 (+/-9.70) 

P3-15° Phosphate limitation, 15°C C1: 8.34 (+/-3.67) 

C2: 5.13 (+/-2.76) 

C1: -7.59 (+/-6.58) 

C2: 0.76 (+/-29.25) 

P4-15° Phosphate limitation, 15°C C1: 0.07 (+/-3.18) 

C2: -3.50 (+/-44.24) 

C1: 14.87 (+/-28.11) 

C2: -0.58 (+/-32.39) 

P5-15° Phosphate limitation, 15°C C1: 16.46 (+/-11.85) 

C2: 10.23 (+/-15.04) 

C1: 10.48 (+/-14.72) 

P6-15° Phosphate limitation, 15°C C1: 10.09 (+/-7.72) 

C2: 6.90 (+/-10.01) 

C1: 10.49 (+/-18.45) 

P1-30° Phosphate limitation, 30°C 21.01 29.18 (+/-17.42) 
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Table B.6. Filters used in variant calling. 

 

  

Table S6: Filters used in variant calling. 
 
Samtools Filter Parameters 

  

Type Shorthand Value 
Mapping quality MQ >30 
Quality score QUAL >50 
Read depth DP >40 
Alternate read count DP4[2]+DP4[3] >4 
Forward read balance (DP4[0]+DP4[2])/DP >0.01 
Reverse read balance (DP4[1]+DP4[3])/DP >0.01 

 
Freebayes Filter Parameters 

  

Type Shorthand Value 
Mapping quality of observed alternate alleles MQM >30 
Mapping quality of observed reference 
alleles 

MQMR >30 

Quality score QUAL >20 
Read depth DP >40 
Forward strand alternate read count SAF  >2 
Reverse strand alternate read count SAR >2 
Forward read balance SRF + SAF / DP >0.01 
Reverse read balance SRR + SAR / DP >0.01 

 
LoFreq Filter Parameters 

  

Type Shorthand Value 
Quality score QUAL >20 
Read depth DP >20 
Forward strand alternate read count DP4[2] >2 
Reverse strand alternate read count DP4[3] >2 
Forward read balance (DP4[0]+DP4[2])/DP >0.01 
Reverse read balance (DP4[1]+DP4[3])/DP >0.01 

 



 187 

APPENDIX C: Supplementary materials for Chapter 4 

C.1.  Relationship and ancestry of the American brewing strains 

The history of the American brewing strains as told by brewers originates from just a handful of 

breweries. The Chico yeasts are specifically thought to originate from a ‘house-strain’ of the Sierra 

Nevada Brewing Company’s isolate of BRY-96, which is sold by the Siebel Institute. BRY-96 

itself is thought to originate from P. Ballantine and Sons Brewing Company, which started in 1840 

in Newark, New Jersey. The strain has since been distributed to a large number of breweries and 

yeast propagation companies. To provide a fuller picture of the genetic history of the American 

brewing yeasts, we collected not just the strains used by our brewery partners but also new clone 

samples of American brewing strains that are available for purchase and not believed to have been 

previously sequenced. In all, we sequenced 13 American brewing strains, and reanalyzed an 

additional 17 strains that had previously been sequenced using short-read sequencing (Table C.3). 

Wanting to confirm the relationships between our study cohort, we applied phylogenetic inference 

on the strains. From their whole-genome sequence, we built a maximum likelihood tree based on 

the variation between these strains. However, as mentioned earlier, because there has been 

extensive mitotic recombination in these yeasts, we suspected that phylogenetic inference could 

be influenced by large blocks of shared, ancestral variation being lost. To avoid this issue, we 

filtered the American brewery strains variant calls by the most diverged American strain, BE051, 

to control for the potential loss of shared variation. As well, to encapsulate the polyploid nature of 

the beer strains, we encoded heterozygous variation in the genome sequences for phylogenetic 

inference (see methods in Chapter 4 for more details). 

Matching with oral history, we found from our constructed phylogeny that Wyeast 1056 

(Postdoc Brewing Co.), Imperial A07 (Postdoc Brewing Co.), White Labs WLP001 (Drake’s 
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Brewing Co.) and Escarpment’s Cali Ale (Red Circle Brewing Co.), and other Chico yeasts are all 

closely related and form two large clades (Figure C.1). As well, we found that the WLP001 and 

Wyeast 1056 clades are likely derived from BRY-96 (Elysian Brewing Co.), as there is only an 11 

SNP difference between a reconstructed common ancestor of the two Chico strains and an isolate 

of what is thought to be the original BRY-96 (kindly donated by Lallemand Inc.). Additionally, 

from a sequenced isolate of a strain from P. Ballantine and Sons Brewing Company that was 

deposited in a strain repository in 1972 (NRRL Y-7408), we found that this strain groups outside 

of the rest of the American brewing strains, indicating that it is indeed a diverged American 

brewing strain. However, because large segments of variation are lost from NRRL Y-7408 that 

exist in the internal American brewing strains, we suspect that this particular Ballantine isolate is 

not the literal genetic ancestor. However, this does not conclusively rule out Ballantine Brewing 

as the source of BRY-96 as the NRRL Y-7408 could have been isolated before or after the sample 

leading to BRY-96, making the observed pattern. 

 

C.2.  Records on recipe and fermentation performance of repitching experiments 

As is common with most breweries, the same recipe was not used for each beer pitch, resulting in 

a potentially changing environment for the yeasts. Although these experiments are less controlled 

than traditional laboratory evolution experiments, they provide a more realistic capture of the 

brewing environment. For the Postdoc Brewing Co. experiments, the order of different styles that 

the yeast went through is available in Table C.2. As well, for the Elysian samples, data collected 

at the brewery about the fermentation performance of each beer are available in Table C.3. 

 

C.3.  De novo single nucleotide polymorphisms, insertions, and deletions 
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Using multiple computational tools, we called de novo mutations that occurred during each 

repitching time course. Within the first replicate of the Postdoc Brewing Co. populations we did 

not find any de novo SNP or InDel that occurred during the course of the repitching experiment 

and reached a detectable frequency (estimated detection limit of ~2% of alternate reads). Using 

sequencing of clones isolated from the first time point to filter the variant calls from the 

populations, we found 11 mutations that were shared by all of the Postdoc Brewing Co. time points 

and had occurred in the population before entering the brewery based on the sequences from the 

clone isolates, the population from the second Postdoc Brewing Co. replicate, and the Imperial 

A07 clone isolate. Calculating the change in frequency of these mutations over the time course, 

we found that the only mutation that changed by more than a 1% increase in the population was a 

synonymous mutation in PTC6 (which increased from 25.2% to 44.4% in the population, Table 

C.4). While it is known that synonymous mutations can impact traits, it’s more likely that this is a 

passenger mutation, particularly since the mutation affects only one allele in a pentaploid region 

of the genome. We additionally observed a number of private SNPs and InDels within clones from 

both the first and last time points, with an average of 11.9 mutations per clone and a total of 177 

unique mutations (Table C.5). 

 Expanding our analysis to the samples from the other collaborations, we found a total of 

106 mutations, with an overall average of 15.1 mutations observed in each population (Table C.5). 

Looking for evidence of adaptive evolution through convergence of mutations, we found that 

between experiments, there were 5 genes wherein multiple mutations were observed in the coding 

sequence between experiments (Table C.6). We note that mutations in UBP1, which encodes a 

ubiquitin protease, were previously identified in experimental evolution of a lager strain (Gibson 

et al., 2018), and mutations in TFB1, a nucleotide excision repair factor and subunit of TFIIH, 
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were found in strains that had survived for two years in a sealed beer bottle (Aouizerat et al., 2019). 

However, in neither of these cases were phenotypic consequence proven. Further experiments 

recreating these mutations in clean genetic backgrounds will be necessary to determine their 

impact. 

 

C.4.  Soft sweep chromosome V CNV further indicates adaptive benefit 

Wanting to determine whether the potential benefit of the aneuploidy was due to an increase in 

copy number of a particular haplotype or a restoration of a euploid copy number for dosage 

balance, we investigated whether one particular copy of chromosome V was recurrently amplified 

between populations. Our expectation is that gaining a chromosome copy will change the allele 

frequency of heterozygous variants by a change in the proportion of haplotypes. Through 

investigation of the direction that variants change allele frequency, we can determine which 

chromosome is amplified (See Figure 4.1 for allele frequency plot description). Therefore, we 

investigated whether the allelic ratio between haplotypes had changed by plotting the allele 

frequency of variants on chromosome V for the two Postdoc Brewing Co. and Drake’s Brewing 

Co. experiments. However, upon plotting the allele frequency from the first and last time points 

we found very little to no change had occurred despite the chromosome copy number change 

(Figure C.2). 

From a clone isolated from the final population of the Postdoc Brewing Co., replicate 1 

experiment that had an extra copy of chromosome V, we found that, in a clonal sample, as 

expected, the allele frequency does change and shows three large chromosomal regions with 

different allele frequency patterns. The clone helped show that the starting strain has three 

haplotypes on the left arm, two in the middle in a 2:1 ratio and is homozygous on the right arm. 
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Given these patterns, we expect that depending on which chromosome was amplified, the allele 

frequency will shift according to the number of haplotypes (Left: 0.33/0.66 to 0.25/0.50/0.75; 

Center: 0.33/0.66 to 0.25/0.75 or 0.50; Right: No change, summarized on the right of Figure C.2). 

However, because the allele frequency pattern did not change in a significant manner, we instead 

concluded that there are likely multiple mutation events, each of which amplified a different 

chromosome V haplotype. These independent mutations have occurred in separate lineages that 

have risen in frequency with similar kinetics. Therefore, we conclude that the increase in copy 

number of chromosome V occurred multiple times in both Postdoc Brewing Co. replicates, 

indicating a haplotype independent fitness benefit. 

The experiment(s) at Elysian Brewing Co. utilized BRY-96, which already contained 4 

copies of chromosome V and did not show any additional evidence of whole chromosome CNV. 

It is likely that the ancestral state of chromosome V is euploid based on the phylogenetic 

relationship between the American brewing strains (Figure C.1).  

 

C.5.  Additional mitotic recombination events in the beer brewing strains 

We additionally observed chromosomes XII and XV experiencing convergent mitotic 

recombination events in 6 and 4 of the other populations respectively (Figure C.5). After noting 

the mitotic recombination on chromosome XII in the other populations, we noticed that the first 

Postdoc Brewing Co. replicate likely had a similar event nearly fix in the population before it 

entered the brewery as one of the starting clones, Postdoc Brewing Co., timepoint 1 clone 1, did 

not have the allele frequency change. Using the clone that did not have the allele frequency change, 

we looked for any variation that experienced a LOH as a result of the mitotic recombination as this 

is the most likely source of an adaptive benefit for a mitotic recombination. However, through 
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computational and manual inspection, we determined that no variation was lost as a result of the 

chromosome XII mitotic recombination (though other explanations are possible as well, such as 

allele copy number changes). Notably, the right arm of chromosome XII has been observed to have 

the highest amount of homozygosity among natural and industrial strains of yeast, potentially due 

to the presence of the rDNA locus on chromosome XII (Peter et al., 2018). 

 

 

Figure C.1. A maximum-likelihood phylogeny of the American brewing strains reveals several large 

clades. Specifically, two Chico yeast groups, and their presumed genetic ancestor, BRY-96 were found to 
group with other commercially available strains. The branch support bootstrap values are displayed in red on 
the adjoining branch, with smaller values corresponding to less support. 
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Figure C.2 Allele frequency of the Postdoc Brewing Co. replicate 1 population and a clone isolated from 

that population showing the number and pattern of haplotypes on chromosome V. The lack of a shift in 
allele frequency indicates that in the population, multiple lineages likely independently had different 
haplotypes amplified. The probability of any given haplotype being amplified is displayed on the right. 
 

 

Figure C.3. Allele frequency of chromosome V for every brewery population. The first timepoint is colored 
in blue and the final timepoint in orange. 
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Figure C.4. Allele frequency of chromosome VIII for clones isolated from the first Postdoc Brewing Co. 

replicate.  
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Figure C.5. Allele frequency of chromosome XII and XV for every brewery population. The first timepoint 
is colored in blue and the final timepoint in orange.  
 

 

Figure C.6. Copy number of chromosome I for every brewery population showing an increase at the left 

terminal end for every population that experienced a mitotic recombination event. Each dot represents a 
1000-bp sliding window, normalized by the average genome copy number. The first timepoint is colored in blue 
while the final timepoint is in orange.  
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Figure C.7. Growth rate measurements of brewery isolates from the first Postdoc Brewing replicate 

indicating no change in growth patterns. Each strain was grown in triplicate from a single colony and cultured 
aerobically in wort medium at room temperature. The growth rate (shown in panel B) was calculated from the 
data presented in panel A using the GrowthRates package in the R programming language. 
 
Table C.1. Record of repitching populations from Postdoc Brewing Co. 

Sample number PopulationID Replicate Beer Style Repitch # 

PD01 PDB1 1 None 0 

PD05 
 

1 Pale Ale 1 

PD03 
 

1 Porter 2 

PD11 
 

1 Pale Ale 3 

PD07 
 

1 IPA 4 

PD06 
 

1 Blonde 5 

PD09 PDB6 1 Scottish 6 

PD12 
 

1 Porter 7 

PD13 
 

1 Amber 8 

PD14 
 

1 IIPA 9 

PD15 
 

1 Porter 10 

PD17 
 

1 Pale 11 

PD19 
 

1 Scottish 12 

PD20 
 

1 Scottish 13 

PD22 
 

1 Blonde 14 

PD24 PDB15 1 Pale 15 

PD26 
 

1 Amber 16 

PD27 
 

1 Scottish 17 

PD30 
 

1 Pale 18 

PD34 PDB19 1 Alpha 19 

PD35 
 

1 Pale 20 
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PD39 
 

1 Alpha 21 

PD40 
 

1 Blonde 22 

PD42 
 

1 IPA 23 

N/A 
 

1 N/A 24 

PD45 
 

1 IPA 25 

PD48 PDB26 1 Pale 26 

PD68 PDB1_Rep_2 2 Pale 1 

PD70 
 

2 IPA 2 

PD75 
 

2 Scottish 3 

PD74 
 

2 IPA 4 

PD71 
 

2 Pale 5 

PD76 
 

2 Blonde 6 

PD78 
 

2 Stout 7 

PD82 
 

2 IPA 8 

PD83 
 

2 Pale 9 

PD84 
 

2 IPA 10 

PD88 
 

2 Blonde 11 

PD91 
 

2 IPA 12 

PD92 
 

2 Scottish 13 

PD96 
 

2 Blonde 14 

PD98 
 

2 IPA 15 

N/A 
 

2 Pale 16 

PD104 
 

2 IPA 17 

PD107 
 

2 IPA 18 

PD110 
 

2 Blonde 19 

PD112 
 

2 IPA 20 

PD116 
 

2 Blonde 21 

PD121 
 

2 Gose 22 

PD120 
 

2 Porter 23 

PD125 
 

2 IPA 24 

PD129 
 

2 Pale 25 

PD131 
 

2 IPA 26 

PD137 
 

2 IPA 27 

PD138 
 

2 Stout 28 

PD140 PDB29_Rep_2 2 Blonde 29 

 
Table C.2. Record of repitching populations from Elysian Brewing Co. 

Repitch # PopulationID Repliate Original Gravity Final Gravity (AE) RDF 

1 E01 1 13.64 3.09 64.14 

2 
 

1 19 4.03 66.05 

3 
 

1 19.9 5.05 62.89 

4 
 

1 18.95 3.87 66.68 

5 
 

1 12.63 2.81 64.37 

6 
 

1 13.64 2.85 65.54 



 198 

7 
 

1 18.97 3.83 66.86 

8 
 

1 20 4.95 63.28 

8 
 

1 14.59 2.98 66.42 

10 
 

1 18.28 3.614 80.23 

11 
 

1 14.88 3.1 65.78 

12 
 

1 14.82 3.28 64.75 

13 
 

1 13.47 3.1 63.89 

14 
 

1 14.1 2.75 N/A 

15 E03 1 13.47 2.95 64.72 

1 
 

2 18.51 3.65 67.161 

2 
 

2 14.28 2.77 66.839 

3 
 

2 19.88 4.815 63.796 

4 
 

2 13.55 3.09 64.037 

5 
 

2 18.23 3.7 66.7 

6 
 

2 18.29 3.434 67.881 

7 
 

2 15.38 3.08 66.481 

8 
 

2 14.92 3.29 64.83 

9 
 

2 14.82 3.05 65.968 

10 
 

2 15.46 3.04 66.759 

11 
 

2 15.36 3.17 66.001 

12 
 

2 15.38 3.08 66.506 

13 
 

2 18.31 3.267 68.624 

14 
 

2 14.85 3.18 65.287 

15 E08 2 15.41 3.06 66.6 

16 
 

2 18.47 3.176 69.15 

17 E09 2 N/A N/A N/A 

1 E05 3 15.37 3 66.619 

2 
 

3 13.33 3.032 64.039 

3 
 

3 15.26 3.39 65.264 

4 
 

3 15.28 3.12 66.177 

5 
 

3 15.38 3.09 66.419 

6 
 

3 14.42 2.9 2.901 

7 
 

3 15.38 3 66.419 

8 
 

3 15.34 2.963 67.054 

9 
 

3 14.85 2.9 66.841 

10 
 

3 18.08 3.28 68.357 

11 
 

3 18.93 3.63 67.663 

12 
 

3 18.32 3.13 69.233 

13 
 

3 18.42 3.28 68.675 

14 E10 3 18.88 3.833 66.759 

 

Table C.3. Record of samples used in Figure C.1 
StrainID StrainID StrainName FromStudy 

ERX1380630 ERS1082766 SafAle US-05 (2018) Peter 
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SRR10047107 SRS5328257 Wyeast1792 Langdon 

SRR10047299 SRS5328195 SafAle US-05 (2019) Langdon 

SRR2968036 SRS1184859 WLP001 Borneman 

SRR5678596 SRS2280390 BE007 Gallone 

SRR5688154 SRS2280340 BE051 Gallone 

SRR5688182 SRS2280392 BE065 Gallone 

SRR5688186 SRS2280394 BE067 Gallone 

SRR5688188 SRS2280395 BE068 Gallone 

SRR5688194 SRS2280383 BE071 Gallone 

SRR5688216 SRS2280445 BE082 Gallone 

SRR5688248 SRS2280428 BE098 Gallone 

SRR5688256 SRS2280404 BE102 Gallone 

SRR7406282 SRR7406282 Escarpment Cali Ale Preiss 

SRR8172945 SRS4029082 Wyeast 1764 Fay 

ERR1352858 ERS1108626 TUM 503 Goncalves 

ERX1380252 ERS1082772 WLP090 Peter 

YMD3211 YMD3211 GY001 Large 

YMD3965 YMD3965 OYL004 Large 

YMD3971 YMD3971 MangroveJack M44 Large 

YMD3975 YMD3975 CCYL110 Large 

YMD3977 YMD3977 Bell's House Strain Large 

YMD3978 YMD3978 Siebel BRY-96 Large 

YMD3980 YMD3980 Drake's Breiwng Co. Large 

YMD3984 YMD3984 Imperial A18 Large 

YMD3985 YMD3985 Imperial A30 Large 

YMD3986 YMD3986 Imperial A07 Large 

E01 E01 Elysian Brewing Co. Large 

PDB1 PDB1 Postdoc Brewing Rep. 1 Large 

PDB68 PDB68 Postdoc Brewing Rep. 2 Large 

 

Table C.4. The frequencies of recurrent mutation during Postdoc Brewing replicate 1 
Chr Pos Mutation Gene Gen. 0 Gen. 6 Gen. 

15 
Gen. 
19 

Gen. 
26 

Change  Change 
Ploidy 4 

chrII 564578 5'-upstream YBR162C 0.06 0.02 0.06 0.09 0.05 -0.01 -0.03 

chrIII 248944 5'-upstream YCR075C 0.02 0.02 0.01 0.00 0.01 0.00 -0.02 

chrIII 254131 synonymous YCR079W 0.05 0.06 0.05 0.06 0.09 0.04 0.15 

chrXIV 213174 nonsynonymous YNL233W 0.07 0.10 0.10 0.09 0.07 -0.01 -0.02 

chrXIV 49495 nonsynonymous YNL311C 0.06 0.03 0.07 0.06 0.06 0.00 -0.01 

chrXVI 44064 nonsynonymous YPL264C 0.02 0.02 0.02 0.00 0.03 0.00 0.00 

chrIV 821800 nonsynonymous YDR180W 0.03 0.04 0.11 0.06 0.03 0.00 0.01 
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chrIX 225225 nonsynonymous YIL073C 0.08 0.06 0.05 0.07 0.08 0.00 -0.01 

chrVII 405858 nonsynonymous YGL050W 0.05 0.07 0.09 0.10 0.05 0.00 0.01 

chrXI 245205 nonsynonymous YKL104C 0.09 0.08 0.07 0.04 0.08 -0.01 -0.05 

chrXV 720452 nonsynonymous YOR199W 0.10 0.04 0.07 0.07 0.08 -0.01 -0.05 

 

Table C.5. Mutations in populations and clones 

Sample Chr Pos Mutation Type Formal Gene Effect AF 

Elysian03 chrIV 467441 nonsynonymous YDR011W SNQ2 T508N 0.12 

Elysian03 chrIV 1181396 intergenic NA NA NA 0.08 

Elysian03 chrVII 216509 nonsynonymous YGL153W PEX14 M79I 0.12 

Elysian03 chrXII 884019 nonsynonymous YLR382C NAM2 A245T 0.11 

Elysian03 chrXII 905505 synonymous YLR392C ART10 N267N 0.18 

Elysian03 chrXIII 224450 nonsynonymous YML025C YML6 A273S 0.16 

Elysian03 chrXV 130923 nonsynonymous YOL100W PKH2 G563S 0.19 

Elysian03 chrXV 429612 synonymous YOR055W YOR055W G45G 0.23 

Elysian03 chrXV 432347 synonymous YOR057W SGT1 G54G 0.22 

Elysian03 chrXV 914680 nonsynonymous YOR320C GNT1 S139P 0.16 

Elysian05 chrV 257694 nonsynonymous YER052C HOM3 I89F 0.09 

Elysian07 chrXV 366694 nonsynonymous YOR018W ROD1 F776I 0.06 

Elysian08 chrVI 87991 synonymous YFL024C EPL1 Q785Q 0.34 

Elysian08 chrVI 88000 synonymous YFL024C EPL1 Q782Q 0.29 

Elysian08 chrXII 851986 synonymous YLR362W STE11 L707L 0.05 

Elysian08 chrXII 853078 nonsynonymous YLR363C NMD4 S25L 0.06 

Elysian08 chrXII 905987 nonsynonymous YLR392C ART10 P107S 0.05 

Elysian08 chrXIII 114453 nonsynonymous YML076C WAR1 S299A 0.04 

Elysian08 chrXIV 494616 intron YNL069C RPL16B NA 0.06 

Elysian08 chrXV 712945 nonsynonymous YOR195W SLK19 S27* 0.07 

Elysian08 chrXV 774369 intergenic NA NA NA 0.08 

Elysian08 chrXVI 725156 5'-upstream YPR096C 
 

NA 0.05 

Elysian09 chrI 40062 nonsynonymous YAL056W GPB2 I268M 0.14 

Elysian09 chrIII 198188 synonymous YCR038C BUD5 S454S 0.11 

Elysian09 chrIII 218916 synonymous YCR054C CTR86 L384L 0.08 

Elysian09 chrIV 188256 nonsynonymous YDL148C NOP14 Y777* 0.10 

Elysian09 chrIV 308486 intron YDL082W RPL13A NA 0.02 

Elysian09 chrVII 981698 nonsynonymous YGR245C SDA1 P124R 0.03 

Elysian09 chrVIII 35723 synonymous YHL033C RPL8A T101T 0.04 

Elysian09 chrX 288072 synonymous YJL080C SCP160 S385S 0.09 

Elysian09 chrX 645314 nonsynonymous YJR119C JHD2 P393S 0.12 

Elysian09 chrXII 585083 nonsynonymous YLR223C IFH1 E136D 0.25 



 201 

Elysian09 chrXII 605041 intergenic NA NA NA 0.12 

Elysian09 chrXIV 413954 nonsynonymous YNL112W DBP2 H106D 0.07 

Elysian09 chrXIV 698423 nonsynonymous YNR039C ZRG17 T337P 0.09 

Elysian09 chrXV 425669 nonsynonymous YOR051C ETT1 S139N 0.13 

Elysian09 chrXV 618740 intergenic NA NA NA 0.16 

Elysian09 chrXVI 165834 intergenic NA NA NA 0.14 

Elysian09 chrXVI 725156 5'-upstream YPR096C YPR096C NA 0.14 

Elysian10 chrIV 188256 nonsynonymous YDL148C NOP14 Y777* 0.13 

Elysian10 chrIV 1085392 nonsynonymous YDR311W TFB1 R110W 0.11 

Elysian10 chrIV 1283152 nonsynonymous YDR406W PDR15 A1315S 0.09 

Elysian10 chrXI 228939 nonsynonymous YKL110C KTI12 *314C 0.09 

Elysian10 chrXVI 245905 nonsynonymous YPL161C BEM4 D106N 0.09 

Elysian10 chrXVI 691609 nonsynonymous YPR072W NOT5 R501S 0.12 

PDB29 chrIV 244970 nonsynonymous YDL122W UBP1 D807Y 0.10 

PDB29 chrIV 494647 intergenic NA NA NA 0.12 

PDB29 chrIV 1474219 nonsynonymous YDR515W SLF1 S264L 0.05 

PDB29 chrVI 33375 nonsynonymous YFL050C ALR2 R825K 0.10 

PDB29 chrVII 89292 nonsynonymous YGL215W CLG1 H438D 0.07 

PDB29 chrXI 245205 nonsynonymous YKL104C GFA1 G57R 0.12 

PDB29 chrXV 435107 synonymous YOR058C ASE1 C413C 0.06 

PDB1_c1 chrII 98224 nonsynonymous YBL066C SEF1 C631S 0.23 

PDB1_c1 chrII 564578 5'-upstream YBR162C TOS1 NA 0.22 

PDB1_c1 chrIII 248944 5'-upstream YCR075C ERS1 NA 0.19 

PDB1_c1 chrIII 254131 synonymous YCR079W PTC6 T429T 0.28 

PDB1_c1 chrIV 64205 nonsynonymous YDL220C CDC13 M272L 0.25 

PDB1_c1 chrX 282133 nonsynonymous YJL082W IML2 V317F 0.29 

PDB1_c1 chrXI 543364 nonsynonymous YKR054C DYN1 S1521* 0.19 

PDB1_c1 chrXIV 213174 nonsynonymous YNL233W BNI4 T418R 0.29 

PDB1_c1 chrXV 352514 nonsynonymous YOR011W AUS1 D946H 0.19 

PDB1_c1 chrXV 856724 nonsynonymous YOR290C SNF2 I1179V 0.27 

PDB1_c2 chrI 53429 nonsynonymous YAL048C GEM1 I454N 0.27 

PDB1_c2 chrII 727811 nonsynonymous YBR256C RIB5 V98F 0.23 

PDB1_c2 chrIV 203874 nonsynonymous YDL141W BPL1 A279D 0.31 

PDB1_c2 chrIV 761910 nonsynonymous YDR150W NUM1 F2095L 0.25 

PDB1_c2 chrX 145224 nonsynonymous YJL145W SFH5 I22T 0.37 

PDB1_c2 chrXIV 496764 nonsynonymous YNL068C FKH2 S509* 0.17 

PDB1_c2 chrXV 434322 nonsynonymous YOR058C ASE1 T675K 0.25 

PDB26_c1 chrI 67559 5'-upstream YAL040C CLN3 NA 0.27 

PDB26_c1 chrIV 1000470 nonsynonymous YDR266C HEL2 N518indel 0.39 
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PDB26_c1 chrIX 77309 5'-upstream YIL145C PAN6 NA 0.28 

PDB26_c1 chrIX 255387 synonymous YIL053W GPP1 I91I 0.19 

PDB26_c1 chrVI 79652 nonsynonymous YFL028C CAF16 L188V 0.25 

PDB26_c1 chrVII 314838 nonsynonymous YGL099W LSG1 Q70E 0.26 

PDB26_c1 chrVII 864096 nonsynonymous YGR184C UBR1 S553F 0.18 

PDB26_c1 chrVII 886856 nonsynonymous YGR194C XKS1 F340L 0.19 

PDB26_c1 chrVIII 20627 nonsynonymous YHL040C ARN1 I115M 0.33 

PDB26_c1 chrXII 825795 nonsynonymous YLR347C KAP95 D207Y 0.23 

PDB26_c1 chrXII 849220 5'-upstream YLR361C DCR2 NA 0.14 

PDB26_c1 chrXII 1003779 nonsynonymous YLR432W IMD3 D408G 0.16 

PDB26_c1 chrXIII 780759 nonsynonymous YMR257C PET111 E425* 0.27 

PDB26_c1 chrXIII 879965 nonsynonymous YMR305C SCW10 Q90* 0.23 

PDB26_c1 chrXIV 49495 nonsynonymous YNL311C SKP2 D732N 0.27 

PDB26_c1 chrXIV 237707 5'-upstream YNL219C ALG9 NA 0.35 

PDB26_c1 chrXV 286970 nonsynonymous YOL020W TAT2 G267R 0.30 

PDB26_c1 chrXV 755822 nonsynonymous YOR220W RCN2 K165N 0.22 

PDB26_c1 chrXV 795069 nonsynonymous YOR245C DGA1 W88C 0.18 

PDB26_c1 chrXVI 551574 synonymous YPL004C LSP1 T28T 0.27 

PDB26_c10 chrII 732024 nonsynonymous YBR259W YBR259W N546K 0.24 

PDB26_c10 chrIV 235004 synonymous YDL127W PCL2 T26T 0.24 

PDB26_c10 chrIV 1172535 nonsynonymous YDR349C YPS7 S548T 0.25 

PDB26_c10 chrX 531862 5'-upstream YJR052W RAD7 NA 0.34 

PDB26_c10 chrXII 638535 nonsynonymous YLR249W YEF3 L586M 0.21 

PDB26_c10 chrXIII 317369 nonsynonymous YMR021C MAC1 Y350* 0.38 

PDB26_c11 chrIV 951223 nonsynonymous YDR244W PEX5 I221L 0.35 

PDB26_c11 chrX 324069 synonymous YJL060W BNA3 V228V 0.32 

PDB26_c11 chrXV 717837 nonsynonymous YOR197W MCA1 I251S 0.33 

PDB26_c11 chrXVI 760998 nonsynonymous YPR117W YPR117W W325* 0.20 

PDB26_c12 chrII 11619 nonsynonymous YBL106C SRO77 P754Q 0.24 

PDB26_c12 chrII 467376 nonsynonymous YBR114W RAD16 S43R 0.21 

PDB26_c12 chrIV 724752 nonsynonymous YDR135C YCF1 V934L 0.34 

PDB26_c12 chrIX 46046 5'-upstream YIL158W AIM20 NA 0.35 

PDB26_c12 chrVIII 349166 nonsynonymous YHR119W SET1 R1042C 0.25 

PDB26_c12 chrXVI 682496 nonsynonymous YPR067W ISA2 Q93E 0.29 

PDB26_c13 chrII 75251 5'-upstream YBL079W NUP170 NA 0.32 

PDB26_c13 chrII 110874 nonsynonymous YBL059W IAI11 A94E 0.30 

PDB26_c13 chrIV 118481 synonymous YDL191W RPL35A I109I 0.25 

PDB26_c13 chrIV 1122367 synonymous YDR326C YSP2 H853H 0.25 

PDB26_c13 chrVII 356350 nonsynonymous YGL082W YGL082W S175Y 0.34 
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PDB26_c13 chrVII 955174 nonsynonymous YGR233C PHO81 Q1013* 0.24 

PDB26_c13 chrVII 1044637 nonsynonymous YGR276C RNH70 V282F 0.26 

PDB26_c13 chrVIII 262535 nonsynonymous YHR079C-A SAE3 Q7* 0.26 

PDB26_c13 chrXI 258801 nonsynonymous YKL097C YKL097C G38V 0.25 

PDB26_c13 chrXIII 745338 nonsynonymous YMR237W BCH1 M530I 0.24 

PDB26_c13 chrXIV 533617 nonsynonymous YNL051W COG5 Y320C 0.22 

PDB26_c13 chrXVI 44064 nonsynonymous YPL264C YPL264C R94L 0.28 

PDB26_c2 chrIV 1364129 nonsynonymous YDR452W PPN1 V418F 0.15 

PDB26_c2 chrIX 352879 nonsynonymous YIL002C INP51 V185I 0.25 

PDB26_c2 chrX 94713 5'-upstream YJL176C SWI3 NA 0.31 

PDB26_c2 chrXI 220553 nonsynonymous YKL117W SBA1 P77H 0.37 

PDB26_c2 chrXII 164201 5'-upstream YLR007W NSE1 NA 0.15 

PDB26_c2 chrXIV 49495 nonsynonymous YNL311C SKP2 D732N 0.15 

PDB26_c2 chrXIV 312957 synonymous YNL172W APC1 D774D 0.33 

PDB26_c2 chrXIV 675076 nonsynonymous YNR027W BUD17 G52W 0.20 

PDB26_c2 chrXVI 385553 nonsynonymous YPL086C ELP3 L298F 0.23 

PDB26_c2 chrXVI 593148 5'-upstream YPR016C TIF6 NA 0.27 

PDB26_c20 chrIV 821800 nonsynonymous YDR180W SCC2 T169N 0.27 

PDB26_c20 chrIX 225225 nonsynonymous YIL073C SPO22 T214P 0.21 

PDB26_c20 chrIX 374261 nonsynonymous YIR008C PRI1 E16Q 0.18 

PDB26_c20 chrV 342706 5'-upstream YER092W IES5 NA 0.30 

PDB26_c20 chrV 532099 nonsynonymous YER172C BRR2 F1308C 0.29 

PDB26_c20 chrVI 239646 nonsynonymous YFR043C IRC6 C61S 0.29 

PDB26_c20 chrVII 405858 nonsynonymous YGL050W TYW3 K28T 0.26 

PDB26_c20 chrVII 630259 nonsynonymous YGR070W ROM1 R818S 0.29 

PDB26_c20 chrVII 1054961 nonsynonymous YGR281W YOR1 G713A 0.26 

PDB26_c20 chrVIII 235322 nonsynonymous YHR070W TRM5 E148K 0.20 

PDB26_c20 chrVIII 363826 nonsynonymous YHR129C ARP1 P110S 0.30 

PDB26_c20 chrX 279131 synonymous YJL083W TAX4 T97T 0.20 

PDB26_c20 chrX 396004 nonsynonymous YJL024C APS3 T171K 0.21 

PDB26_c20 chrX 623929 nonsynonymous YJR105W ADO1 G117R 0.24 

PDB26_c20 chrXI 245205 nonsynonymous YKL104C GFA1 G57R 0.30 

PDB26_c20 chrXII 190495 nonsynonymous YLR024C UBR2 I929M 0.17 

PDB26_c20 chrXIII 83919 nonsynonymous YML093W UTP14 R277L 0.33 

PDB26_c20 chrXIII 99098 nonsynonymous YML085C TUB1 V63I 0.25 

PDB26_c20 chrXIII 429073 nonsynonymous YMR080C NAM7 E185D 0.29 

PDB26_c20 chrXIII 568040 nonsynonymous YMR154C RIM13 L48W 0.28 

PDB26_c20 chrXIV 59722 nonsynonymous YNL305C BXI1 D24Y 0.25 

PDB26_c20 chrXV 456356 nonsynonymous YOR070C GYP1 M489V 0.23 
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PDB26_c20 chrXV 523696 nonsynonymous YOR108W LEU9 V224I 0.22 

PDB26_c20 chrXV 720452 nonsynonymous YOR199W YOR199W V91A 0.24 

PDB26_c20 chrXV 1029795 synonymous YOR370C MRS6 G400G 0.22 

PDB26_c20 chrXVI 651211 nonsynonymous YPR042C PUF2 D818Y 0.23 

PDB26_c23 chrII 733737 nonsynonymous YBR260C RGD1 N301K 0.13 

PDB26_c23 chrIII 264061 nonsynonymous YCR087W YCR087W E29G 0.24 

PDB26_c23 chrIV 207174 nonsynonymous YDL140C RPO21 Q1130* 0.24 

PDB26_c23 chrVII 189450 nonsynonymous YGL167C PMR1 A340E 0.34 

PDB26_c23 chrVII 649699 nonsynonymous YGR086C PIL1 Q307E 0.24 

PDB26_c23 chrVIII 158621 nonsynonymous YHR024C MAS2 R191I 0.22 

PDB26_c23 chrVIII 275899 nonsynonymous YHR084W STE12 N576Y 0.22 

PDB26_c23 chrXI 535206 nonsynonymous YKR053C YSR3 G26S 0.30 

PDB26_c23 chrXII 376567 nonsynonymous YLR114C AVL9 N224K 0.16 

PDB26_c23 chrXIII 550042 nonsynonymous YMR141C YMR141C M1I 0.32 

PDB26_c23 chrXIII 680775 nonsynonymous YMR207C HFA1 W930C 0.31 

PDB26_c23 chrXIV 311284 nonsynonymous YNL172W APC1 Y217D 0.30 

PDB26_c23 chrXV 406206 nonsynonymous YOR039W CKB2 Q147E 0.24 

PDB26_c23 chrXVI 323095 nonsynonymous YPL120W VPS30 R342I 0.18 

PDB26_c23 chrXVI 709061 nonsynonymous YPR085C ASA1 N256K 0.18 

PDB26_c3 chrII 601957 nonsynonymous YBR186W PCH2 T469P 0.30 

PDB26_c3 chrIII 51960 nonsynonymous YCL040W GLK1 H375Y 0.22 

PDB26_c3 chrIII 254131 synonymous YCR079W PTC6 T429T 0.21 

PDB26_c3 chrIV 844924 5'-upstream YDR192C NUP42 NA 0.23 

PDB26_c3 chrIV 996794 synonymous YDR264C AKR1 K510K 0.29 

PDB26_c3 chrIX 250375 nonsynonymous YIL056W VHR1 S129T 0.21 

PDB26_c3 chrX 316905 synonymous YJL062W-A COA3 D61D 0.18 

PDB26_c3 chrXI 217299 5'-upstream YKL120W OAC1 NA 0.22 

PDB26_c3 chrXII 909121 nonsynonymous YLR394W CST9 L391* 0.18 

PDB26_c3 chrXIII 68591 nonsynonymous YML102W CAC2 Q100K 0.27 

PDB26_c3 chrXIII 289233 synonymous YMR011W HXT2 S385S 0.31 

PDB26_c3 chrXIII 772786 5'-upstream YMR251W GTO3 NA 0.24 

PDB26_c3 chrXV 558049 synonymous YOR124C UBP2 V198V 0.18 

PDB26_c3 chrXVI 750415 nonsynonymous YPR112C MRD1 V502A 0.23 

PDB26_c4 chrI 127842 synonymous YAL015C NTG1 P87P 0.41 

PDB26_c4 chrIV 1352006 nonsynonymous YDR444W YDR444W E573Q 0.47 

PDB26_c4 chrVII 1061037 nonsynonymous YGR284C ERV29 T185I 0.15 

PDB26_c4 chrXV 473169 nonsynonymous YOR078W BUD21 E149Q 0.23 

PDB26_c4 chrXV 917896 nonsynonymous YOR321W PMT3 L623M 0.24 

PDB26_c4 chrXVI 44064 nonsynonymous YPL264C YPL264C R94L 0.21 
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PDB26_c5 chrII 51751 synonymous YBL088C TEL1 R2544R 0.32 

PDB26_c5 chrIII 283326 nonsynonymous YCR093W CDC39 D1070E 0.28 

PDB26_c5 chrIV 1078532 5'-upstream YDR308C SRB7 NA 0.26 

PDB26_c5 chrIV 1412625 nonsynonymous YDR477W SNF1 I85F 0.36 

PDB26_c5 chrVII 247324 nonsynonymous YGL139W FLC3 F537V 0.22 

PDB26_c5 chrVIII 340697 nonsynonymous YHR115C DMA1 R221S 0.30 

PDB26_c5 chrXIII 70299 synonymous YML100W-A YML100W-A A54A 0.28 

PDB26_c5 chrXIII 179990 nonsynonymous YML047W-A YML047W-A L33S 0.17 

PDB26_c5 chrXIII 215474 nonsynonymous YML031W NDC1 D429G 0.39 

PDB26_c5 chrXIII 714380 nonsynonymous YMR221C FMP42 V356I 0.52 

PDB26_c5 chrXIV 36496 nonsynonymous YNL321W VNX1 A601S 0.23 

PDB26_c5 chrXIV 210795 nonsynonymous YNL234W YNL234W C188Y 0.30 

PDB26_c5 chrXV 519791 nonsynonymous YOR106W VAM3 Q224P 0.36 

PDB26_c6 chrIII 63483 nonsynonymous YCL032W STE50 A15S 0.23 

PDB26_c6 chrIII 222621 nonsynonymous YCR057C PWP2 Q203L 0.14 

PDB26_c6 chrIII 254131 synonymous YCR079W PTC6 T429T 0.18 

PDB26_c6 chrIV 869318 nonsynonymous YDR208W MSS4 T365indel 0.36 

PDB26_c6 chrIV 1331303 nonsynonymous YDR434W GPI17 V23I 0.22 

PDB26_c6 chrIX 186813 nonsynonymous YIL094C LYS12 A274S 0.40 

PDB26_c6 chrXIV 409296 nonsynonymous YNL116W DMA2 V319E 0.30 

PDB26_c6 chrXVI 35552 nonsynonymous YPL268W PLC1 C106F 0.29 

PDB26_c7 chrIII 282527 nonsynonymous YCR093W CDC39 K804M 0.20 

PDB26_c7 chrV 48657 synonymous YEL055C POL5 T961T 0.50 

PDB26_c7 chrVI 65806 synonymous YFL034W MIL1 L110L 0.37 

PDB26_c7 chrVII 394293 nonsynonymous YGL058W RAD6 A103V 0.32 

PDB26_c7 chrX 688516 nonsynonymous YJR138W IML1 S1317C 0.19 

PDB26_c7 chrXII 830036 nonsynonymous YLR351C NIT3 Y110S 0.22 

PDB26_c7 chrXIV 372616 synonymous YNL134C YNL134C A322A 0.35 

PDB26_c7 chrXVI 40896 5'-upstream YPL265W DIP5 NA 0.36 

PDB26_c9 chrII 313193 nonsynonymous YBR038W CHS2 L432F 0.30 

PDB26_c9 chrII 734561 nonsynonymous YBR260C RGD1 A27P 0.32 

PDB26_c9 chrIII 202922 nonsynonymous YCR042C TAF2 R826C 0.29 

PDB26_c9 chrIV 117655 5'-upstream YDL191W RPL35A NA 0.38 

PDB26_c9 chrIV 821800 nonsynonymous YDR180W SCC2 T169N 0.31 

PDB26_c9 chrVIII 160686 5'-upstream YHR026W VMA16 NA 0.20 

PDB26_c9 chrXI 245205 nonsynonymous YKL104C GFA1 G57R 0.28 

PDB26_c9 chrXI 409327 nonsynonymous YKL015W PUT3 K262E 0.23 

PDB26_c9 chrXI 525109 5'-upstream YKR046C PLN1 NA 0.28 

PDB26_c9 chrXIII 166863 nonsynonymous YML054C CYB2 N149T 0.22 
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PDB26_c9 chrXIII 334605 5'-upstream YMR031W-A YMR031W-A NA 0.32 

PDB26_c9 chrXIV 49495 nonsynonymous YNL311C SKP2 D732N 0.24 

PDB26_c9 chrXIV 441876 synonymous YNL097C PHO23 A161A 0.17 

PDB26_c9 chrXV 793712 synonymous YOR244W ESA1 L394L 0.19 

PDB26_c9 chrXV 924654 synonymous YOR325W YOR325W N26N 0.17 

PDB26_c9 chrXVI 144176 nonsynonymous YPL216W YPL216W F119C 0.19 

PDB26_c9 chrXVI 203589 nonsynonymous YPL181W CTI6 V57I 0.19 

PDB26_c9 chrXVI 327275 nonsynonymous YPL118W MRP51 N216K 0.17 

Drakes chrII 294593 synonymous YBR028C YPK3 T470T 0.06 

Drakes chrIII 46605 nonsynonymous YCL045C EMC1 A101S 0.39 

Drakes chrIV 487600 nonsynonymous YDR021W FAL1 T266I 0.10 

Drakes chrIV 617377 intergenic NA NA NA 0.20 

Drakes chrIV 1085083 nonsynonymous YDR311W TFB1 A7S 0.08 

Drakes chrIV 1170220 intergenic NA NA NA 0.07 

Drakes chrIX 314661 nonsynonymous YIL020C HIS6 Q54E 0.06 

Drakes chrV 61847 intergenic NA NA NA 0.12 

Drakes chrVI 121682 nonsynonymous YFL008W SMC1 I752V 0.04 

Drakes chrVII 678677 5'-upstream YGR097W ASK10 NA 0.23 

Drakes chrVII 794400 intergenic NA NA NA 0.06 

Drakes chrVII 940773 nonsynonymous YGR222W PET54 S284F 0.08 

Drakes chrVII 972129 nonsynonymous YGR240C PFK1 M536L 0.21 

Drakes chrVIII 10799 intergenic NA NA NA 0.24 

Drakes chrX 703550 intergenic NA NA NA 0.28 

Drakes chrXI 300060 nonsynonymous YKL072W STB6 S160L 0.27 

Drakes chrXI 321083 nonsynonymous YKL063C YKL063C Q146K 0.14 

Drakes chrXI 345312 synonymous YKL050C YKL050C S103S 0.24 

Drakes chrXII 786005 nonsynonymous YLR328W NMA1 A365T 0.09 

Drakes chrXIII 85826 intergenic NA NA NA 0.08 

Drakes chrXIII 214844 nonsynonymous YML031W NDC1 D219G 0.08 

Drakes chrXIII 899139 synonymous YMR312W ELP6 I245I 0.29 

Drakes chrXIV 144390 nonsynonymous YNL265C IST1 E263K 0.08 

Drakes chrXIV 443294 intergenic NA NA NA 0.23 

Drakes chrXIV 547163 nonsynonymous YNL042W-B YNL042W-B C17* 0.08 

Drakes chrXV 684910 nonsynonymous YOR187W TUF1 T294I 0.06 

Drakes chrXVI 201159 nonsynonymous YPL183C RTT10 S460C 0.27 

Drakes chrXVI 277975 intergenic NA NA NA 0.06 

Drakes chrXVI 901544 nonsynonymous YPR183W DPM1 H264Y 0.26 

RedCircle chrII 352461 nonsynonymous YBR057C MUM2 T278N 0.21 

RedCircle chrII 450592 nonsynonymous YBR104W YMC2 A309V 0.26 
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RedCircle chrII 514630 nonsynonymous YBR138C YBR138C T236K 0.03 

RedCircle chrIV 197030 nonsynonymous YDL145C COP1 H383Y 0.30 

RedCircle chrIV 244223 nonsynonymous YDL122W UBP1 E558* 0.04 

RedCircle chrIV 305798 nonsynonymous YDL084W SUB2 V188I 0.25 

RedCircle chrIV 961135 synonymous YDR251W PAM1 N174N 0.26 

RedCircle chrIV 1161967 intergenic NA NA NA 0.42 

RedCircle chrV 271300 5'-upstream YER057C HMF1 NA 0.05 

RedCircle chrV 295459 nonsynonymous YER069W ARG5,6 K17I 0.04 

RedCircle chrVII 56179 intergenic NA NA NA 0.36 

RedCircle chrVII 259900 nonsynonymous YGL133W ITC1 R732G 0.38 

RedCircle chrXII 236845 nonsynonymous YLR045C STU2 Q287K 0.20 

RedCircle chrXVI 212366 nonsynonymous YPL178W CBC2 G70V 0.26 

RedCircle chrXVI 786381 synonymous YPR123C YPR123C V65V 0.04 

 

Table C.6. Recurrent mutations across all brewery evolution experiments 
Sample Chr Pos Ref Alt Mutation Type Gene Gene Effect Final AF 

PDB29 Rep. 2 chrIV 244970 G T nonsynonymou
s 

YDL122W UBP1 D807Y 0.103 

Red Circle 
Brewing 

chrIV 244223 G T nonsynonymou
s 

YDL122W UBP1 E558Stop 0.04 

Elysian09 chrIV 188256 G C nonsynonymou
s 

YDL148C NOP14 Y777Stop 0.101 

Elysian10 chrIV 188256 G C nonsynonymou
s 

YDL148C NOP14 Y777Stop 0.129 

Elysian10 chrIV 108539
2 

C T nonsynonymou
s 

YDR311
W 

TFB1 R110W 0.108 

Drake's 
Brewing Co. 

chrIV 108508
3 

G T nonsynonymou
s 

YDR311
W 

TFB1 A7S 0.077 

PDB26 Rep. 1 chrXI 245205 C G nonsynonymou
s 

YKL104C GFA1 G57R 0.077 

PDB29 Rep. 2 chrXI 245205 C G nonsynonymou
s 

YKL104C GFA1 G57R 0.117 

Elysian03 chrXII 905505 G A synonymous YLR392C ART10 N267N 0.176 

Elysian08 chrXII 905987 G A nonsynonymou
s 

YLR392C ART10 P107S 0.049 

 

Table C.7. Results of a sensory panel sampling beer produced by clones isolated from the Postdoc 

Brewing Replicate 1 populations  

E
sters 

Phenols 

A
lcohol 

Sw
eetness  

Phenols 

H
arshness  

W
arm

th  

A
cidity  

H
ops  

B
itterness 

M
alt  

p-value 0.00
3 

0.1413 0.6405 0.0003 0.1413 0.5821 0.4401 0.8831 0.0048 0.5594 0.0056 

PDB26 c6 2.18 1.03 1.4 2.27 1.03 2.16 2.34 0.83 3.02 3.47 2.86 

Ancestor 1.82 1.19 1.36 1.76 1.19 2.2 1.72 0.91 2.63 3.29 2.52 

PDB26 c1 1.76 0.83 1.29 1.76 0.83 1.95 1.63 0.8 2.8 3.36 2.6 
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Table C.8. Filters used in variant calling. 

 

  

Table S6: Filters used in variant calling. 
 
Samtools Filter Parameters 

  

Type Shorthand Value 
Mapping quality MQ >30 
Quality score QUAL >50 
Read depth DP >40 
Alternate read count DP4[2]+DP4[3] >4 
Forward read balance (DP4[0]+DP4[2])/DP >0.01 
Reverse read balance (DP4[1]+DP4[3])/DP >0.01 

 
Freebayes Filter Parameters 

  

Type Shorthand Value 
Mapping quality of observed alternate alleles MQM >30 
Mapping quality of observed reference 
alleles 

MQMR >30 

Quality score QUAL >20 
Read depth DP >40 
Forward strand alternate read count SAF  >2 
Reverse strand alternate read count SAR >2 
Forward read balance SRF + SAF / DP >0.01 
Reverse read balance SRR + SAR / DP >0.01 

 
LoFreq Filter Parameters 

  

Type Shorthand Value 
Quality score QUAL >20 
Read depth DP >20 
Forward strand alternate read count DP4[2] >2 
Reverse strand alternate read count DP4[3] >2 
Forward read balance (DP4[0]+DP4[2])/DP >0.01 
Reverse read balance (DP4[1]+DP4[3])/DP >0.01 
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