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Causal loci for phenotypes of interest do not exist in isolation, but rather in complex, densely 

connected groups termed genetic interaction networks. Given the degree of functional 

conservation shared with humans, S. cerevisiae represents an excellent model organism for 

understanding the connection of genetic networks to complex traits. Within the field, questions 

remain about the conservation of genetic networks among various, distantly related species. To 

address this, I studied how functional rewiring has evolved in S. cerevisiae and its most distantly 

related Saccharomyces relative, S. uvarum. I used differential gene essentiality as my phenotype 

of interest, which was previously observed to occur for 12% of comparable orthologs.  

 

Differentially essential orthologs between S. cerevisiae and S. uvarum are capable of functional 

complementation, pointing towards changes in interaction partners as the genetic basis. My work 



 
 

focused on identifying these evolutionary changes in the genetic network between species by 

mapping these new interaction partners. Focusing on the differentially essential orthologs that 

are essential in S. cerevisiae only, for select candidate genes I leveraged the power of transposon 

mutagenesis and whole genome sequencing to perform genome wide reciprocal hemizygote 

screen in these hybrids to map loci with differential phenotypic results depending on the identity 

of the mutated parental allele. Analysis of transposon insertion rates across both parental 

genomes in the population will make it possible to identify novel genetic interaction partners that 

have been gained or lost for the non-essential S. uvarum ortholog. Mapping the genetic network 

changes among these two 20 mya diverged Saccharomyces yeasts will provide new insight into 

the level of conservation across the Eukaryotic tree of life. 
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Chapter One: Introduction 

 

1.1 Dissecting the genetic architecture underlying complex or simple phenotypes 

Work over the past half a century has shown that disentangling the connection from genotype to 

phenotype is a convoluted problem1,2. Tracing genetics through history has shown a wide array 

of approaches: selective breeding of pea plants to discern patterns of inheritance for physical 

traits, generation of pools of mutants through UV irradiation and elucidation of phenotypes 

afterwards, to finally the isolation of an underlying gene for specific phenotypes like pink colony 

color in budding yeast3. Over the decades, the scientific community has advanced from selecting 

a phenotype of interest and attempting to discern the genetic basis, to purposeful and targeted 

generation of mutants for a gene of interest and assaying their phenotype to further elucidate 

function.  

 

As approaches to understanding genotype to phenotype connections have grown in leaps and 

bounds, so too has the scientific community’s understanding of the complexity of functions 

within the cell. Groups have dedicated decades of research to generating methodical knock out 

lines within organisms, perturbing function of genes one by one and assaying phenotype to 

understand the role each plays within the cell. Others have focused more recent efforts on 

detailed analysis of the specific gene underlying phenotypes of interest: generating libraries for 

each gene containing all possible amino acid replacements to study in fine detail the connection 

of genotype to phenotype in an approach called Deep Mutational Scanning (DMS)4–8. These 

approaches yield a wealth of information at an unprecedented level of detail, but only for one 

gene and often only for a specific function. However many genes, whether their final gene 

product be RNA or protein, have many overarching functions within a single cell and even 
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multiple interactions with other gene products performing their own functions9–13. The cell is a 

crowded, frantically busy place and methods of study aimed at genotype to phenotype 

understanding have been evolving to reflect this perception14–17. 

 

All of this work collectively has led to a broader comprehension that causal loci for phenotypes 

of interest do not exist in isolation within the cell, but rather in complex, densely connected 

groups termed genetic interaction networks18–21. While some interacting partners within a genetic 

network have physical interactions between their gene products, such as in a protein complex, 

that is not necessary for a pair of genes to be defined as connected nodes within a genetic 

network22,23. In fact, it is not even very common according to recent studies. Instead, it is 

commonly found that two genetic interaction partners possess overlapping or similar functions 

within biological pathways such as DNA damage repair and oxidation stress response23–25. 

Previous work has shown that perturbations to genetic networks in humans can cause disease, 

especially for genes that serve as “hubs” within genetic networks26–28. These are genes that are 

involved in many different necessary processes, or which are very important for fundamental 

biological processes. In addition, work interrogating the role of genetic networks in cancer 

phenotypes has shown that these central hubs of networks are excellent therapeutic targets for 

potential chemotherapy drugs and often represent the genes essential for an organism’s 

viability29.  

 

In order to understand more about the connection of genetic networks to human health and 

disease, work has begun to generate maps of genetic networks in humans; however, there exist 

significant technical challenges. Most genetic network mapping approaches rely on defining 
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pairwise interactions via knockouts or other styles of genetic perturbation. Two genes are 

considered to have an interaction within a genetic network if the loss of just one or the other has 

a different fitness effect compared to loss of both. This deviation from expected multiplicative 

fitness is also often spoken about in literature under the term epistasis as well. The two terms and 

bodies of study are highly connected and ask many similar questions: for ease of understanding I 

will speak mostly within genetic network terminology.  

 

This style of study is difficult to perform in diploid genomes such as humans because there exists 

a second copy of each pair of query genes such that barring haploinsufficiency or dominant 

negative effects, the second copy can cover the loss or dysfunction of the perturbed copy and 

nothing is learned about the presence or absence of an interaction between the query genes30–33. 

While some work has begun focusing on cleverly engineered haploid human cell lines, these cell 

lines have their own technical issues especially when attempts to extrapolate data to diploid cell 

lines are made.  

 

Serious concerted efforts have also been made in key model organisms, including 

Caenorhabditis elegans and the fission yeast Schizosaccharomyces pombe31,34. Evolutionary 

geneticists hypothesize that there may exist a core, conserved genetic network among Eukarya 

composed of what most would consider key genes underlying the most basic and important 

cellular processes. In searching for a potential conserved genetic network, any comparisons 

between genetic networks of homologous genes between organisms are complicated by 

experimental issues preventing clear interpretation of genetic network comparisons. These 

experimental issues originate from the inability to have direct comparisons due to variation in the 
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specific genetic tools applied to discern each genetic network. For example, the genetic network 

maps generated for C. elegans do not rely fully on gene knockouts and must instead also 

leverage clever tools such as RNA interference (RNAi) or other versions of inducible 

knockdowns21,35–37. 

 

Fortunately, a large body of work over the past decade in the budding yeast Saccharomyces 

cerevisiae has generated an almost complete genetic map and provided insight into general 

principles of biological genetic networks24,29,38. Despite large differences in cell organization, 

metabolisms, and motility between the billion year diverged S. cerevisiae and Homo sapiens, 

there exists a high degree of functional conservation between the two species39. Fundamental 

processes such as DNA replication and cell cycle progression were discerned by leveraging yeast 

as a model organism, underlining the level of conservation40,41. In addition, this conservation can 

also be seen through the lens of essential genes required for normal cellular proliferation. When 

compared to 20% for non-essential genes, approximately 38% of essential genes in S. cerevisiae 

have identifiable homologs in the human genome. With this level of conservation in mind, S. 

cerevisiae represents an excellent model organism for understanding the connection of genetic 

networks to complex traits.  

 

However, questions remain about how conserved these genetic networks are among various, 

distantly related species. Preliminary work has provided conflicting answers, but does suggest 

the existence of a conserved, Eukaryotic genetic network21,21,32,37. There have been no such 

comparative studies in more closely related organisms aiming to understand how genetic 

interactions rewire over shorter evolutionary timescales. To address this question, I have focused 
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the bulk of my thesis research addressing the questions of how functional rewiring of biological 

processes has evolved in S. cerevisiae and one of its most distantly related Saccharomyces 

relatives, S. uvarum. In particular, I have worked to map the underlying genetic architecture that 

gives rise to the complex phenotype of gene essentiality, which differs for hundreds of orthologs 

between these species. 

 

Differential essentiality in these two Saccharomyces yeasts offers a way to gain insight into the 

evolutionary pressures on genetic networks, by gauging the level of rewiring between more 

closely related species than have previously been analyzed. Moreover, even though changes in 

genetic networks have been mapped on larger scales, sparser work has been done to understand 

the underlying genetic architecture of these changes at the molecular level. In order to 

understand genetic network evolution, gene essentiality offers an excellent, strong phenotype to 

study because previous work indicates essential genes are more likely to exist as important hubs 

of dense connections23,26,29. 

 

Gene essentiality is also an excellent starting point to understanding changes in genetic networks 

over evolutionary time because network mapping done in S. cerevisiae was originally done by 

screening for synthetic lethality42. A synthetic lethal screen involves taking a strain with one 

gene deleted, and generating secondary knockouts of genes across the genome, i.e. a one-by-all 

genetic screen. An array of otherwise isogenic strains is eventually generated that each has the 

deletion of the gene of interest, and a second deletion of a different gene42,43. The two genes in 

each double knockout strain are determined to have a genetic interaction when the phenotypic 

outcome of the double gene knockouts is different from their expected fitness. This expected 
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fitness is calculated from the observed fitness effects of both genes in separate, individual 

knockout strains. In the most extreme cases, a strain may be observed to be viable upon deletion 

of either of the two genes alone, but inviable when both are attempted to be knocked out in a 

single haploid strain. Thus the term synthetic lethality: by deleting the first gene a “synthetic” 

gene essentiality exists such that the second gene has now become essential in the mutant 

background.  

 

Synthetic lethality screens are also an excellent reminder of how important genetic background is 

to all genotype to phenotype studies. As powerful as studies such as DMS are for deeply 

interrogating the sequence to function relationship of a gene of interest, they are intrinsically 

impacted by the genotype of the organism they are performed in. Pre-existing standing variation, 

for example, in the interacting genes within the genetic network of the gene of interest can 

drastically change the phenotypic result. The sometimes subtle effects of genetic background on 

phenotypic outcome for a novel mutation can also lead to incorrectly assigning phenotypic 

differences only to changes in the gene of interest, rather than also as an accumulation of the 

effect this cryptic genetic variation has on the phenotype.  

 

In addition, as more and more DMS data sets are made publicly available to the community at 

large, the comparison of data sets becomes of greater interest. However, such comparisons could 

be confounded by strain or cell line specificity: even if two separate DMS datasets are both 

generated in S. cerevisiae, the choice of different strains, or isolates, could pose a significant 

problem to overcome in order to draw meaningful conclusions from comparisons44,45. In order to 

empower these sorts of studies and comparisons, the effect of the strains and their differing 
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genetic backgrounds on such genotype to phenotype studies needs to be further explored to be 

better understood. The understanding of genetic background has already grown in leaps and 

bounds, and its classification more recently as interesting genetic variation worth studying itself, 

rather than just a nuisance to be dealt with, paves the way to further deepening our understanding 

of its phenotypic consequences and biological significance46,47.  

 

1.2 The underpinnings of genetic background within the phenotype of gene essentiality 

between two Saccharomyces species. 

Since its existence was first described, genetic background has generally been understood as the 

observation that spontaneous or induced mutations result in a differing array of phenotypic 

consequences among genetically distinct individuals within a species’ population. In humans 

specifically, the effect of genetic background can be described as the effect of existing standing 

variation between individuals in a population on the consequence of a novel mutation. After 

many years of work in the fields of genetics, genomics, and evolutionary biology this 

phenomenon has been observed repeatedly: from the effect of a mutation in different E. coli 

strains, to the breeding of an engineered mouse line with separate inbred mouse lines yielding 

different phenotypic results.  

 

The influence of genetic background on subsequent mutations can often most clearly be seen in 

examples pertaining to human health and disease. Cystic fibrosis as a disease model is an 

especially good example, because the vast majority of affected individuals are homozygous for a 

variant of the cystic fibrosis transmembrane conductance regulator (CFTR) protein labeled 

p.Phe508del48,49. While a group of individuals with cystic fibrosis may all have this mutation, a 
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large array of disease severity is observed among those individuals. Thus, there is something 

modulating the phenotype of cystic fibrosis severity within the genomes of these different 

individuals. This sort of background genetic variation is referred to as cryptic genetic variation 

within the field, and is a common theme, and problem, of research focused on understanding the 

genetic basis for human disease.  

 

The importance of genetic background is also a pressing issue within the field of genetics as it 

pertains to the assignment of a ‘wild type’. If there is existing genetic variation within a 

population such that the same novel mutation leads to differing phenotypic changes, how does 

one benchmark such an experiment? How does one properly average, or choose among, this sort 

of variation to create a heathy, “normal” individual as a control for an experiment? For example, 

in the past many studies focused on S. cerevisiae genetics and evolution leveraged the laboratory 

strain named S288C. While S288C is often treated as a ubiquitous control, the field now 

understands there exists a significant level of sequence and phenotypic variation present in this 

strain compared to natural isolates and even other laboratory strains46,50. Examples of this 

sequence and phenotypic variation including loss of function (LOF) mutations in important 

genes involved in the speed of sporulation and meiosis. 

 

The concept of a single ‘wild type’ individual and its consequences is also of particular interest 

within the field of human health and disease. In an attempt to address the shortcomings of 

choosing a single person or few persons’ genomes as point of comparison for new data, a new 

research mission was formed (the All of Us initiative) by the NIH focused on sequencing one 

million individuals belonging to many different backgrounds and areas of the world51. By 
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considering the effect of genetic background on phenotypic outcomes for a mutation, the 

community enriches their understanding of disease severity in different populations while also 

beginning to dismantle the idea of a single, fixed ‘wild type’ in human genetic studies. 

 

While the field continues to grow and expand as more work interrogates the molecular 

underpinnings of genetic background effects, certain patterns have been observed. Thus far, the 

general understanding is that the phenotypic variation seen in background effects upon a newly 

acquired mutation can be understood through the lens of these genetic background effects 

representing genetic interactions between the mutation and segregating loci. This understanding 

of genetic background effectors as genetic interactors with the mutation of interest has been 

especially well studied within the Saccharomyces community14,52,53. The relative ease of genetic 

mapping studies such as QTL has made it possible to observe just how much variation in these 

interacting loci under the genetic background umbrella can affect or interact with a genotype of 

interest. For example, mapped segregating loci that interact with the novel mutation and affect 

phenotypic expression can be found to themselves interact with each other in a small, local 

genetic network. The variation in genetic backgrounds is thought to arise from mutations at these 

interacting or epistatic loci. These mutations can range from affecting core functional processes 

like signaling cascades and regulatory pathways, to being part of vastly different cellular 

processes. Even with this knowledge, these general patterns of observed molecular mechanisms 

of genetic background effects are often rather specific on a case by case basis, and dependent on 

the function and phenotype of the novel mutation whose phenotypic expression is altered by the 

genetic background. 
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One such example of this comes in the form of studying essentialomes—the most complete list 

of essential genes known and profiled in the organism of interest—among individual isolates or 

strains. The term essential gene seems self explanatory, but variation in lists of essential genes 

has been observed in different genetic backgrounds of S. cerevisiae for quite a while. 

Exploratory work into the molecular mechanisms underpinning these differential essentiality 

phenotypes between the common laboratory strain S288C and another isolate Σ1278b has shown 

that the answer is not overly simple54. There does not seem to be a single overarching driver or 

controller for differentially essential genes between strains, and that instead it was found that 

changes in local gene-gene interactions at differing levels of complexity could provide 

explanations. The question remains: are these causal local gene-gene interaction changes the 

standard for what explains differential essentiality, or are these cases specific and niche to the 

variation between each pairwise comparison between S288C and Σ1278b, or even any other 

isolate? In addition, the task of profiling an essentialome for a specific species or strain is not 

quite so simple an undertaking, making these kinds of comparisons challenging, but ultimately 

informative. 

 

The definition of genetic background so far has been discussed as the understanding that 

variation exists in separate individuals within the same species. However, taken to an extremum 

the concepts of genetic backgrounds can be applied to understanding the differences between 

two closely related species with conserved and shared biological processes. Specifically, my 

thesis work was focused on applying the framework for how genetic background affects gene 

essentiality between different S. cerevisiae strains, to understanding changes in gene essentiality 

between S. cerevisiae and one of its most distantly related Saccharomyces relatives, S. uvarum55–
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58. By leveraging a similar approach as was used to interrogate the genetic basis for differential 

gene essentiality between S. cerevisiae isolates, I aimed to ask a similar question but across a 

much larger evolutionary timescale. A potential exists that only small, local changes were 

observed in these studies with S. cerevisiae isolates because of the smaller evolutionary space 

explored by the genetic background effect studies so far, and limitations of statistical power 

within past genetic methods. Therefore, expanding differential gene essentiality studies beyond 

genetic background effects within a species and instead exploring between species could 

empower a study to discern any larger drivers of the effects of genetic backgrounds on the 

phenotype of gene essentiality across a larger evolutionary time scale. 

 

This work was not even possible until quite recently. While decades of work have made it 

possible to functionally characterize the S. cerevisiae genome and its essential genes, the lack of 

equivalent tools and resources in non-model organisms was previously a barrier to understanding 

functional genome evolution across the Saccharomyces genus59. As part of overcoming this 

challenge, the Dunham lab previously applied an in vitro transposon mutagenesis assay to 

functionally characterize the genome of S. uvarum55. Leveraging this process, a list of predicted 

essential genes was generated for both S. cerevisiae—which was comparable to preexisting 

literature defining the essentialomes—and S. uvarum. 

 

Comparing these dispensability profiles across the 4,321 orthologous gene pairs for S. cerevisiae 

and S. uvarum revealed that 12% of orthologs had differential dispensability [Figure 1.2.1.]. The 

essentialome changes point towards interesting functional genomic differences between the two 
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species arising from the 

divergence of gene 

function and/or changing 

genetic network 

interactions. There were 

two potential 

explanations for the 

observed differential 

gene essentiality: either 

function of the orthologs 

had diverged 

significantly enough 

since last common ancestor that the orthologs were performing different functions, or the gene-

gene interactions in the non-essential species had changed relative to the ancestral state. This 

hypothesis of genetic network changes underlying species specific genes arises because another 

way of considering differential gene essentiality is as suppressors in the non essential species 

acting through an altered or novel interaction between the suppressor and the differentially 

essential gene in the tolerant species. 

 

To discern between these two hypotheses, a previous member of the lab performed cross-species 

complementation studies. She observed that when a S. cerevisiae strain heterozygous for an 

essential gene knockout was transformed with a ‘wild type’ copy of the S. uvarum ortholog, the 

resulting haploid containing the gene deletion and the S. uvarum ortholog recovered after 

Figure 1.2.1. Pie chart showing the distribution of predicted gene 

essentiality between comparable orthologs of S. uvarum and S. 

cerevisiae. 
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sporulation and tetrad dissection was viable [Figure 1.2.2.]. This cross-species functional 

complementation pointed to the other hypothesis as an explanation of the differential gene 

essentiality: changes in local genetic networks, made up of interacting loci with the gene of 

interest, between S. cerevisiae and S. uvarum that have accumulated since their last common 

ancestor. Based on the complementation results, we hypothesized that the underlying genetic 

bases of these differential dispensability profiles between S. cerevisiae and S. uvarum were due 

to changes in the involved genetic networks and represent a sort of extremum of genetic 

background effects. 

 

The work discussed here aimed to address the hypothesized, underlying changes in genetic 

architecture by performing genetic mapping to understand the molecular mechanisms 

underpinning these changes in gene dispensability profiles between the two related yeast species 

previously discussed: S. cerevisiae and S. uvarum. Several features make S. uvarum an excellent 

organism in which to perform these comparative studies: it is genetically tractable using methods 

developed in S. cerevisiae, Saccharomyces yeasts have the useful ability to hybridize making 

cross-species genetic mapping possible, and S. uvarum is one of the two most distantly related 

Saccharomyces yeast to S. cerevisiae56. These features of S. uvarum make the proposed genetic 

mapping experimentally feasible in this non-model organism, while also preserving the ability to 

discern and map changes in genetic networks between two related species that diverged ~20 

million years ago and interrogate the effect of genetic background on gene essentiality across a 

larger time scale than previously examined60. In addition, mapping these rescue loci will inform 

the field’s understanding about how genetic networks evolve, and the role genetic background 
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plays across differing timescales. 

 

Work towards understanding the genetic determinants of differential gene essentiality between S. 

cerevisiae and S. uvarum will be critical not only for mapping the changes in genetic networks 

between the species-specific essential genes, but also for generating a greater understanding of 

how this higher level of biological organization evolves. Understanding these fundamental 

principles will be necessary in order to chart a path from the genetic interactions gleaned in S. 

Figure 1.2.2. Diagram of cross-species complementation assay showing the rescue of an  

S. cerevisiae species specific essential gene loss by the ‘wild type’ S. uvarum ortholog. 
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cerevisiae and how they relate to genetic networks present in humans19,33. This long term goal is 

especially important for networks underlying complex human disease, since targeting hubs of 

genetic networks is a viable approach for finding cancer drug targets26. 

 

1.3 Barriers to traditional genetic mapping approaches for S. cerevisiae x S. uvarum 

interspecies hybrids 

Previous work studying genetic background effects in yeast described the number of interacting 

loci—the genetic architecture—underlying these effects to vary on a gene by gene basis. Given 

this variation previously observed, we expected that the genetic architecture underlying species-

specific gene essentiality would be of varying complexity, representing a potential pitfall. Even 

with a traditional en masse QTL based approach named Bulk Segregant Analysis (BSA) that has 

greater statistical power than original methods, mapping multiple loci of small effects will be 

challenging61–63. To overcome the challenges of mapping many loci of small effect, S. cerevisiae 

strains from the Synthetic Genetic Array (SGA) containing strain collection can be leveraged. 

With a combination of mechanical and chemical methods to destroy parental cells, a significant 

number of viable progeny can be recovered from sporulated diploid SGA strains. Mass recovery 

of viable haploid offspring from a mating make it possible to perform QTL mapping for multiple 

strains in parallel. By leveraging SGA methods, the number of progeny required for BSA can be 

recovered, and this approach can be used to examine several different species specific essential 

gene candidates. After the subsequent mapping of the sequence basis for differential gene 

essentiality, I expect to observe varying levels of complexity for the underlying genetic 

architecture. By selecting several candidates, I increase the chances of being able to map the 

causative loci for at least some of these differentially essential genes even if the effect size is 
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small for many contributing loci. 

 

In the case of applying QTL mapping to understanding differential gene essentiality between S. 

cerevisiae and S. uvarum, the parent strain subjected to screening would be a hybrid. For a 

candidate gene that is an essential gene specific for S. cerevisiae, the haploid S. cerevisiae 

partner would be ‘wild type’ for the differentially essential gene. The S. uvarum partner, on the 

other hand, would carry a deletion allele of its ortholog marked by a dominant drug resistance 

cassette. This hybrid would then be sporulated, and progeny collected for sequencing. Rather 

than generating multiple bins across a spectrum of phenotypes, for studying differential gene 

Figure 1.3.1. Depiction of a 

Quantitative Trait Locus (QTL) 

genetic mapping approach to discern 

the S. uvarum specific interacting 

partners underlying the phenotype of 

a S. cerevisiae specific essential gene. 
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essentiality the progeny of interest would have inherited the differentially essential gene deletion 

allele while remaining viable. The hypothesis would be that only progeny that had also inherited 

the interacting factor allele in the S. uvarum genome that suppresses the gene essentiality would 

be able to survive. This uniparental inheritance could be detected within the genomes of progeny 

of interest, when compared to a ‘wild type’ control, by sequencing and mapping to the parental 

genomes [Figure 1.3.1.]. Unfortunately, a traditional QTL strategy is a non starter as a genetic 

mapping approach to understand the loci underlying differential gene essentiality between S. 

cerevisiae and S. uvarum. The inviability of QTL mapping as an approach is because S. 

cerevisiae and S. uvarum are able to mate and form hybrids, but these hybrids are sterile and 

produce very few viable progeny57,64,65. 

 

Most Saccharomyces species are capable of mating and forming inter-species hybrids. The 

occurrence of hybridization has been observed both within the laboratory and also within isolates 

from natural populations. Hybridization often gives the resulting F1 an evolutionary advantage 

through the level of heterozygosity and genetic diversity generated that is then subject to natural 

selection66–68. The caveat of these hybridization events however is that F1 hybrids are largely 

sterile. The formation of hybrids occurs within all Kingdoms of life and sterility of the F1 

progeny is common, and even in cases where F1 are fertile often there is a subsequent hybrid 

breakdown among later generations69–71.  

The genetic basis for hybridization barriers between two species varies between organisms—

from Dobzhansky -Muller incompatibilities to ploidy issues—as well as the timing of the barrier. 

For example the lack of overlapping habitat, or different mating behaviors represent a pre-

zygotic species barrier. An example of a post-zygotic barrier is the inability of a newly fertilized 



18 
 

offspring to survive to birth, or if born the hybrid is sterile and unable to produce offspring72–75. 

For the case of Saccharomyces hybrid infertility, genomic sequence divergence represents a 

post-zygotic barrier. This conclusion was the result of the work from several different groups 

across the last few decades76–78. This body of work culminated in the understanding that 

sequence divergence between the parental genomes in the hybrid triggers the recruitment and 

action of the Mismatch Repair (MMR) pathway.  

MMR plays several important roles in the cell including the maintenance of genomic integrity 

during normal cellular growth and mitotic division, but it also plays an important role in meiosis. 

The 20% sequence divergence between the S. cerevisiae and S. uvarum genomes in a hybrid 

affects how homeologous recombination is initiated by the cell during meiosis, and results in the 

recruitment of MMR. After chiasma initially form, recruited MMR machinery interprets the 

sequence divergence between, for example, chr. I of S. cerevisiae and chr. I of S. uvarum as non-

homologous chromosomes. MMR works to halt crossing over and resolve any in progress so that 

the “paired” parental chromosomes are unable to line up properly on the metaphase plate during 

meiosis I due to lack of mechanical tension created by crossing over events between them; 

resulting in rampant aneuploidies and inviable offspring. 

The inability of Saccharomyces hybrids to undergo meiosis and produce viable spores provides a 

substantial barrier for genetic mapping approaches to elucidate the identity of rescue loci 

underlying differentially essential genes between S. cerevisiae and S. uvarum. Hybrid sterility 

especially confounds the use of traditional mapping methods such as QTL which rely on the 

sorting, phenotypic profiling, sequencing, and analysis of progeny from a S. cerevisiae x S. 

uvarum hybrid. Despite this challenge, previous work in S. cerevisiae x S. paradoxus hybrids has 
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shown that this sterility caused by the action of MMR can be alleviated to various degrees by 

mutating components of the MMR pathway. 

Work from the Delneri group proved that when a factor for MMR is deleted for both S. 

cerevisiae and S. paradoxus, hybrids formed from these msh2Δ strains were able to produce 

more surviving progeny. Recently, the Grieg group took this approach even further by 

engineering meiotic null alleles at both the MSH2 and SGS1—a DNA helicase involved in cross 

over formation—loci79. To avoid genome fidelity issues present in MMR deletion strains, the 

group instead utilized previous knowledge in the community to choose a native promoter for an 

endogenous gene that is specifically shut off during meiosis. The specific gene whose promoter 

was of interest to the Grieg group was the B-type cyclin CLB2, whose expression is shut off 

during meiosis because its protein product promotes the entry of the cell into mitosis80,81. By 

replacing the native promoters for both genes with the promoter for the gene CLB2, both S. 

cerevisiae and S. paradoxus strains were generated that specifically shut off MSH2 and SGS1 

expression exclusively in meiosis. Results from this experiment showed that up to 40% of 

progeny were viable, and full tetrads were obtainable to even be able to observe a marked 

increase in recombination rate over wild type hybrids. This approach is a very promising one to 

overcome the barrier of hybrid infertility for mapping differential gene essentiality between S. 

cerevisiae and S. uvarum. A noted potential pitfall for this approach is that S. cerevisiae and S. 

paradoxus have syntenic genomes with only 10% sequence divergence. Compared to that, the 

20% sequence divergence between S. cerevisiae and S. uvarum as well as several chromosomal 

translocations could heavily affect spore viability from CLB2 promoter engineered S. cerevisiae 

x S. uvarum crosses56. 

 



20 
 

1.4.1 Transposon mutagenesis approach to genetic mapping via reciprocal hemizygosity 

screen. 

While QTL mapping approaches have been broadly used in many different model organisms, 

there exist several other quite powerful genetic methods to perform mapping. A particular 

method of interest that has been leveraged previously with varying success in hybridss is 

transposon mediated mutagenesis. Transposable elements (TEs), or transposons, represent a 

valuable genetic tool with many applications that have been developed since the existence of 

these selfish genomic elements was first described by Barbara McClintock in the middle 20th 

century82. Since their original description, extensive studies have been done upon their biology, 

molecular mechanisms of their jumping, and evolutionary consequences. Sometimes viewed 

through the lens of a selfish genetic element, or genomic parasite, transposons have been 

observed throughout the Kingdoms of life. Between species, transposon sequences represent 

different percentages of the whole genomic sequences; ranging from roughly 50% of the human 

genome to about 90% of the maize genome—the original species studied by McClintock and 

Creighton.  

 

Originally discovered in connection to McClintock and her graduate student Creighton’s work on 

tracking and studying genetic recombination, transposable elements represent mobile genetic 

elements, termed “jumping genes” capable of moving between genomic locations during cell 

divisions. The molecular process of this jumping within the genome can often be described as a 

copy and paste, or cut and paste process. This depends on whether the transposon can be 

classified as Class 1 Transposable Element (TE) or Class II TEs, also referred to in the literature 

as retrotransposons or DNA transposons, respectively82. The transposon first discovered by 
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McClintock and Creighton was named Ac/Ds, which represented a class II TE. Other notable 

class II TEs include the Tc-1 / mariner classes of transposons, piggybAC, and Sleeping Beauty. 

These elements were first discovered in Drosophila mauritiana, the cabbage looper moth 

Trichoplusia ni, and artificially revived from a dead version in the Salmonid fish respectively83–

86. DNA transposons are also referred to as complete transposons, because they encode a 

transposase enzyme capable of performing the cutting and pasting function responsible for their 

jumping within a genome. This makes the transposon independent from the main cellular 

machinery and does not co opt any of the endogenous proteins of the organism’s genome. While 

all of the class II transposons listed above perform similar functions, large differences exist in the 

ability of the transposon to cut and paste cleanly. Within the wider family of transposons, the 

mechanism of action for some leave genomic signatures behind from their original locations, 

also termed genomic scarring, while others do not. This is of particular importance to geneticists 

who wish to utilize transposon as a tool, because it can affect the ability to engineer a strain or 

perform a mutagenesis experiment. 

 

This self-reliant mechanism is crucial for transposition as a tool, but is different from the other 

class of TEs, retrotransposons, which can be further subdivided into autonomous or 

nonautonomous class I TEs depending on if the transposon encodes any of the proteins necessary 

for retrotransposition. Most autonomous retrotransposons can be further subdivided into LTR 

(Long Terminal Repeats) vs non-LTR transposons87,88. LTR transposon make further genomic 

changes upon pasting wherein target sequence duplication occurs, whereas non-LTR transposons 

create smaller, roughly 7 to 20 base pair duplications upon insertion at the target site. Both types 

of autonomous retrotransposon encode their own reverse transcriptases and nucleases for 
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transposon replication and insertion (the copy and paste mechanism). Well known examples for 

autonomous retrotransposons include the human endogenous retroviruses (HERV) and various 

Ty elements found in the genome of S. cerevisiae89–91. The discovery of transposons jump started 

a novel field in genetics, focused on understanding the movement and evolutionary impact of 

transposons and their jumping events in addition to studying their bizarre, sometimes non-

Mendelian inheritance due precisely to this movement within the genome. The challenge of  

physical mapping for transposons within the genome was also of great interest, and part of what 

led to the original hypothesis of their existence by Thomas Hunt Morgan long before the tools to 

discern them were available.   

 

In recent years the molecular biology, genetic, and synthetic biology fields have cleverly adapted 

these natural, biological elements into tools for genome engineering and genetic studies. 

Leveraging transposons, almost exclusively class II TEs, groups were able to co-opt cutting and 

pasting to perform untargeted mutagenesis beginning with simple microbes like E. coli. By 

design, the proteins encoded for by a class II transposon like piggyBac are instead expressed 

from an extrachromosomal plasmid vector, which also contains a specific sequence of interest 

that replaces the original transposon sequence between the sequence arms used for transposition. 

This sequence can vary greatly, depending on the experimental design a transposon is being used 

for, but is often a drug marker of some sort to tag cells that have undergone transposition where 

the transposon has jumped from the plasmid to the genome. 

 

This transposon mutagenesis approach of cutting and pasting from an exogenous plasmid to 

genomic DNA was of particular interest to my thesis work. Transposon mutagenesis represents a 
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powerful genetic tool that offers an alternative mapping approach for the molecular basis of 

differential gene essentiality between S. cerevisiae and S. uvarum. By avoiding the need for 

sexual reproduction, transposon mutagenesis circumvents hybrid sterility because it can be done 

within the cellular context of a S. cerevisiae x S. uvarum hybrid. Specifically, in a S. cerevisiae x 

S. uvarum hybrid that is homozygous LOF for a species specific essential gene, transposon 

mutagenesis can be leveraged to perform a reciprocal hemizygosity screen for rescue factors. A 

reciprocal hemizygosity screen, in the most simple terms, interrogates whether there is a 

different phenotypic result between disrupting one parental allele or another within a hybrid. In 

the case of differential gene essentiality, a transposon mutagenesis based reciprocal hemizygosity 

screen makes it possible to map the underlying interacting loci. For a S. cerevisiae species 

specific gene, parental biases in recovered  transposon insertion rates will reveal the identity of S. 

uvarum rescue loci alleles. Any loci that experience very few insertion events only within a S. 

uvarum parental allele are candidates for the loci underlying differential gene essentiality. Thus 

the usefulness of a reciprocal hemizygosity screen for the problem of differential gene 

essentiality is revealed: the parental loci in the hybrid that have different phenotypic results 

(viable vs inviable) upon transposon insertional mutagenesis will be candidates for the rescue 

loci that are being mapped. 
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Chapter Two: Strain engineering approach to overcoming hybrid infertility barriers to QTL 

mapping. 

2.1 Introduction 

2.1.1 History of Saccharomyces hybrids 

A powerful feature of Saccharomyces cerevisiae as a model organism comes not just from the 

species itself, but also from its relationship to the other closely related species within the 

Saccharomyces clade. Although sequence divergence between S. cerevisiae and the other clade 

members varies by up to ~20%, S. cerevisiae is capable of cross-species mating with other clade 

members, resulting in hybrids. These hybrids exist both naturally and in domesticated settings 

where the pressure of natural selection is imposed by humans. There is even some bioinformatic 

research leading speculation that the entire Saccharomyces clade began with a common ancestor 

resulting from hybridization, followed by whole genome duplication92–95. The formation of a 

hybrid between two different Saccharomyces species can be an evolutionary advantage: 

generating genetic diversity through combining the two parent genomes into one cell. Hybrids 

often show genomic changes occurring at a more accelerated rate than intraspecies mating due to 

the inherent instability of the hybrid genome. 

 

These are just a few of the genomic changes that can occur after hybridization in Saccharomyces 

species. There are other important consequences to hybridization as well, however. While 

Saccharomyces yeasts can form hybrids, these hybrids are sexually reproductive dead ends 

because they are all infertile. Hybrid infertility is not an uncommon phenotype and can be found 

throughout the tree of life including mammals, plants, and microorganisms such as budding 

yeasts. This infertility is viewed as one of many mechanisms that play a role in speciation. The 
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mechanisms of hybrid infertility vary based on the taxonomy of the hybrid’s parents: in 

mammals Dobzhansky-Muller genomic incompatibilities commonly prevent most F1 hybrids 

from producing F2 offspring69,96–98. In contrast, the infertility of plant hybrids is usually caused 

by abnormal ploidy in the hybrid compared to the parents99,100. These observations were the 

result of decades of early study however, and the last few decades has shown that there are not 

firm rules and these mechanisms of speciation and hybrid infertility occur in different 

combinations. 

 

2.1.2 Sterility of hybrids caused by anti-recombination activity of MMR 

After the formation of yeast hybrids was discovered, they were further observed semi frequently 

within domesticated and wild ecological settings. Once it was determined by researchers that 

Saccharomyces hybrids were indeed infertile, the causality of this infertility became a focus of 

many research groups. Although there is some evidence that Dobzhansky-Muller genomic 

incompatibilities between parental genomes play some part in the infertility of certain hybrids, it 

has been hypothesized that most hybrid infertility is due to the action of the mismatch repair 

(MMR) pathway in these hybrids101. MMR machinery proteins are highly conserved across the 

tree of life and are critical to the cell for the role they play in the maintenance of genomic 

integrity102–104. Specifically, MMR functions to detect base - base mismatches and 

insertion/deletion mis-pairs generated after DNA replication and recombination.  

 

If a cell suffers double stranded DNA breaks (DSBs) during mitosis, the DNA damage is 

repaired via homologous recombination (HR) with the help of the MMR pathway. HR functions 

to repair DSBs in a yeast cell by using the undamaged homologous chromosome as a template 
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via complementary base pairing to repair the DNA damage. The proteins in the MMR pathway 

work together to ensure homogeneity of the template and repair strand by preventing 

homologous recombination. If the sequences are non-homologous, such as different 

chromosomes or even different segments of the same chromosome, MMR prevents 

recombination because it would then be a case of non-homologous recombination. The action of 

MMR on sequence differences between a template and damaged chromosome during mitotic 

growth originates in the cell’s need to prevent sequence from an entirely different chromosome 

being used to repair a DSB (i.e. chr. I instead of damaged chr. IV), rather than the sequence 

within the homologous chromosome105,106. Improper repair of a damaged chromosome can be 

catastrophic for the cell by the potential loss of critical genomic sequences, and thus MMR 

performs a necessary and critical function for maintaining genomic integrity during vegetative 

growth. 

 

MMR also plays an important role in meiosis during sexual reproduction: ensuring efficacious 

recombination between homologous sequences between prophase I and metaphase I. The quality 

control provided by the pathway performs a critical function in differentiating proper cross overs 

between parental homologous chromosomes. When there is a certain level of sequence 

divergence between the recombining parental genomes, MMR views the parental chromosomes 

as homeologous instead of homologous. The amount of sequence divergence sufficient to trigger 

MMR recruitment is quite low: 1% divergence alone results in a statistically significant decrease 

in fertility for the parental hybrid. The pathway acts to abort the formation of any recombination 

intermediates and aborts ongoing intermediates by resolving the intermediates such that no 

crossover event will occur between the parental genomes [Figure 2.1.1]107.  
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Without recombination events among the parental genomes, there is not enough mechanical 

tension created by the physical connections of the chiasma between the homeologous 

chromosomes to properly line up on the metaphase plate before anaphase begins and 

chromosomes are distributed to daughter cells105,108. This is the specific mechanism underlying 

hybrid infertility in Saccharomyces: dysfunctional metaphase leading into anaphase causes 

massive aneuploidies in offspring thus rendering almost all of them inviable. In fact, the level of 

sequence divergence triggering MMR to block homeologous recombination is so little that even 

intraspecies diploids of various S. cerevisiae strains display decreased spore viability. A 

sequence divergence of 2% is enough to observe a reduction of spore viability from 95% to 

approximately 80%67.  

 

The lack of sexual reproduction within Saccharomyces hybrids is a major source of frustration 

for the field because it creates a considerable blockade to many of the classic genetic mapping 

strategies used within species. Without the genetic diversity among offspring that is generated 

during meiosis, it becomes immensely difficult to study genotype to phenotype connections in 

hybrids. Approaches like QTL mapping can be extremely powerful and would be the first choice 

for mapping the genetic basis of differential essentiality between S. cerevisiae and S. uvarum 

orthologs. However, as detailed above QTL mapping requires the production of offspring and so 

is impossible to use in infertile hybrids.  

 

2.1.3 Loss of function and conditional MMR alleles to improve hybrid spore viability 

A potential solution to the hybrid infertility issue was raised when mutations in the prokaryotic 
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MMR factors mutL, mutS, and mutH were found to greatly increase the recombination rate 

between Escherichia coli (E. coli) and Streptococcus pneumonia—up to 1000X more over wild 

type MMR genes109–112. At the time, the homologs of MutL and MutS had been identified in S. 

cerevisiae as PMS1 and MSH2 respectively113.  The functional conservation with their bacterial 

counterparts was suggested by several observations: both PMS1 and MSH2 mutants in yeast had 

an increase in the segregation frequency of genetic markers indicative of unrepaired 

heteroduplex DNA, similarly to the prokaryotic homologs114–116. In addition, both mutants 

exhibit a mutator phenotype further suggesting these strains also have poorer fidelity of DNA 

mismatch repair in mitotic growth as well.  

 

All of these results together prompted N. Hunter et. al to investigate the effect of MMR 

mutations and deletions of pathway members on recombination rate and hybrid fertility in 

Saccharomyces yeasts108,113. The group did so by mating laboratory S. cerevisiae and S. 

Figure 2.1.1. Visual representation of the anti-recombination activity of MMR factors 

resulting in poor offspring viability in inter-species Saccharomyces hybrids. 
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paradoxus strains and analyzing spore viability after sporulation. At the time,  S. paradoxus was 

identified as S. cerevisiae’s most closely related sister species, with the genomes estimated to 

have ~10% divergence115,117,118. Of further note, karyotyping at the time had confirmed that there 

also existed no major structural rearrangements between the two species’ genomes, suggesting 

extensive synteny. These hybrid strains were then sporulated to induce meiosis via nutrient 

starvation and their tetrad ascospores manually dissected. The rate of surviving progeny for each 

strain was compared to the spore viability of the ‘wild type’ hybrid, which was ~1%. The group 

found that by disrupting MSH2 and PMS1 individually, spore viability for the S. cerevisiae x S. 

paradoxus hybrid was increased to 10.2% and 7.2% respectively. In addition to this, and further 

supporting the important role of anti-recombination in hybrid infertility, surviving spores were 

found to have at least a two-fold increase in recombination events compared to wild type. These 

results laid the basis for continuing research that would attempt to further increase hybrid 

fertility. 

 

A recent method that made a great stride in tackling this problem came from Duncan Grieg’s 

group at University of College London79,119. Building upon the previous work in MMR factors 

and anti-recombination genes more generally, Grieg’s group decided to target MSH2, the MutS 

homolog from before, and SGS1, a DNA helicase previously found to also be involved in 

preventing homeologous recombination. Their approach, however similar to previously, tried 

something quite inventive. As important as msh2 mutants have been for studying the role of anti-

recombination in hybrid inviability, it is critical to keep in mind that any MMR mutants exhibit a 

mutator phenotype. This means that in vegetative growth these strains have an increased 

mutation accumulation rate due to the dysfunction of MMR from null msh2 alleles. Previous 
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work focused on reducing the mutation accumulation by limiting mitotic growth to only what 

was strictly necessary to gain enough cells to induce sporulation.  

 

While limiting periods of mitotic growth minimizes deleterious effects from mutations in MMR 

machinery, in an ideal world a trade off could be avoided between hybrid spore viability and 

mutation accumulation. A potential way to avoid such a trade off would be to turn anti-

recombination genes off specifically only during meiosis so that their critical DNA repair 

functions during vegetative growth could be maintained. This is exactly what the Grieg group 

did: they replaced the native promoters of both MSH2 and SGS1 with the promoter sequence for 

the B-type cyclin CLB2. CLB2 functions generally in the cell cycle by promoting the transition 

from G2 to M phase, and then its protein product is specifically and efficiently marked for 

degradation and its expression silenced120. By placing both SGS1 and MSH2 under the CLB2 

promoter, their expression will specifically shut off only during meiosis. 

 

The group hypothesized that without the presence of MSH2 and SGS1, homeologous 

recombination in the hybrids would proceed and result in proper chiasmata formation and 

crossing over leading to viable progeny from the lack of chromosome nondisjunction. This is 

indeed what G. Bozdag et al. found: by creating meiotic null alleles of MSH2 and SGS1 under 

the control of the CLB2 promoter, S. cerevisiae x S. paradoxus hybrids spore viability increased 

up to 70-fold. This marked increase is almost to the fertility of diverged non-hybrid crosses, and 

euploid offspring recovered showed multiple recombination events between each set of 

homeologous parental chromosomes. The drastically increased fertility and the ability to recover 

euploid offspring with successful genomic recombination makes it possible to perform genetic 
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mapping in sterile hybrids.  

 

This approach therefore became the first method I leveraged in an attempt to perform genetic 

mapping in my own S. cerevisiae x S. uvarum sterile hybrids. By placing the SGS1 and MSH2 

genes under the CLB2 promoter for both parental species in these hybrids, I hoped to enable 

QTL mapping in order to uncover the genetic determinants of differential gene essentiality 

observed between the two species. One caveat that bears mentioning however, is that like the 

other groups working on anti-recombination G. Bozdag et al. performed their experiments in S. 

cerevisiae x S. paradoxus hybrids. As mentioned earlier, these species show one of the lowest 

divergences (~10%) between inter-species hybrid Saccharomyces parents, and the genomes are 

without large scale chromosomal rearrangements. This is unfortunately not true for S. cerevisiae 

x S. uvarum hybrids, who are on average twice as diverged at the sequence level (~20%) and 

have several chromosomal inversions. This difference in synteny between the hybrid parents was 

a cause for concern, but not reason enough to forego the method altogether. 

 

2.2 Results 

2.2.1 A homozygous msh2 S. cerevisiae x S. uvarum hybrid displays a small increase in spore 

viability. 

I was interested in applying the strategy of disrupting anti-recombination machinery to my own 

work with S. cerevisiae x S. uvarum hybrids. First, I had to confirm these meiotic null and full 

deletion alleles would work in my system. This is because all the previous work on disrupting 

anti recombination in order to increase hybrid fertility had all been performed in S. cerevisiae x 

S. paradoxus hybrids. First, a baseline for S. cerevisiae x S. uvarum spore viability in the lab and 
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my hands was established by 

sporulating a hybrid diploid 

generated from wild type haploids 

from each species and dissecting 

progeny. After growth, the survival 

of these progeny was scored and a 

percent viability was calculated to 

be ~0.87%. This value is very 

similar to previously reported data 

of ~1% for other inter-species 

Saccharomyces hybrids. After 

repeating this experiment on the 

msh2/msh2 hybrid, I observed this 

percent viability to increase to around 

2.4%. This method of sporulation and dissection was also repeated for the homozygous pCLB2-

MSH2 and pCLB2-SGS1 hybrid strain as well. The viability of these offspring showed nowhere 

near the increase seen for the engineered pCLB2 S. cerevisiae x S. paradoxus spores: in fact the 

viability was much lower than for the msh2 hybrid strain progeny [Figure 2.2.1.].  

 

These numbers are much smaller than the ~10% that has been observed for S. cerevisiae x S. 

paradoxus hybrids, which share more sequence identity and possess syntenic genomes. Reducing 

the action of anti-recombination does increase homeologous recombination, but larger 

chromosome scale translocations as seen in S. uvarum when compared to S. cerevisiae provide 

Figure 2.2.1. Comparison of spore viability for 

diploid hybrid strains. All strains are 

homozygous at all MMR alleles. 
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an additional known barrier to hybrid fertility. This is in addition to other potential factors which 

may contribute to hybrid fertility, since even chromosomal translocations alone cannot explain 

the lower hybrid fertility found in S. cerevisiae x S. uvarum hybrids with mutated MMR 

machinery119. 

 

2.2.2 Meiotic null alleles in S. cerevisiae x S. uvarum hybrids remain mostly infertile but the 

aneuploidy in recovered offspring is decreased. 

In order to analyze further the genomic composition of surviving progeny, an en masse spore 

retrieval protocol known as random spore analysis (RSA) was utilized. RSA is facilitated by 

using all parent S. cerevisiae strains from the Yeast Deletion Collection. To facilitate more high 

throughput experiments with this strain collection, an updated version of these strains was 

engineered to contain a suite of markers collectively known as the Synthetic Genetic Array 

(SGA). These markers enable efficacious bulk selection of haploid MATa progeny from a 

sporulated diploid. This is done by subjecting the sporulation culture to a combination of 

mechanical and chemical selections to selectively kill diploids and mechanically separate spores.  

 

One of the key elements to the SGA markers that collectively allow for the selection of haploids 

includes the HIS3 gene under the control of a mating type specific promoter. By plating progeny 

recovered after RSA on media lacking histidine, the only surviving cells will be haploids for only 

one mating type, which prevents the inter-mating of progeny. In addition, the CAN1 and LYP1 

genes make it possible to selectively destroy diploids remaining within a sporulation culture. 

CAN1 encodes for an arginine permease, a transmembrane protein that facilities arginine uptake 
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from the extracellular environment, while LYP1 encodes for a lysine permease. Both 

transmembrane proteins are imperfect in target recognition, and are capable of up taking the 

lethal drugs canavanine and thialysine respectively instead of their correct targets; leading to cell 

death. By plating mechanically separated and chemically digested spores onto either or both of 

these drugs, heterozygous diploids are selectively killed [Figure 2.2.3.]. This is because a cell 

containing even a single functional copy of CAN1 or LYP1 is capable of intaking enough toxic 

analogue to kill the cell. Since haploid offspring should only have one copy of either, progeny 

that inherit the null alleles will survive on the corresponding drug because there is no permease 

to uptake the analogue. Leveraging RSA in this way, 96 hybrid offspring for each experimental 

and control strain were collected and subjected to growth assays and DNA content staining 

followed by flow cytometry. Analysis was performed in the FlowJo software: comparing cell 

count by relative fluorescence units histograms for each experimental segregant.  

 

These experimental segregant DNA content staining plots were compared by eye and FlowJo 

Figure 2.2.3. Diagram of pCLB2 promoter replacement hybrid and process of random spore 

analysis to recover viable progeny. 
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fluorescence gating pairwise with the results for both a haploid and diploid control [Figure 

2.2.4]. The segregants were then binned into several different categories based on the overlap, or 

lack thereof, of the experimental samples with the haploid control [Table 2.2.1]. These flow 

cytometry results were then used to calculate a percentage of approximately euploid offspring for 

each hybrid population: wild type, and two different biological replicates of the homozygous 

pCLB2-MSH2 and pCLB2-SGS1 engineered strain. As expected, the ‘wild type’ hybrid strain had the 

most aneuploid offspring, with the euploid percent at only 7.89%. Compared to this, the 

Figure 2.2.4. Comparative DNA staining flow cytometry analysis of hybrid offspring ploidy 

between wild type and pCLB2 MMR meiotic null strains. Representative plots are shown for 

binning of pCLB2 progeny as Severe or Slightly aneuploid. Offset overlay showing in more 

detail the average difference in aneuploidy levels for pCLB2 offspring vs. ‘wild type’ 

offspring. 
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biological replicates for the experimental pCLB2 promoter replacement yielded a substantially 

larger percentage of euploid like offspring at 46.5% and 42.9% respectively. In addition, the 

aneuploid offspring produced by these pCLB2 replacement strains were on average less aneuploid, 

indicated by the ‘Slightly aneuploid’ category label. 

 

2.3 Discussion  

While the engineered promoter replacement strain may not have yielded an increased percentage 

of viable spores by manual dissection, the flow cytometry analysis shows that spores recovered 

by high throughput methods from the engineered strain show a significant increase in euploid 

like and slightly aneuploid offspring compared to the progeny generated from a ‘wild type’ 

hybrid strain. It should be noted that the particular RSA method applied here did yield a rather 

high percentage of diploid parental strain yeast that sneaked though the selection. I believe this 

rate of background cells could be ameliorated by leveraging other random spore analysis 

protocols that subject the samples to a higher frequency of sonication, resulting in the destruction 

Table 2.2.1. Summary of hybrid strain information and quantitative binning of flow cytometry 

ploidy level results for all SGA selected surviving offspring for each parental hybrid strain. 

Assignment of DNA content stained offspring as Severe aneuploid, Slightly aneuploid, and 

Euploid was done based on distance of rightward shift of DNA content staining for offspring 

compared to a haploid control strain. 
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of cells not protected by the tetrad ascus.  

 

While these results are preliminary and DNA content staining yields no information about 

recombination rates and crossover events, I conclude that the increased yield of euploid like 

offspring from a hybrid parent can be greatly increased by the pCLB2 promoter replacement 

engineering method. While the percent euploid like offspring results are very promising, DNA 

content staining as applied here is a more coarse measurement. It cannot capture recombination, 

or even if each chromosome is indeed inherited equally, rather than patterns of aneuploidy that 

mimic a euploid DNA content by DNA staining. Future plans include performing whole genome 

sequencing on select euploid spores for both the wild type and engineered hybrid strains 

leveraging next generation sequencing (NGS) technologies. In conclusion, the selective recovery 

of surviving euploid hybrid progeny by flow cytometry sorting enables the application of genetic 

mapping methods to infertile Saccharomyces hybrids separated by genomic translocations. 

 

2.4  Materials and methods 

Strains 

For the msh2 knockout strains, the S. cerevisiae haploid was sourced from the MATa Yeast 

Deletion Collection. The creation of the SGA version of this collection was described previously 

in Tong et al., but in short, each non-essential gene was systematically deleted by a barcoded 

KanMX cassette within a diploid strain derived from BY4742 already containing an assortment 

of other markers. Subsequent sporulation of this diploid and selective screening of progeny 

allowed for recovery of haploid offspring with the SGA marker suite, and the gene of interest 

deletion cassette. The msh2 knock out for S. uvarum was generated previously by lab member 
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Monica Sanchez. Briefly, the endogenous genomic locus of MSH2 was replaced by transforming 

a wild type S. uvarum yeast strain derived from CBS7001 with a PCR product containing the 

NatMX selectable marker flanked by primer designed homology to the endogenous MSH2 locus.  

S. cerevisiae x S. uvarum hybrids were generated by patch mating of parental strains on solid 

YPD plates and picking zygotes under the microscope after 4-5 hours post mating. A ‘wild type’ 

hybrid was generated by mating a haploid version of the SGA strains termed YMD895 to the 

haploid S. uvarum strain termed YTW2. 

 

The haploid MSH2 and SGS1 S. cerevisiae strains used in this work were generated using a 

diploid S. cerevisiae parental strain originating from the synthetic genetic array (SGA) collection 

originally generated by Tong et al. This strain had the genotype of can1Δ::STE2-Sp_his5/CAN1 

lyp1Δ/LYP1 his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 ura3Δ0/ura3Δ0 met5Δ0/ LYS2/LYS2 

MET15/met15Δ0 and mas made from BY4742, a direct descendant of the main laboratory S. 

cerevisiae strain S288C. A diploid strain termed YTW3 was used to avoid any suppressor 

mutations in case of fitness defect in the promoter replacement allele that could occur in a 

haploid. Each promoter replacement strain was made by transforming the yeast with the 

appropriate PCR product (plasmid assembly defined below) as described previously121. Briefly, a 

colony of the parent S. cerevisiae strain YTW3 was grown overnight. This culture was diluted 

the next morning and grown until an OD of 0.5 – 0.8 was reached. Cells were then spun down, 

washed, and subjected to a chemical transformation using lithium acetate, polyethylene glycol, 

water, and DNA to be transformed. Cells were then recovered for two hours in YPD and finally 

plated on either D + G418, or D + CloNAT plates as needed. Single colonies were picked to 

check for promoter replacement via PCR and Sanger sequencing.  



39 
 

 

S. uvarum strains in this study all originated from the CBS7001 parental strain, whose HO locus 

has been disrupted to prevent mating type switching. Promoter replacement strains were made 

similarly to the S. cerevisiae strain: transformation of the diploid termed YTW8 with PCR to 

replace either the MSH2 or SGS1 promoter with the S. uvarum CLB2 promoter marked with a  

NatMX and KanMX cassette respectively. The only change in protocol was for the heat shock to 

occur at 37°C instead of 42°C, and for all normal growth to occur at 25°C instead of 30°C due to 

the difference in preferred growth temperature for S. uvarum compared to S. cerevisiae. 

 

Gibson assembly  

To replace the native promoters of SGS1 and MSH2, primers were designed to amplify the CLB2 

promoter sequence from genomic DNA of both S. cerevisiae and S. uvarum. These PCR 

products were then cloned into the plasmid pFA6a via Gibson assembly using inverse PCR for 

the plasmid backbone to remove several expression cassettes unnecessary for this experiment 

and designed overhangs. For each species’ promoter, two constructs were created: one with a 

KanMX cassette upstream of the promoter, and the other with a NatMX cassette. The KanMX 

cassette was used to demarcate the replacement of the native SGS1 promoter with pCLB2, and the 

NatMX marker used to indicate promoter replacement for MSH2 loci in both species. 

 

Spore viability 

Hybrid cultures were sporulated in 5 mLs of 1% potassium acetate, 0.05% dextrose, and 0.1% 

yeast extract for 4-7 days. Ascospore dissection was carried out by spinning down 50 μL of the 

sporulation culture, resuspending in 15 μL of yeast lytic enzyme (YLE) at 100 U/mL in 1 M 
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sorbitol, and plating on YPD after a 30 minute digestion at 30°C. 

Dissections were carried out at room temperature on a Nikon H550S Eclipse 50i scope via 

manual needle dissection. After 3 days of growth at 25°C surviving tetrad spores were counted. 

Percent viability for each hybrid strain was calculated by the following formula: 

# 𝑣𝑖𝑎𝑏𝑙𝑒 𝑠𝑝𝑜𝑟𝑒𝑠

4 𝑥 # 𝑡𝑒𝑡𝑟𝑎𝑑𝑠
 𝑥 100%.  

To recover viable progeny en masse in a high throughput setting, the method of random spore 

analysis was used122. Briefly, a volume of sporulation culture for each hybrid was spun down and 

resuspended in 200 μL of 100 U/mL YLE. After 30 minutes of incubation at 30°C, cultures were 

subjected to 1 minute of vortexing followed by plating onto C +Canavanine -arginine -serine or 

C +Thialysine -lysine. Surviving colonies were collected, preserved with a cryoprotective 

reagent, and subsequently subjected to growth analyses and flow cytometry 

 

Flow cytometry 

In order to determine the level of aneuploidy among hybrid spores, DNA content flow cytometry 

was performed using a BD Accuri C6 flow cytometer. The protocol is as described previously in 

the 2015 edition of Methods in Yeast Genetics and Genomics (A Cold Spring Harbor Laboratory 

Course Manual). Briefly, spores as well as haploid and diploid controls were seeded to grow 

overnight at the appropriate temperatures. Cultures were back diluted to ~0.2 OD the next day 

and then harvested between ~ 0.5 – 0.8 OD by spinning down 1 mL and resuspending in 1 mL of 

70% ethanol. Half of these fixed cells were then washed with water and subjected to RNase A 

digestion in 200 μL of 50 mM Tris-HCl (pH = 8.0) for 2 hours at 37°C. Samples were then spun 

down and resuspended with 2 mg/mL Proteinase K in 200 μL of 50 mM Tris-HCl (pH = 7.5) for 

30 minutes at 50°C. After another spin, samples were resuspended in 200 μL of FACs buffer 
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(200 mM Tris-HCl pH = 7.5, 200 mM NaCl, and 78 mM MgCl2). Directly before samples were 

loaded onto the cytometer, 10 μL of cells were transferred to a 96-well plate containing 300 μL 

of SYBR green diluted 5000X in 50 mM Tris-HCl (pH = 7.5) and subjected to sonication. All 

samples were sonicated for 3 seconds at 10% power, resulting in a 5-10 Watt power output. 

Analysis of flow cytometry samples, including gating for debris and doublets, was carried out in 

FlowJo.  
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Chapter Three: Rescue-by-mating as a method to facilitate strain engineering with haploid 

Saccharomyces strains containing essential gene knockouts. 

 

3.1 Introduction 

3.1.1 Previous work described rescue by mating for intra-species S. cerevisiae crosses. 

Discussion so far in this thesis has focused on more traditional methods for genetic mapping 

approaches that can be leveraged to map the interacting rescue loci underlying differential gene 

essentiality between S. cerevisiae and S. uvarum. However, there do exist other methods that can 

be leveraged as mapping approaches that have not been discussed yet. One such approach that 

requires no extensive strain engineering because it does not require infertile hybrids to produce 

viable progeny is transposon mutagenesis. However, the particular hybrid strains necessary for 

the version of transposon mutagenesis screening of interest are non-trivial to engineer. There will 

be an extensive discussion of transposon mutagenesis approaches later in this thesis, but this 

chapter will focus on a method to generate the strains required for such an approach. 

 

In order for a transposon mediated mutagenesis screen to work for mapping the interacting loci 

underlying differentially essential genes, the hybrid must be homozygous knockout for both 

orthologs of the gene of interest. In this strain, transposon mutagenesis is leveraged to perform a 

specific genetic screen called reciprocal hemizygosity. A reciprocal hemizygosity screen is 

generally used to discern phenotypic differences in a hybrid by alternatively disrupting function 

of one parental allele or the other. The loci within the hybrid genome that are responsible for the 

differential gene essentiality phenotype can be mapped with this method. For each candidate 

gene that is differentially essential, an additional gene knockout due to transposition in a 
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homozygous knockout hybrid strain will have a different effect depending on if the S. uvarum or 

S. cerevisiae parental allele is interrupted by transposition. In order for this particular screening 

approach to work, both parental alleles of the differentially essential gene must already be 

disrupted before transposition so that neither parental allele is present as a ‘wild type’ sequence 

that would prevent the mapping of other interactors. 

 

The experimental set up for such an approach is significantly different than if genetic mapping is 

done in the style of QTL. The initial experimental strain is constructed by mating corresponding 

haploid S. cerevisiae and S. uvarum strains that each bear the deletion of the species specific 

ortholog for a differentially essential gene. This process generates a diploid S. cerevisiae x S. 

uvarum hybrid that is homozygous knockout for both orthologs of a differentially essential 

candidate gene. Specifically, the work in this thesis focuses exclusively on differentially essential 

genes that are essential in S. cerevisiae, but nonessential in S. uvarum. This means that 

generating haploid S. uvarum mating partners that have the candidate differentially essential 

genes knocked out is relatively simple. However, a problem arises in the need to generate the 

corresponding S. cerevisiae mating partner strain with its own ortholog deleted. Because these 

differentially essential gene candidates are essential in S. cerevisiae, any attempts to generate a 

haploid deletion strain like for the corresponding S. uvarum nonessential ortholog will fail.  

 

Observed in the lab as a byproduct of the planned experiment, rescue-by-mating has now fully 

become a field of research interest as well as a helpful tool for strain engineering—of particular 

interest to us123. Rescue-by-mating describes the phenomenon by which a haploid spore 

generated from meiosis of a diploid parental strain can be rescued from cell death by mating to a 
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viable spore, often from the same ascus in nature, to produce a viable diploid124. This rescue of 

inviable haploid progeny was of particular interest to our work because of the inherent 

challenges present in attempting to generate hybrids homozygous for LOF alleles of a 

differentially essential gene. Specifically, the challenge present in trying to generate haploid 

knockouts for essential genes necessary to form a hybrid that is homozygous knockout for a 

differentially essential gene. 

 

While there are some clever strain engineering tricks leveraging Saccharomyces resources that 

can be utilized, rescue-by-mating offered a viable alternative. In this method, spores produced by 

an intraspecies diploid parent heterozygous for the essential gene deletion would be mixed for 

mating with a haploid strain from the other species that already has the differentially essential 

gene ortholog deleted. The existence of this haploid strain would be possible since it would be 

nonessential in that species. After this mating, selection and screen would yield hybrid diploids 

that are homozygous for the differentially essential gene deletion because mating would occur 

before the spore with the essential gene deletion underwent cell death. These strains would be 

critical to generate because they would provide the background for the transposon mediated 

genetic mapping of the interacting loci for the differentially essential gene candidates. 

 

3.1.2 Potential application of rescue by mating to work with haploid essential gene knockout 

strains. 

The method of rescue by mating offers a strategy to work with haploid knockout strains of 

essential genes. Previous work has proved that during the process of spore generation, it is 

possible for the mother cell to form four haploid spores that each could be lacking essential 
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genes123,124. These spores remain dormant within the ascus as long as nutrients are still in scarce 

supply, in starvation conditions. After encountering rich media, the spores will be triggered to 

begin germination. This is where the inviability of haploid essential gene knockout strains 

becomes apparent very quickly. If one were to dissect a heterozygous knockout strain for an 

essential gene on rich media, after growth two of those original spores would form full colonies, 

while two would not grow.  

 

However, if one were to examine these tetrads under the microscope immediately after 

dissection, one would be able to see that for some essential genes the haploid knockout spores 

will have undergone several cell divisions to form a microcolony before the cells become 

incapable of further mitotic growth and undergo cell death. Previous work with S. cerevisiae 

diploids heterozygous for a lethal mutation from intra-species matings has shown that in this 

time period, directly after germination, a spore that will become inviable can actually mate with 

an available partner of the opposite mating type during its few, viable cell divisions. With this 

logic, I planned to attempt rescue by mating between haploid essential gene deletion S. 

cerevisiae strains and a S. uvarum mating type partner. If this method worked, it would prove 

that rescue by mating works even across species divides within the same clade, in addition to 

providing the utility of a way to make the challenging homozygous knockout hybrids strains 

necessary for transposon mutagenesis. 

 

3.2 Results 

3.2.1 Rescue by mating functions across species barriers with S. cerevisiae x S. uvarum 

crosses. 
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Rescue by mating studies were carried out with substantial effort of another graduate student in 

the lab, Abigail Keller. We followed previous mass haploid progeny recovery methods 

developed to selectively destroy any remaining unsporulated diploid cells in a sporulation 

culture, as well as removing the ascus surrounding the spores. Sporulation cultures of 

heterozygous essential gene knockouts were treated with an array of chemical and mechanical 

stresses as described in the Methods. After these treatments, individual spores were recovered 

from the original sporulation culture for each heterozygous essential gene knockout strain. The 

predicted differentially essential candidates studied here included AME1, BRR6, ORC6, and 

SPT555. These candidate genes represent a wide array of cellular biological processes, and whose 

participation in these different functions is suggestive of potential interacting partners that could 

include the causal loci for differential gene essentiality. The identity of these specific strains 

from the S. cerevisiae heterozygous deletion collection was verified by PCR and sequencing of 

the barcodes from the original deletion collection construction.  

 

The post treatment spores for each candidate gene were then split into two pools. One of these 

pools was mixed with a MATa ‘wild type’ S. uvarum partner, while the other was mated to a 

MATα S. uvarum partner. This is in order to recover as many rescue by mating events as 

possible: whether the temporarily viable spore with an essential gene knockout inherited MATa 

or MATα. These mixed matings were incubated overnight and then surviving cells were plated 

S. cerevisiae specific 

essential gene 

candidates 

Microcolony 

formation 

Pre-mating spores 

OD 

Recovered hybrid 

diploid colonies from 

1:10 dilution plating 

AME1 2-3 divisions 0.33 7 

BRR6 3-4 divisions 0.36 2 

ORC6 1-2 divisions 0.43 3 

Table 3.2.1 Rescue by mating results for candidate S. cerevisiae species specific essential 

genes. Microcolony formation was observed under a dissecting microscope.  
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onto selection for the KanMX cassette marking the essential gene deletion and a functional URA3 

that could only originate from the S. uvarum genome, resulting in varying numbers of recovered 

hybrid diploid colonies [Table 3.2.1]. Surviving colonies were verified to be S. cerevisiae x S. 

uvarum hybrids by sequencing of a target locus. We found that rescue by mating between S. 

cerevisiae and S. uvarum partners was possible but occurred at quite a low frequency. While 

reasonable cultures sizes of 5 mL were used in this study, it would potentially be possible to 

scale up to larger volumes if it was necessary to recover more mated hybrids. If the percentage of 

hybrid diploids recovered from rescue by mating remains constant, by scaling to larger 

experimental volumes one can recover more of these rescue by mating events for further study or 

use in transposon mutagenesis experiments. 

 

3.3 Discussion 

Previous work studying the control features and processes of spore generation and initial spore 

germination has provided a wealth of information about the biology of S. cerevisiae spore 

generation. An added, and perhaps unexpected, benefit of this knowledge is that S. cerevisiae 

spores that lack any of the functional genes required for viability are in fact potentially able to 

begin germination. These spores can also even undergo several cell divisions before undergoing 

cell death triggered by the catastrophic cellular consequences of missing any of the 

approximately ~1000 essential genes in S. cerevisiae. The power in this knowledge also lies in 

expanding the tool kit for scientific groups interested in studying these essential genes and their 

viability.  

 

This finding was even more interesting for the work discussed here, because of general 
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difficulty to engineer the strains necessary for transposon mutagenesis mapping of the genetic 

architecture of differential gene essentiality between S. cerevisiae and S. uvarum. While there 

exist other tools in the arsenal to work with essential genes for the homozygous knockout hybrid 

strain generation, rescue by mating offered another method by which to create these strains 

necessary for the transposon mutagenesis method to be used. Rather than working with any 

exogenous complementation systems to rescue a haploid essential gene knockout S. cerevisiae 

strain, rescue by mating offered a viable opportunity to avoid plasmid complementation 

completely. While plasmid complementation for strain engineering presents a viable method, the 

experimental pipeline to generate homozygous knockout hybrids this way is longer and more 

involved. This method of complementation also requires more consecutive steps, which each 

take a nonsignificant amount of time. 

 

Instead, rescue by mating made it possible to leverage pre-existing resources within the 

community such as the heterozygous gene deletion collection with the SGA marker suite 

generated by Tong et al. The candidate differentially essential genes—AME1, BRR6, ORC6, 

SPT5—could be selected from the overall gene deletion collection, verified by barcode 

sequencing, and sporulated. By leveraging the rescue by mating protocol and mixing with an S. 

uvarum mating type partner, we showed it was possible to obtain diploid hybrids. Crucially, 

rescue by mating made it possible to generate a S. cerevisiae x S. uvarum hybrid where the S. 

cerevisiae mating partner had a nonfunction allele of an essential gene.  

 

This method opens the door to facilitating larger scale generation of S. cerevisiae x S. uvarum 

hybrids where either parental alleles of the differentially essential candidate genes are knocked 
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out. Rather than selecting only a few candidate genes of interest, leveraging the heterozygous 

deletion collection in S. cerevisiae and even some preliminary, albeit still incomplete, S. uvarum 

deletion collections enables larger scale screening. High throughput screens make it possible to 

interrogate the genetic architecture underlying these differentially essential genes between S. 

cerevisiae and S. uvarum more deeply. In addition, the novel finding that rescue by mating 

within hybrids works also points towards interesting biology perhaps of the level of conservation 

between the rescue by mating machinery across the two species within the Saccharomyces clade. 

Even with the power of this method, it is important to keep in mind that the success of rescue by 

mating can be dependent on the identity of the gene with a lethal mutation: as any involved in 

early germination necessary for rescue by mating would be unable to undergo the few cell 

divisions within which mating occurs. 

 

3.4 Materials and methods 

Strains 

All four of the candidate differentially essential S. cerevisiae strains were sourced from the 

heterozygous deletion collection originally constructed by Tong et al. as described there, which 

then had the SGA marker suite engineered later125. Their identity was each confirmed by PCR 

and Sanger sequencing of the uptag barcodes from the deletion collection. The S. uvarum rescue 

mating partners were both derived from the CBS7001 strain background. 

 

Sporulation 

A single colony of each heterozygous essential gene knockout S. cerevisiae strain was inoculated 

overnight in 3 mLs of YPD. The next day, cultures were back diluted to ~0.2 OD in fresh YPD 
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and outgrown for two more hours. 1 mL of each of these cultures was spun down and washed 

twice with 1 mL of ddH20. These washed cultures were each resuspended in 5 mL sporulation 

media consisting of 1% potassium acetate, 0.05% dextrose, and 0.1% yeast extract and placed in 

a roller drum at 30°C for 4-7 days. 

 

Rescue by mating 

After sporulation was confirmed, 1 mL of the culture was centrifuged for 10 seconds at 13,000 

xg. The resulting pellet was resuspended in 5 mL of ddH20. To this suspension 100 L of 100 

Unit/mL YLE, and 10 L of 2-mercaptoethanol were added. These tubes were incubated 

overnight at 30°C with gentle shaking. The next day 5 mLs of 1.5% triton X-100 was added and 

the tubes were then incubated on ice for 15 minutes. Sonication was performed with the microtip 

function of a MISONIX Ultrasonic Liquid Processor. The sonicator probe was inserted into the 

10 mL of spores within each tube such that it did not touch the sides or bottom and sonication 

performed as followed: microtip power setting Amplitude of 30, with three cycles total of 20 

seconds of sonication and 1 minute on ice. This was repeated for each sample, with the microtip 

being cleansed thoroughly between samples with 70% ethanol. These sonicated spores were then 

spun down for 10 minutes at 1200xg. The resulting pellet was resuspended in 5 mL of 1.5% 

triton X-100 and vortexed vigorously. These spores were then spun down again for 10 minutes at 

1200xg and washed once more. After the final centrifugation the spores were then resuspended 

in 5 mLs of ddH20 and a 10-fold dilution counted by hemacytometer to confirm the absence of 

any ascus or spore clumps. Spores were then diluted if necessary to 1 x103 spores/mL. Matings 

with the S. uvarum rescue partner were carried out by mixing 200 L of spores with 200 L of 

log phase S. uvarum haploid mating partner at approximately the same density as the spores. A 
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final 200 L of YPD media was added to this mating mixture, and the mixture of spores and S. 

uvarum haploid mating partner was incubated in a roller drum overnight at 30°C. The following 

day dilutions of the mating mixtures were plated on C -Ura +G418 to select for diploids carrying 

the G418 deletion allele for the S. cerevisiae essential genes and a functional URA3 allele that 

can only contributed by S. uvarum mating partner genome. 
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Chapter Four: Determining the genetic basis for differential gene essentiality in two 

Saccharomyces yeasts through transposon mutagenesis mapping. 

4.1 Introduction 

4.1.2 Motivation and history of mapping genotype to phenotype 

For over a century, the fields of biology and genetics have been focused on trying to understand 

genotype to phenotype connections in the natural world. Whatever driving question is being 

explored, the field remains unified in the central goal of building a general understanding for the 

phenotypic consequences of mutations, whether de novo or inherited. Building a predictive 

understanding of the phenotypic consequences for genomic mutations is especially important for 

applications in human health and disease. Such work would also further the field of evolution’s 

understanding of how standing variation and accumulated mutations are acted upon by natural 

selection within populations of organisms. 

 

There exists an array of methods that have been applied to this problem with aplomb: generating 

rich datasets on a candidate gene by candidate gene basis. These bodies of work usually focus 

their efforts within a single genetic background of whichever model organism they are working 

with7,45. Over the years, the understanding of the field for the effect of genetic background—the 

standing genetic variation that exists within an individual of a species that can interact with novel 

mutations in the gene of interest and thus confound genotype to phenotype studies of a gene of 

interest—has evolved. Once considered a nuisance confounding the original studies, genetic 

background effects have now become a field of study in their own right, part of a scientific 

pilgrimage to plunge deeper yet into understanding the biology of genomes and the connections 

between genotype to phenotype. It should be noted that single genetic background DMS on a 
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gene of interest data sets are still a rich wealth of information for mapping the sequence to 

function relationships for genes of interest and have even been applied within human health to 

investigate the phenotypic consequences of rare or common variants in genes like BRCA1 or 

CYP2C9 to empower doctors and patients to provide targeted care for their patients: a field 

known as precision medicine126–128.  

 

4.1.2 Genetic mapping in the endogenous context of a gene within its genetic network. 

Even with the power of en mass saturated mutagenesis studies, an important drawback of such 

approaches is that they treat genes as islands within a cell, such that only variants in the gene of 

interest will have an effect on the phenotype of interest. This is a simplification of the 

endogenous context for these genes within the cell, where their products interact either directly 

or indirectly with other gene products in the cell to perform their functions. These interactions 

are described as genetic network interactions, or epistatic interactions. They are defined by 

comparing individual fitness effects for loss of function mutations for two (or in some cases 

more) different genes to the phenotypic fitness result of all of these mutations within the same 

organism18,32,129–132.  

 

The expectation for two or more genes not experiencing a genetic interaction is the individual 

fitness scores will show a multiplicative effect when compared to the combinatorial loss of 

function strain30,38,130. E.g. if the fitness score, on a scale from 0 to 1, for gene A is 0.5 and the 

score for a gene B loss of function is 0.2, in a double knockout strain without gene A or gene B 

the overall fitness score would be 0.1. If the combined fitness score deviates from this number, a 

genetic interaction is assigned between gene A and gene B: if the number is smaller than 0.1 it 
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would be termed a negative epistatic interaction, and if the number is greater than 0.1 it would be 

assigned as a positive epistatic interaction17,21,131,133,134. While there are no hard and fast rules for 

predicting genetic interactions based on functional information alone, there do exist some 

patterns observed for the molecular mechanism underlying epistasis. Generally, genes in 

negative epistatic genetic interactions tend to function in redundant or overlapping pathways or 

even as subunits within the same larger protein. While genes in a positive epistatic interaction 

often are members of the same biological pathway, with one gene downstream or upstream of the 

other within the pathway. A genetic interaction does not always predict a physical protein-

protein interaction, and these interactions are often interrogated differently22–24,29,135. It has also 

been observed that genes that function within the same local network tend to share similar 

expression patterns, and concerted changes in expression under different conditions. 

 

Mapping these endogenous gene by gene interactions has not been an undertaking for the faint of 

heart: due to differences in ploidy and level of genetic tractability as well as the availability and 

efficacy of genetic tools, mapping these interactions can vary by method from organism to 

organism16,18,19,21,34,43,59,125. For example, the most complete genetic interaction network to date 

exists within S. cerevisiae, where the method of screening gene by gene interactions can be 

automated thanks to clever strain engineering and the genetic tractability of S. cerevisiae in 

general. Due to its high rate of homologous recombination, it is possible to generate single gene 

deletion strains through mass transformation one by one of S. cerevisiae with a barcoded PCR 

product where regions homologous to the target gene flank a dominant drug marker selection 

cassette conferring G418 resistance known as KanMX. After strain engineering, an automated 

platform can be used where each well contains a final strain that possesses a target gene deletion 
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whereby the endogenous gene is replaced by this KanMX cassette either in a haploid or as a 

heterozygous diploid. Later work would additionally add another suite of markers to this 

collection of strains known as the Synthetic Genetic Array (SGA). These markers altogether 

provide a way to select for a specific mating type in a haploid spore, as well as the ability to 

selectively destroy parental diploid cells in order to recover only haploid progeny from a 

sporulation culture. 

 

The Boeke group then built upon this powerful collection by building methods collectively 

known as diploid-based synthetic lethality analysis by microarray (dSLAM). dSLAM makes it 

possible to transform the heterozygous gene knockout collection with a deletion cassette for a 

gene of interest in order to generate a heterozygous knockout of a gene of interest in each strain 

of the knockout collction. After generation of the knockout, mass sporulation and selective 

plating is used to specifically recover “one by all” haploid double knockouts containing the 

original knockout as well as another novel deletion130. This method was used to map the genetic 

interaction networks in S. cerevisiae. While the profiling of the single deletion collection 

discussed previously was utilized to define a list of essential genes for budding yeast. In fact it is 

from the essential gene dataset for S. cerevisiae that a previous graduate student in the Dunham 

lab originally compared their own mapping method in S. cerevisiae to, and then compared this 

list to S. uvarum orthologs to define differentially essential genes. 

 

Although SGA and dSLAM provide excellent methodologies to map essential genes and genetic 

interactions, the previous lab member was interested in profiling essential genes in S. uvarum, 

which did not have a comparative deletion strain library constructed. Attempting to create this 
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resource for S. uvarum would have been the work of several graduate students’ degrees and thus 

did not present a viable option to perform this study. Thus, the graduate student turned to another 

powerful genetic method previously used to profile essential genes: transposon mutagenesis.  

 

4.1.3 A brief history of transposons and their application as genetic tools 

Transposons are naturally occurring selfish genetic elements first described in the 1940s by 

Barbara McClintock and her graduate student Harriet Creighton. Since their discovery, an entire 

field of research has focused on their biology and behavior in nature as well as their potential to 

be co-opted by geneticists and wielded as a tool for genetic studies. By isolating the sequence of 

a variety of Class II transposons—transposons that function via a cut and paste mechanism and 

encode for the transposase necessary to perform this function—geneticists were able to alter 

these systems136–138. Usually, a functional transposon mutagenesis system has separated these 

sequences such that the flanking arms recognized by the transposase as the DNA to cut and paste 

now flank a payload such as a drug resistance marker. While the transposon system can function 

in vivo or in vitro, usually the transposon payload and transposase are cloned onto an exogenous, 

bacterially derived expression vector. During the mutagenesis experiment, the transposase can be 

expressed constitutively or inducibly depending on the selection of the promoter from a specific 

organism depending on the application. 

 

The very first examples of transposon mutagenesis systems applied to profiling the essentialome 

for a species occurred in the late 90s and early 2000s after the sequencing of smaller genomes 

such as viruses and bacteria made it possible to have prior knowledge necessary for the mapping 

of insertion sites to genomic loci. One of the very first studies of transposon mutagenesis 
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mapping of essential genes was done by Lynn Enquist and Gregory Smith139. They cloned the 

genome of the pseudorabies virus (PRV) into a plasmid named pBecker1 capable of being 

maintained in E. coli. E. coli cells already transformed with pBecker1 were then also 

transformed with a plasmid containing a mini version of a common transposon system known as 

Tn5 that is widely used today. This second plasmid also contained the payload encoding 

kanamycin drug resistance flanked by the transposon arm sequences recognized by the 

transposase. This transposition occurred within an E. coli population in vivo en masse such that 

each cell in the population experienced a transposition event where the kanamycin transposon 

payload was excised from its original plasmid and inserted into the pBecker1 viral genome. 

These viral genomes were then extracted from bacteria and used to infect both animals and 

human cell lines, after which they were then extracted for sequencing of the viral genomes. By 

calculating the infectivity levels of these transposon mutagenized viral genomes, the group was 

able to draw conclusions about the viral genes essential for infectivity. 

 

Other transposon mutagenesis experiments since have been carried out in similar manners, some 

studies such as ones profiling essential genes in E. coli itself have followed in the footsteps of the 

viral study, whereby a mini transposon is leveraged for in vivo mutagenesis within the context of 

the cell. An example of a transposon mutagenesis system used in eukaryotes is SAturated 

Transposon Analysis in Yeast (SATAY),which enabled one step mapping of essential genes as 

well as genetic interactions and libraries generated by this method can then be interrogated under 

an array of experimental conditions to further reveal condition specific genetic effects140. The 

system in SATAY is an in vivo one, built on the original transposon system discovered by 

McClintock and Creighton: the Ac/Dcs system from Maize.  
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The original strain in which transposition will be performed has a complete deletion of the 

endogenous ADE2 locus. The strain is transformed with a plasmid containing a nonfunctional 

ade2 gene disrupted by the MiniDs transposon so that cells pre-transposition will not be able to 

grow on media lacking adenine [Figure 4.1.1.]. A hyperactive form of the transposase AC is 

inducibly expressed from the same plasmid when the cells are grown on media containing 

Figure 4.1.1. Schematic diagrams depicting the differences between SATAY and RH-seq 

as transposon mutagenesis approaches in S. cerevisiae. Both depictions begin with            

S. cerevisiae cells which have already been transformed with the respective transposition 

plasmid for RH-seq or SATAY. 
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galactose because the native promoter of the transposase has been replaced with a S. cerevisiae 

GAL gene promoter that is turned off in glucose or other sugar sources but switched on in 

galactose. After induction of transposase expression, the cells are plated on media lacking 

adenine such that any surviving colonies are those that have undergone transposition, where the 

MiniDs transposon has been excised by the inducibly expressed AC transposase, resulting in a 

now repaired and functional ADE2 gene on the plasmid. Any cells that do not undergo 

transposition are unable to produce their own adenine and will not be able to grow on adenine 

drop out media. The surviving cells which can grow on – adenine media because they have 

undergone transposition can then be pooled and DNA extracted and subjected to transposon 

enrichment sequencing to map locations of insertions. A lack of insertions is the common 

signature used to identify essential genes, because any cells that undergo transposition into an 

essential gene will therefore not be able to survive. While this method is extremely powerful, 

there are other ways to perform transposon mutagenesis in S. cerevisiae and other organisms as 

well.  

 

It is also possible to perform in vitro mutagenesis with transposition, whereby purified genomic 

DNA from the organism of interest is subjected to random shearing and cloned into a plasmid to 

create libraries of genomic fragments55. These genomic fragment plasmids can then be subjected 

to transposon mutagenesis within a cell free extract. In the specific case of how the lab member 

leveraged in vitro transposon mutagenesis to profile essential genes in S. uvarum, these 

transposed genomic DNA fragments were then excised from the plasmid, and either the S. 

uvarum haploid and diploid strains were transformed with this library of fragments in order to 

replace endogenous genes with their transposon disrupted alleles. With this library of 
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approximately 50,000 unique insertions, by comparing the haploid and diploid insertion sites the 

lab member was able to create predictive profiles for essential genes, as an essential gene should 

survive transposition in the diploid, but not the haploid. With these identified essential genes, the 

lab member was able to generate her lists of differentially essential genes. This list was the 

resource I utilized to select the differential essential gene candidates I was interested in mapping 

the underlying genetic architecture of for my thesis work. While this method was powerful 

enough to answer the lab member’s questions, when beginning my plans to leverage transposon 

mutagenesis as a method to map the interacting loci involved in differential gene essentiality, I 

turned to more recent transposon mutagenesis methods. 

 

4.1.4 The application of a recent transposon method termed RH-seq to genetic mapping in 

sterile Saccharomyces hybrids. 

The primary reason to turn to transposon mutagenesis as a genetic mapping method for my thesis 

stems from the inability to apply classical QTL mapping techniques in Saccharomyces inter-

species hybrids. This is because these hybrids are sterile, and thus incapable of producing viable 

progeny that would be required for QTL mapping. Thus, a workaround for this barrier is 

performing the mapping within the parental hybrid itself, and therefore avoid any need for the 

production of viable progeny. The potential pitfall of turning to transposon mutagenesis is that 

most previous studies applying this method in yeast have not focused on hybrids, where a 

question mark for the potential efficacy of the transposition within a interspecies Saccharomyces 

hybrid genome exists. Fortunately, I was able to build upon prior work from the lab of Rachel 

Brem whereby they adapted a piggyBac transposon system for use in S. cerevisiae x S. 

paradoxus hybrids132,138,141.  



61 
 

 

With a goal to map the underlying genetic architecture for the differing thermotolerance between 

S. cerevisiae and S. paradoxus, the Brem group built upon a previous plasmid borne transposon 

system. While the pre-integration of the transposon in the SATAY method is powerful, issues do 

still remain for efficiency of the cut and paste within the genome stemming from efficacy issues 

of the inducible transposase expression. Another drawback of the original MiniDs system is a 

significant false positive rate whereby colonies that did not actually undergo transposition still 

grow on the adenine drop out media. As a workaround, the Brem lab adapted a plasmid borne 

system where the KanMX cassette functions as the transposon payload, and the piggyBac 

transposase is constitutively expressed from the same plasmid without the need for induction. 

This plasmid is cleverly designed to not be maintained by the cell after transposition because of a 

counter selectable marker, and the lack of a yeast centromeric sequence on the plasmid.  

 

Armed with this system, the 

Brem lab was able to 

interrogate the genetic basis 

for thermotolerance 

differences between S. 

cerevisiae and S. paradoxus 

by generating transposon 

mutagenesis libraries where 

each cell in a 

transformation population 

Figure 4.1.2. General depiction of how a reciprocal 

hemizygosity approach provides information about the species 

specific interacting factors underlying differential gene 

essentiality between S. cerevisiae and S. uvarum. 
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undergoes a separate transposition into the genome, disrupting the function of whatever gene the 

transposon lands within. By assaying the growth temperature preference of these populations and 

leveraging transposon enrichment sequencing, the Brem lab was able to map the genetic 

architecture underlying thermotolerance based on the phenotypic consequences for transposon 

disruption of the genes important for each species preferred growth temperature. The efficacy of 

the transposon system, the ability to reduce false positives of transposition from generated 

mutagenesis, libraries, as well as the ability of the system to map more complex underlying 

genetic architectures of the trait of interest all make this system an ideal method for my own 

applications. By leveraging this method to interrogate differential gene essentiality within S. 

cerevisiae x S. uvarum hybrids, I should be able to determine the genetic interacting partners for 

our differentially essential candidate genes based on transposon insertion rates that display 

parental biases specifically to the non-essential species’ genome. Technically termed reciprocal 

hemizygosity screen, this method means that we can ask how a transposon LOF insertion in 

either the S. cerevisiae or S. uvarum parental genome present in the hybrid affects the viability of 

the resulting mutant strains [Figure 4.1.2]. Specifically, this method should allow us to map the 

interacting factors within S. uvarum that suppress the essentiality of its ortholog, which is 

essential in S. cerevisiae.  

 

4.2 Results 

4.2.1 Pilot studies of RH-seq transposition within S. cerevisiae x S. uvarum hybrids proves 

efficacy of method. 

Before fully committing to transposon mutagenesis as my genetic mapping tool for differential 

gene essentiality, I first wanted to check the efficacy of transposition within a S. cerevisiae x S. 
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uvarum hybrid. While it was known at this point in time that the system was capable of working 

within the Saccharomyces interspecies hybrid of S. cerevisiae x S. paradoxus, the question 

remained as to whether the system would also work in S. cerevisiae x S. uvarum hybrids. To test 

the functionality of the transposon system, I would perform transposon mutagenesis in a ‘wild 

type’ S. cerevisiae x S. uvarum hybrid as well as an intraspecies S. cerevisiae diploid. 

Performing the transposition in the S. cerevisiae diploid was a control to make sure the system 

worked at all in my hands within the setting of our lab and our available resources.  

 

I carried out transposition in both of these strains as described previously to generate pools of 

transposon mutagenized strains for both the ‘wild type’ hybrid and S. cerevisiae diploid. Briefly, 

log phase cells were transformed with the plasmid containing the piggyBac transposase and 

KanMX transposon payload. After several series of back dilution and outgrowth to increase loss 

of plasmid post-transposition, populations were plated on transposon selection, and plasmid 

counterselection media of C + 5FOA +G418 +URA and then scraped and pooled to generate the 

final transposon mutagenesis libraries. These libraries, as mentioned previously, are actually 

populations of cells where each cell in the original transformation culture underwent 

transposition at a different locus in the genome [Figure 4.2.1].  

 

To test whether this transposition actually occurred, eight single colonies from both the hybrid 

and S. cerevisiae diploid transposon mutagenesis populations respectively were isolated and then 

subjected to further genetic tests to discern whether transposition had occurred, and whether 

different transpositions sites within both parental genomes of the hybrid were observed. To 

discern the first question, I leveraged the single colonies isolated from the S. cerevisiae diploid. 



64 
 

Since the transposition 

event occurred once 

within the cell, the 

genomic locus at 

which it inserted 

would be 

heterozygous for both 

the ‘wild type’ copy of 

the allele and the 

transposon interrupted 

copy. To test for the genomic integration involved in transposition, each of these eight clones 

was sporulated and then dissected for tetrads. Upon replica plating from the rich media to 

selection media for the KanMX transposon payload, I observed the expected 2:2 segregation 

expected of a genomically integrated transposon [Figure 4.2.2.]. This confirmed that the 

transposon system worked as intended in my hands within an intra-species diploid. In fact, one 

of the clones had actually had a transposition into an essential gene, evidenced by the 2:0 

segregation observed upon rich media dissection.  

 

While this tactic of sporulation and tetrad dissection to confirm genomic integration was possible 

in the S. cerevisiae diploid, the sterility of the S. cerevisiae x S. uvarum hybrid provided a barrier 

to this. As a workaround to this barrier, I adapted a transposon integration sanger sequencing 

method developed by the graduate student Wei Zhou in the lab of Stanley Fields in the 

department of Genome Sciences. The method is described within the Method section of this 

Figure 4.2.1. Post transposition S. cerevisiae colonies were 
sporulated and tetrads were dissected. Two example dissected 
colonies of transposition into a (left) essential and (right) 
nonessential gene on YPD and post replica plated onto YPD + G418. 
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chapter, but briefly genomic DNA was isolated from each of the eight transposon integration 

clones of the hybrid. This genomic DNA was then digested by two common six cutter restriction 

enzymes to fragment the genomes. The next step was a diluted intramolecular ligation, followed 

by purification and submission of these ligation populations to sanger sequencing with primers 

that read out of the left arm of the transposon thus capturing the transposon-genomic DNA 

junction at the site of integration. Each of these clones showed integration events of the 

transposon within both the S. cerevisiae and S. uvarum parental genomes, proving the efficacy of 

the method for my system of interest [Figure 4.2.2.]. With this proof in hand, I moved forward to 

generate the necessary homozygous knockout hybrid strains for three different differentially 

essential candidate genes. 

 

4.2.2 Selection process for three differentially essential gene candidates that are S. cerevisiae 

species specific: MYO2, SEC24, TFC3. 

The work described here focuses on differences in gene essentiality between two Saccharomyces  

species, but previous work in the field has also shown that even within different strains or  

Figure 4.2.2. Sanger sequencing quality traces from hybrid transposition colonies. Each 
trace is from a different colony, with the genomic locus of insertion labeled. 
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isolates of S .cerevisiae there are observed differences in essential genes. One body of work  

compared the list of essential genes between the lab strain S288C and another isolate named 

Sigma1278b that have ~0.3% sequence divergence and found several dozen that were essential  

in either one isolate or the other. This work, and several other studies since, have shown  

consistently that there is some degree of variation in essential genes between isolates: a rather  

interesting and confounding result since one would not expect essential genes to change between  

isolates of the same species142.  

 

This work laid the foundation for my own thesis work on studying differential gene essentiality  

between Saccharomyces species, but also highlighted the importance of carefully selecting  

candidate genes that are S. cerevisiae species specific. If a candidate is chosen that is 

differentially essential even within S. cerevisiae isolates, results could be confounded by this  

isolate by isolate background variation in addition to species level differences between S.  

cerevisiae and S. uvarum. With this in mind, I aimed to comb through literature within the  

community to select candidates from what I describe as core essential genes: those genes that are  

deemed essential in every S. cerevisiae isolate data has been recovered for.  

 

From the heroic efforts of groups such as Joeseph Schacherer and Jolanda van Leeuwen’s, 

there exist many large datasets profiling lists of essential genes for several different lab 

 and natural S. cerevisiae isolates. While there is some degree of variation, there are indeed a  

significant number of essential genes that can be labeled as core essential. I immediately  

eliminated any candidate S. cerevisiae specific essential genes that were conditionally essential  

between strains. One obstacle to collecting multiple different datasets however is that methods  
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for interrogating essential genes can vary. 

 

While some studies unambiguously generate deletion strains en masse similar to the original 

yeast deletion collection, other groups would create computational predictive models that could 

assign gene essentiality by growth in different conditions or expression level changes. These 

approaches I labeled predicted essential, and given the large list of initial S. cerevisiae specific 

essential genes originally predicted and experimentally verified by a previous graduate student in 

the lab, I eliminated all genes that were predicted essential only, without experimental data. In 

order to avoid any potential pitfalls or experimental difficulties, I then eliminated any remaining 

core essential genes that were haploinsufficient, or whose essentially was contradicted by 

publicly available datasets found on the community resource the Saccharomyces Genome 

Database (SGD) [Figure 4.2.3.]143. 

 

These filters left me with a final list of thirty-nine core essential genes that were also predicted S. 

Figure 4.2.3. Pie chart showing screening process to generate final list of core S. cerevisiae 

essential genes that are differentially essential with S. uvarum. 
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cerevisiae specific essential genes in the graduate student’s data. As a final stringent factor, I 

then only selected genes from this list of 22 genes that the previous student had experimentally 

verified the differential essentiality for between S. cerevisiae and S. uvarum. Unfortunately, 

given the smaller amount of data generated for S. uvarum studies compared to S. cerevisiae, 

these candidate genes have only been tested for essentiality in a single S. uvarum strain 

background. I was left with my final three candidate genes I had chosen from the remaining pool 

based on interest in function: MYO2, SEC24, and TFC3. MYO2 encodes a Type V myosin motor 

involved in actin-based transport of cargos, required for the polarized delivery of secretory 

vesicles9,10. I am interested in this gene specifically because it has many different interacting 

partners in its multiple pathways, all of which could potentially show up as hits for interacting 

loci changes between S. cerevisiae and S. uvarum11. For the other two gene candidates, SEC24 

encodes a component of the Sec23p-Sec24p heterodimer of the COPII vesicle coat, required for 

cargo selection during vesicle formation in ER to Golgi transport12.The final selected candidate 

gene was TFC3, which codes for a subunit of the RNA polymerase III transcription initiation 

factor complex13. Again, all of these candidate genes were selected from an experimentally 

validated list of core S. cerevisiae essential genes that were nonessential in S. uvarum, and whose 

biological function prompts ideas of potential hits in my genetic mapping approach. 

 

 

4.2.3 Testing of conditional S. cerevisiae strains to generate haploid conditional shut-off strains 

for essential gene candidates. 

Before I describe how I successfully engineered my S. cerevisiae x S. uvarum strains, I will first 

begin by detailing several other strain engineering methods I attempted which were ultimately 
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unsuccessful. The generation of haploid knockouts for the genes of interest in S. cerevisiae was 

quite a bit trickier and required leveraging the awesome wealth of resources available to the 

yeast community. This was because all three of the candidate genes were essential in S. 

cerevisiae, but not in S. uvarum, meaning that attempting to generate a knockout of these genes 

within a haploid S. cerevisiae strain would render the resulting knockout strain inviable. Getting 

around this inviability requires leveraging yeast resources such as the heterozygous knockout 

strains from the deletion collection generated from the efforts of many labs within the budding 

yeast scientific community. In addition to the deletion strain collection, partial collections of 

conditional shut off strains leveraging promoters responsive to drugs such as Tetracycline or 

doxycycline have also been generated. 

 

Conditionally responsive strains provide an alternative method to achieving a homozygous 

knock out of a differentially essential gene within the S. cerevisiae x S. uvarum hybrid. Instead 

of strain engineering techniques and classical yeast methods such as tetrad dissection, 

conditional S. cerevisiae haploid strains can simply be mated to their corresponding S. uvarum  

gene deletion partner and then grown on the correct media for repression of the essential gene 

expression. In this way, conditional expression collections provide another method to work with 

haploids that can then functionally be treated as LOF alleles for the S. cerevisiae essential gene 

deletion. The specific collections which I tested were the yeast Tet-promoters Hughes Collection 

(yTHC), and a β-estradiol responsive collection from Scott McIsaac et. al. [Figure 4.2.4.]. The 

yTHC collection relies upon a tetracycline shut off system where the native promoter of a gene 

of interest has been replaced by a tandem repeat of sequences making up the TetO promoter from 

bacteria144,145. Because of promoter replacement, an essential gene will be expressed on rich 
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media and its expression shut-off when grown on media containing doxycycline—a more stable 

Figure 4.2.4. Schematic depicting both titratable promoter systems tested: β-estradiol and 

doxycycline. The first is an inducible system where β-estradiol must be present for a 

haploid essential conditional strain to grow. The latter is the reverse: adding doxycycline 

shuts off expression of the essential gene and leads to cell death. 
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version of tetracycline146. This conditional shut-off of expression results in mimicry of a LOF 

knockout phenotype, and thus any haploid yTHC essential strains should not be able to grow on 

media containing doxycycline. In my tests of efficacy for a few, select candidate genes 

specifically essential in only S. cerevisiae, titrating doxycycline concentration up to ten times the 

recommended dosage of 10 µg/mL still did not result in complete shut off for any of the essential 

gene candidates [Figure 4.2.5.].  

 

For the β-estradiol responsive collection, the system works in the opposite direction147. Addition 

of the drug, in this case the human derived hormone β-estradiol, results in expression of a 

synthetic promoter through the recruitment of an exogenous, designed artificial transcription 

factor (ATF). This ATF contains zinc-finger DNA binding domains specific to its corresponding 

designed promoter which has replaced the endogenous promoter for the gene of interest. The 

transcription factor also consists of a human estrogen binding domain as well as a viral activation 

domain known as VP16. Without β-estradiol, the estrogen receptor domain of ATF interacts with 

Figure 4.2.5. Spotting assays for select S. cerevisiae species specific essential gene strains 

from the yTHC collection on differing concentrations of doxycycline. Serial dilutions start 

from OD 1.0 of 1:1, 1:10, 1:102, 1:103, 1:104. 
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the Hsp90 complex and remains sequestered in the cytoplasm. Once β-estradiol is added to the 

media, Hsp90 interaction is displaced and a nuclear localization signal for the ATF is revealed 

and it can then induce expression of the gene of interest after translocation into the nucleus. This 

system together means that for a haploid S. cerevisiae strain with a promoter replacement at an 

essential gene, β-estradiol is necessary in the media for viability and growth.  

 

In this design, the β-estradiol conditional S. cerevisiae strain is mated to its S. uvarum partner 

with its own differentially essential gene ortholog knocked out. After the hybrid is formed, it can 

be grown on media lacking any β-estradiol, leading to shut-off of the essential gene’s expression, 

again achieving the same phenotypic effect of a LOF mutation in the essential gene. 

Unfortunately, as with the yTHC collection, titrating β-estradiol in growth media for several 

candidate haploid strains with promoter replacement at essential genes led to no loss of viability 

without β-estradiol [Figure 4.2.6.]. While the results of both of these titratable promoter strain 

collections were unfortunate, the noisiness and imperfections of inducible promoter systems 

within the context of a cell have been observed previously148–150. From experience in our lab, as 

well as discussions in published work, generally it seems that these titratable strains work or do 

Figure 4.2.6. Spotting assay for β-estradiol conditional essential gene strains for S. cerevisiae 

species specific candidate genes on different concentrations of β-estradiol. Serial dilutions 

start from OD 1.0 of 1:1, 1:10, 1:102, 1:103, 1:104, 1:105. 
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not work on a gene by gene basis. While for some genes residual expression in the shut off 

condition is enough to maintain cell viability, for others any leaky expression is still not enough 

to rescue strain inviability from losing normal expression of an essential gene. 

 

4.2.4 Generation of hybrid strains with homozygous knockouts of differentially essential 

candidate genes leveraging strain engineering 

The knockout S. uvarum haploids were generated using homologous recombination as described 

previously. Briefly, a ‘wild type’ diploid S. uvarum strain was transformed with a HygMX 

cassette flanked by homology sequence for the MYO2, SEC24, and TFC3 loci respectively. 

These heterozygous knockouts were then sporulated and haploid S. uvarum strains bearing 

HygMX deletion cassettes at each of the candidate gene loci were recovered. It was also 

important to ensure all strains, both S. cerevisiae and S. uvarum, also bore knockout alleles for 

URA3 for the counter selection of the URA3 gene on the transposon vector.  

 

There was also another consideration to generating these hybrids in addition to the differential 

essential gene knockouts: mitochondrial inheritance. After hybrid formation, mitochondrial-

nuclear genome incompatibilities and effects depending on which parental mitochondrial 

genome is present in the hybrid have been observed before151–153. Research has shown that in the 

populations derived from a single Saccharomyces hybrid mating event, each cell does not 

contain a mixture of both parental mitochondrial genomes, but instead experience uniparental 

inheritance101,154,155. Thus, for a S. cerevisiae x S. uvarum hybrid population, each cell either 

contains only S. cerevisiae mitochondrial genomes or only S. uvarum ones. There is recent 

evidence that the uniparental inheritance of mitochondria can even affect transposition rate 
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efficiencies in Saccharomyces hybrids 

 

To avoid complications involved in heterogenous mitochondrial inheritance within a hybrid 

population, all S. uvarum strains 

were cured of their mitochondrial 

DNA (mtDNA). Curing was 

performed by leveraging an ethidium 

bromide curing protocol, which 

specifically inhibits the polymerases 

that function in the mitochondria and 

thus leads to mtDNA loss from the 

cell. The loss of mtDNA following 

growth in ethidium bromide was 

confirmed by their inability to grow 

on the non-fermentable carbon 

source glycerol [Figure 4.2.7.]. This 

specific curing strategy ensures all 

mtDNA inherited within the S. 

cerevisiae x S. uvarum hybrids in 

this body of work only have S. cerevisiae mitochondrial genomes. 

 

To overcome the obstacles present when working with haploid knock out S. cerevisiae strains of 

essential genes discussed previously, I turned to the full gene deletion collection as a resource to 

Figure 4.2.7. Experimental diagram of ethidium 

bromide curing of mtDNA from all S. uvarum 

differentially essential gene knockout strains. 
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engineer the hybrid strains necessary for RH-seq transposon mutagenesis. These strains were 

originally subjected to drug marker replacement transformation first to avoid issues with the 

KanMX cassette—which confers resistance to kanamycin and geneticin—being used as the 

transposon payload and the drug marker for the essential gene knockout. Further engineering was 

performed by leveraging another community resource known as the MoBY collection. The 

MOBY collection has two versions, a low and a high plasmid copy number, each consisting of a 

pool of barcoded ‘wild type’ versions of all S. cerevisiae genes on an exogenous plasmid, and 

this resource was also of great use here156. With it, I was able to transform the marker swapped, 

NatMX cassette—conferring nourseothricin, or clonNAT drug resistance—marked heterozygous 

knockout S. cerevisiae strains with the corresponding ‘wild type’ allele plasmid. These plasmid 

containing heterozygous knockouts of essential gene strains were then sporulated and dissected 

on media selective for plasmid maintenance. After replica plating to media containing cloNAT to 

select for the essential gene knockout, haploid S. cerevisiae strains were then recovered that 

Figure 4.2.8. Strain engineering approach for S. cerevisiae essential gene deletion haploid 

strains. Protocol was done for each candidate S. cerevisiae species specific essential gene. 
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contained a knockout allele of an essential gene that was rescued by the presence of the 

corresponding MOBY collection plasmid.  

 

The final transposon mutagenesis strains were then constructed by mating the haploid S. 

cerevisiae knockout with the rescue plasmid to the corresponding S. uvarum strain containing the 

same differentially essential gene knockout [Figure 4.2.8.]. After mating, the rescue plasmid 

from the S. cerevisiae strain was then cured out by utilizing the URA3 counter selectable marker. 

It was not known previously that this hybrid would be viable: a homozygous knockout for both 

parental alleles of the differentially essential gene. Since all three candidate genes were viable as 

hybrids with a homozygous knockout for the candidate gene, this suggests that the rescue factors 

are dominant to the S. cerevisiae non rescue alleles. The strain engineering was then complete 

for MYO2, SEC24, and the TFC3 candidate genes as well as a ‘wild type’ hybrid of the same 

genetic backgrounds but with no differentially essential genes knocked out.  

 

4.2.5 Construction and sequencing of transposon mutagenesis libraries in myo2, sec24, 

tfc3, and ‘wild type’ S. uvarum x S. cerevisiae hybrids. 

Transposon mutagenesis in each of the four hybrid strains was performed as previously  

described141. Briefly, each strain was transformed with the transposon plasmid pJR487 en masse  

in large culture volumes in order to recover many independent transposition events along the  

genome. This means that ideally, enough unique transposition events occur in the pool of cells to  

ensure that each genomic locus has undergone multiple independent transposition events. The  

recovery of enough cells to achieve this transposon insertion rate coverage empowers the method  

for detection of statistically significant differences in recovered transposition events between  
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‘wild type’ and experimental strains within the two parental genomes [Figure 4.2.9.]. The  

construction of all four libraries was completed as biological replicates to control for any  

experimental noise between library construction days.  

 

These libraries were then each individually prepared for transposon enrichment sequencing as  

previously described. Briefly, genomic DNA from a transposon mutagenesis library was  

sonicated with the Covaris machine to roughly 300 bp fragments. This sheared DNA was then  

Figure 4.2.9. Diagram of 

transposon mutagenesis 

schema for mapping the 

genetic architecture 

underlying S. cerevisiae 

species specific essential 

genes. 
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subjected to end repair, A-tailing, and adaptor ligation followed by a transposon specific PCR as  

described in earlier studies and in the RH-seq 

paper from the Brem group. This PCR step is  

critical in order to obtain and sequence only 

the transposon-genomic DNA junctions to then 

map insertion sites, which was done 

computationally as described below. In 

addition, this PCR step also adds the P5 and P7 

sequences critical for cluster generation on an 

Illumina sequencer [Figure 4.2.10.]. Each 

library was sequenced on an Illumina NextSeq 

550 with paired end 150 bp reads using TruSeq 

sequencing primers. 

 

4.2.6 Computational pipeline to call 

differences in transposon insertion rates 

between ‘wild type’ and differentially essential 

gene knockout hybrids. 

Transposon enrichment sequencing required a 

length time period of troubleshooting due to 

the challenging nature of performing each 

sequencing preparation step independently. 

Recent evidence has suggested that this  

Figure 4.2.10. Experimental outline of 

transposon enrichment next generation 

sequencing library preparation. 
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protocol has begun to work. Unfortunately, there still remain some issues with consistency of  

fragment length after the transposon enrichment PCR, further leading to poor quality of Nextera  

sequencing reads. While this protocol is still being subjected to final troubleshooting, a  

computational pipeline has been identified to facilitate swift analysis of recovered transposition  

events between experimental and control hybrid strains. The planned analysis leverages an  

existing computational pipeline within the Dunham that has been applied to copy number  

variation. The pipeline requires a previous alignment of sequencing reads to the appropriate  

genome, which results in a file type known as .bam. In the cast of the transposition enrichment  

sequencing, the reads would first need to be trimmed of the transposon sequence adjacent to the  

transposon-genome junction. After trimming, these reads should align to either the S. cerevisiae  

or S. uvarum genome contained in a .gff genome file type used for alignment. After this  

alignment of the transposon adjacent reads to the hybrid genome, the copy number variation  

pipeline works by relating read number, also referred to as read depth, to genomic copy number. 

 

In the original application of this pipeline within the lab, a strain that has had a duplication event  

for gene A will have approximately twice the number of reads mapping to that genomic locus  

when compared with a strain that has not undergone a duplication event and only has a single  

copy of gene A. In the case of transposon events, for a control versus experimental hybrid strain,  

we expect a greater number of reads to be observed at a rescue locus only in the control strain.  

This is because more insertion events in the population for a gene will be reflected as a greater  

number of reads when compared to the experimental strain. Specifically, when compared to the  

experimental strain for the rescue loci expected to be mapped within the S. uvarum parental  

genome. Thus, mapping of rescue loci can be performed by leveraging this copy number pipeline  
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which will convert read depth of transposition events to number of transposon insertions within  

the population. 

 

4.3 Discussion 

It is unfortunate that final sequencing data has not been obtained yet for any of the transposon 

mutagenesis experimental or control libraries. However, it is possible to think forward and 

speculate on what the results could look like. One point that has been discussed previously but 

bears mentioning again is the genetic complexity underlying differential gene essentiality. After 

sequencing and analysis by the copy number pipeline, it is likely that there will be more than one 

rescue locus responsible for differential gene essentiality. The challenge with drawing 

conclusions about the contributions of each locus to the suppression of essentiality in S. uvarum 

is the degree to which each locus contributes. If the underlying cause of differential essentiality 

is many contributing loci of small effect, the mapping of this genetic architecture becomes more 

challenging. Depending on the size of the effect, it can be difficult to make decisions for cut offs 

between experimental noise and actual effect for the mapping of these loci.  

 

However, part of the reason we chose several differentially essential candidate genes was the 

hope that among the candidates there would be varying complexity of the underlying 

architecture. While one candidate could have very complex architecture underlying the S. 

cerevisiae exclusive essential gene, another could have more simple architecture that is more 

amenable to genetic mapping. Another way in which we have worked to mitigate the possibility 

of these mapping challenges is the choice of method. RH-seq transposon mutagenesis has been 

shown previously to be capable of mapping more complex genetic traits. By leveraging yeast 
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population sizes to generate large transposon mutagenesis libraries and sequencing depth and 

analysis the Brem group was able to identify many underlying loci for their phenotype of 

interest—thermotolerance. In addition, some of these loci had the small effect sizes that have 

been discussed previously here. Even with the challenges of analysis to identify the rescue loci of 

varying complexity, we hypothesize that experimental design and choice of tool will help 

overcome these challenges and enable the mapping of rescue loci underlying differential gene 

essentiality. By mapping the genetic architecture underlying differential gene essentiality 

between S. cerevisiae and S. uvarum, our work will provide more insight into the effect of 

genetic background on the phenotype of gene essentiality, and more broadly increase the field’s 

understanding of how local genetic interactions evolve over time. 

 

4.4 Materials and methods 

Strains 

All strains used came from a parental genetic background of S288C for S. cerevisiae and 

CBS7001 for S. uvarum. Haploid strains for both species with each gene of interest knocked out 

(KO) were mated to create the final hybrid strain for transposon mutagenesis. The construction 

of the haploid S. cerevisiae KO strains was as follows: the heterozygous knockout diploid from 

the Yeast Deletion Collection was transformed with its corresponding CEN MoBY collection 

plasmid using a 1-step transformation protocol. Briefly, the strain was grown up in 5 mL of YPD 

and then 1 mL of this culture was spun down. After a wash step with water, 1 L of miniprepped 

plasmid was added to the pellet followed by 75 L of 1-step transformation buffer. Cells were 

then incubated at 42°C for 1 hour and then plated on C -Ura plates. This heterozygous diploid 

strain transformed with the rescue plasmid was then sporulated in 5 mLs of 1% potassium 
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acetate, 0.05% dextrose, and 0.1% yeast extract for 4-7 days. Sporulated cultures were then 

dissected directly onto C -Ura plates to maintain the CEN MoBY plasmid. Dissected tetrads 

were then replica plated to D +CloNAT to select colonies that were Ura+ and NatMX+. These 

haploid S. cerevisiae strains with the KO allele and rescue plasmid were then mated to the 

appropriated S. uvarum haploid KO strain. These S. uvarum haploids were generated as follows: 

primers designed with 40 bp of homology to the gene of interest were used to amplify the 

HygMX cassette from pRS40H. The parent S. uvarum strain YTW8 was then transformed with 

purified PCR product as described previously. After sporulation, haploids with the KO allele 

were verified by PCR and then mated to a ura3Δ S. uvarum haploid. Following another round of 

sporulation and dissection, haploid S. uvarum were isolated with the desired gene KO and Ura- 

phenotype. To avoid incompatible mitochondrial inheritance, all S. uvarum strains were then 

subjected to mitochondrial DNA curing. Cells were grown overnight in 5 mL YPD. These cells 

were then transferred to a culture of 25 mL YPD at an amount for a final OD of 0.2 with 25 

g/mL of EtBr added. After overnight growth serial dilutions of the culture were plated on YPD. 

After several days of growth, colonies were replica plated to YEPG (glycerol containing 

medium) and screened for inability to grow on glycerol containing media. Hybrids were created 

by patch mating the corresponding S. cerevisiae and S. uvarum KO strains and selecting for 

diploids via drug and plasmid selections. After several days of growth, these mated strains were 

then streaked out onto 5 FOA plates to select for colonies which had lost the CEN MoBY rescue 

plasmid from the S. cerevisiae strain. The final strains were then used for transposon 

mutagenesis. 

 

Growth 
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Cultures of pJR487 prepared for Zymo Research bacterial Gigaprep kits were grown at 37°C in 

LB media with 200 µg/mL of Kanamycin. S. cerevisiae strains were all grown at 30°C, while all         

S. uvarum strains and S. cerevisiae x S. uvarum hybrids were grown at 25°C. 

 

Transposon mutagenesis 

Before transposon transformation, pJR487 was gigaprepped using a column kit (Zymo Research) 

to generate about 11 mg of plasmid. For the strain to be transformed, it was streaked out from 

glycerol onto YPD and grown at 25°C for two days. The day before transformation, a single 

colony was inoculated into 100 mL YPD and shaken at 25°C, 200rpm for ~24 hours. Cells from 

this pre-culture were then transferred to each of four 1 L flasks at the volumes required to attain 

an optical density at 600 nm (OD600) of 0.2 in 500 mL YPD each. These cultures were grown 

for 6 hours at 25°C with shaking at 200rpm. After growth, two of these 500 mL cultures were 

combined into 1 L of culture, and the last two 500 mL cultures were combined into a separate 1 

L. Each of the two 1 L cultures were transformed (for a total of two transformations) as follows: 

cells were split into twenty 50-mL conical tubes and centrifuged at 4000 RPM for 5 minutes. The 

cells were then washed with 25 mL of water per conical. This wash was repeated with 0.1 M 

lithium acetate (LiOAc) mixed with 1X Tris-EDTA buffer (10 mM Tris-HCl and 1.0 mM 

EDTA). After the wash, the following mixture was added to each conical: 1) 0.269 mg of 

pJR487 mixed 5:1 by volume with salmon sperm DNA, 2) 3 mL of 39.52% 3350 MW 

polyethylene glycol, 0.12M LiOAc and 1.2X Tris-EDTA buffer (12 mM Tris-HCl and 1.2 mM 

EDTA). Cells with transformation mix were incubated for 10 minutes at room temperature and 

then heat-shocked in a water bath at 37°C for 26 minutes. Cells from all 20 tubes were then 

combined and transferred to each of three 1 L flasks at the volumes required to attain an OD600 
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of ~0.35-4 in 500 mL of YPD. Transformed cells were recovered by shaking at 28°C and 200 

rpm for 2 hours, after which G418 (Geneticin, Gibco) was added to each flask at a concentration 

of 300 µg/mL to select for those cells which had taken up the plasmid. Post-transformation 

cultures were grown with 200 rpm shaking at 25°C for two days until each reached an OD600 of 

~14.5. All 6 recovered cultures were then combined into one, then cells from this combined 

culture were transferred to each of two 1 L flasks containing YPD + G418 (300 ug/mL) at the 

volumes required to attain an OD600 of 0.2 in 500 mL each. Cultured each flask at 25°C and 200 

rpm shaking overnight until reaching an OD600 of 6.0. The two cultures were then combined 

into one culture, and a volume of this master culture was spun down and resuspended in water to 

attain a cell density of 1.85 OD600 units/mL in 12 mLs. This resuspension was then plated on 

complete synthetic media with 5-fluoroorotic acid (5-FOA) and G418: 340 μL was plated on 

each of a total of 36 large, 15 cm diameter plates. After incubation for two days at 25°C to 

enable colony growth, colonies were scraped off of all 36 plates and combined into water at the 

volume required to attain 40 OD600 units per 900 µL. This suspension was then aliquoted into 

12 total glycerol stocks of 1.5 mLs of library and 0.5 mLs of 50% glycerol. This is the final 

transposon mutant hemizygote library. 

 

Transposon sequencing library construction 

To generate Illumina transposon enrichment sequencing libraries, 300 μL of the final 

concentrated library stock of OD ~100 was subjected to a genomic DNA preparation protocol as 

described previously157. In short, the cells were washed with water, and then transferred to a 

lidlock or otherwise securely closed microcentrifuge tube. To these cells were added 300 mg of 

acid-washed glass beads, 200 μL of lysis buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 
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mM Tris-HCl (pH = 8), 1 mM EDTA), and 200 μL 25:24:1 phenol:chloroform:isoamyl alcohol. 

After 8 minutes of vortexing, samples are spun down and resuspended in 200 μL TE buffer and 

the top aqueous layer transferred to a new tube containing 1 mL 100% ethanol and spun down 

again. The pellet is then resuspended in 400 μL TE with 30 μg of RNase A and incubated at 

37°C for 30 minutes. After incubation, 10 μL of ammonium acetate and 1 mL of 100% ethanol 

were added to finish the DNA precipitation. Samples were then resuspended in 50 μL of TE and 

quantified using a Qubit fluorimeter.  

 

One microgram of cleaned and quantified gDNA was placed in a Covaris sample tube and 

sheared on the machine for an average final length of 300 bp fragments. After AMPure clean ups 

described previously, each sample was then subjected to end repair, A tailing, and adaptor 

ligation158. A transposon enrichment PCR amplification was then carried out with the transposon 

specific primer TW195 and the appropriate indexed reverse primer. These post-PCR libraries 

were then AMPure purified and quantified on a Qubit using the High Sensitivity (HF) protocol. 

Libraries were then also run on 6% TBE vertical gels at 150 V for 40 minutes, then stained for 5-

10 minutes with SYBR gold before being imaged on an UV transilluminator to check for band 

smear size and library quality. Good quality libraries were then pooled at 2 nM each and run on 

an Illumina NextSeq 500/550 as 150 bp paired end reads. Due to the repeated sequence at the 

beginning of these libraries and their low complexity, these transposon enrichment sequencing 

libraries could not take up more than 15% of the total reads for a Nextera sequencing kit.  

 

 

 



86 
 

Chapter Five: Alternative methods for genetic mapping in sterile hybrids and future directions 

 

5.1.1 A brief discussion on considerations for transposon mutagenesis limitations. 

While an extremely powerful method that has been shown to be up to the task of many different 

styles of biological questions, transposons are not a perfect tool. When using transposon 

mutagenesis, it becomes imperative to understand the drawbacks and biases of the specific 

transposon of choice. Certain transposons like piggyBac are preferrable due to their scarless 

insertion, and the very general preference of “TTAA” sequence for a site of insertion83,84,159p. 

Other transposons such as Ac/Ds suffer from drawbacks such as genomic scarring at the site of 

insertion, while others still have more specific insertional sequence bias. This is especially 

important because of how a transposon mutagenesis approach works: the number of potential 

insertion sites functions as a limiting factor for the percentage of the genome whose function can 

even be interrogated by transposon insertion. If a gene does not contain the sequence, there is no 

insertion and thus no information can be gathered about the effect of transposition LOF on such a 

gene. 

 

Another important consideration is that transposition itself is a low percentage event. Other 

transposon systems like SATAY that function in a way that allows for specific measure of 

transposition efficiency has shown this number varies but is generally around 1%. While it is 

possible to overcome such a limitation by sheer number of cells, as done in this work, it is 

important to keep in mind that this system becomes less powerful or useful as a method in other 

model organisms where it is not so easy to grow that magnitude of cells. And even where it may 

be possible for a lab to have enough tissue culture hoods to expand a human cell line to such a 
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degree, space and financial limitations mean this work can only be carried out only in the most 

highly funded areas of science. The piggyBac method was a good choice as a tool for our 

question here, but future scientists should exhibit equal care with choosing the right tools for the 

problem at hand. You can never answer a biological question you do not have the ability to 

interrogate from lack of proper tools: like the gene with no transposon preference insertion site. 

 

5.1.2 Alternative approaches to mapping the genetic architecture of differential gene 

essentiality in S. cerevisiae vs S. uvarum. 

Instead of transposon mutagenesis, several alternative methods exist for mapping the genetic 

architecture of differential gene essentiality. The selection of focusing on S. cerevisiae specific 

essential genes was a part of this calculus, because of the existence of many different community 

strain collections and other genetic resources. However, there are a few approaches that are 

better undertaken for S. uvarum species specific genes. One such approach leverages a S. 

cerevisiae resource mentioned previously in this work, the Cen MoBY collection. Each 

individual S. cerevisiae gene is expressed on a plasmid with a yeast CEN sequence that has each 

gene tied to a barcode sequence for ease of pooled assays. Armed with this collection, one could 

assay for interacting loci only in the S. cerevisiae that rescue essentiality of the differentially 

essential gene. 

 

To do such an assay, one would individually generate several different heterozygous knockout S. 

uvarum strains for the gene of interest. Each separate candidate would be transformed en masse 

with the entire CEN MoBY collection of plasmids, such that each cell in a population has one 

CEN MoBY plasmid with the ‘wild type’ copy of a S. cerevisiae gene on it. To find interacting 
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factors specific to S. cerevisiae that rescues the gene essentiality in that species, these 

populations of S. uvarum heterozygous knock out strains carrying the CEN MoBY library would 

then be sporulated. After sporulation, cells would be subjected to stringent chemical and 

mechanical treatments in a random spore analysis protocol to select specifically for haploid 

spores on media that selects for the presence of the Cen MoBY plasmid as well as the S. uvarum 

deletion allele of the differentially essential gene. Surviving colonies from these mass platings 

would be scraped, pooled, and the barcodes sequenced using Illumina methods. Only those S. 

uvarum progeny carrying the ‘wild type’ S. cerevisiae genes belonging to the interacting network 

that rescues the essentiality in S. cerevisiae would be able to survive.  

 

The identity of the barcodes present in the CEN MoBY plasmids of surviving progeny inform 

the identity of these interacting loci, upon which follow up studies could be performed. While 

this solution to genetic mapping in a sterile hybrid leverages powerful existing resources and 

using an elegant barcoding strategy, its major drawback lies in our lack of prior knowledge for 

the complexity of the genetic architecture for these interacting factors. Potentially this method 

could only work well for differentially essential genes where only a few interacting factors are 

involved, but struggle to be informative when the architecture becomes more complex. This was 

the primary reason I avoided this method, but I maintain such an approach could work in theory 

and would be worthwhile to attempt. 

 

Another approach to mapping the underlying genetic architecture of differential gene essentiality 

leveraging another community resource would be working with chromosome replacement 

strains. Originally developed by H. Lee et al. the strains in question are S. cerevisiae haploid 
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strains containing single, or combinatorial replacement of their endogenous chromosomes with 

the corresponding S. uvarum chromosome101. The strains were created by the mating of the 

original haploid S. cerevisiae and S. uvarum parents, followed by sporulation and progeny 

recovery. The rare, few haploid progeny recovered were screened for the identity of each 

chromosome and those containing entire S. uvarum chromosomes were then backcrossed to the 

original S. cerevisiae parent on average five to eight times to finally obtain a haploid strain with 

entirely S. cerevisiae chromosomes except for individual replacements.  

 

In the context of mapping the genetic architecture of differential gene essentiality, these strains 

could be used to specifically perform mapping for candidate genes essential only in S. cerevisiae. 

That is because of the experimental set up for how this mapping would be performed with the 

chromosome replacement strains. Leveraging the tool of rescue by mating as well, the method 

would work as described. First, several separate S. cerevisiae strains heterozygous for deletion of 

a species specific essential gene would be sporulated. This sporulation culture would then be 

subjected to RSA to destroy any remaining diploid cells. The recovered spores would be split 

into a number of aliquots, and each aliquot would be mated one by one to each of the different S. 

cerevisiae chromosome replacement strains. After mating, the surviving progeny would be 

plated on media selecting for the S. cerevisiae deletion allele for the species specific essential 

gene, and also for a growth media selection locus that can only be inherited from the S. 

cerevisiae chromosome replacement strains.  

 

In this way, the only surviving progeny recovered would be those where the S. cerevisiae 

chromosome replacement strain mating partner contained the chromosome or chromosomes on 
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which the interacting loci present rescue the gene essentiality specifically in S. uvarum. While 

this method utilizes several clever yeast genetic methods, it unfortunately has several drawbacks 

that led me to set it aside as a method to perform the genetic mapping for these interacting loci 

underlying differential gene essentiality. Firstly, this approach would result in very coarse 

mapping initially which would then require many follow up experiments. Identifying the 

chromosomes or chromosomes that carry the interacting loci is a step towards mapping, but even 

with their relatively smaller size compared to human genomes, Saccharomyces chromosomes are 

still quite a large sequence space to have to search in finer detail through. In addition, not all of 

the single chromosome replacement strains were even able to be generated. Due to several 

reciprocal translocations in the S. uvarum genome compared to S. cerevisiae, these chromosomes 

were replaced as a pair. And finally, again the issue of how complex these interaction loci are 

arises. If the differential gene essentiality phenotype is comprised of a complex underlying 

genetic architecture spread across the genome, this method will lack the power to map these 

many loci of small to medium effect. 

 

5.1.3 Building upon the work of generations of geneticists with an eye to the future.  

One of the more enjoyable aspects of this thesis work has been traveling in many different 

regions of uncharted genetic territory. While the foundations of biology, genetics, and evolution 

were built upon thoroughly studied model organisms, in recent years it has become apparent that 

the modern descendants of these fields have begun to diverge from this fixed mindset. Looking 

back through scientific history, it made sense for the comparably few scientists of the day to 

focus their work on a few specific species. Primary in mind were factors such as generation time, 

ease of growth and maintenance, genome size, and eventually more modern ideas such as genetic 
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tractability and the ability to preserve strains. For decades work in classical modern organisms 

such as E. coli, S. cerevisiae, C. elegans, and D. melanogaster dominated the field of genetics160. 

Many classical studies were carried out in these organisms that revealed foundations in our 

understanding of fundamental biological processes such as genome replication, cell cycle 

control, cell lineage tracing, and even core features of multicellular organism development.  

 

In present time, these restrictions of organisms in which studies are carried out have slowly been 

easing through a variety of factors. Key among them include the increasing accessibility of 

science to more than just a select, wealthy few. As the generation sizes of geneticists grew, the 

interplay of fields such as synthetic biology would also accelerate the development genetic tools. 

While previously the genetic tractability of a model organism was very important, hence S. 

cerevisiae’s importance for its high rate of homologous recombination for genome engineer, the 

development of widely applicable tools such as CRISPR/Cas9 has removed this obstacle161,162. 

With each scientific conference, more and more novel work is being presented on improving the 

function of genome editing in novel model organisms. Importantly, this increase in tools is being 

more than matched by a continuing escalation in the number of new assembled genomes being 

released to the scientific community163–168.  

 

The Human Genome Project to sequence an entire human genome may have been a paradigm 

shift of ground breaking proportions, but the scientists involved in this work must be truly 

amazed by the sequencing methods presently available to this newer generation of scientists169. 

What once took over a decade can now be done on a next generation sequencing machine within 

a few days, from the original isolation of genomic DNA. This is all without the need for 
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laborious cloning methods involving Bacterial Artificial Chromosomes (BACs). Even from the 

original invention of next generation sequencing there has been rapid growth: where once 

available methods could only sequence small fragments of the genome, newer methods such as 

PacBio make it possible to answer questions about copy number variation and tricky to sequence 

repetitive regions via the use of a long read sequencing method170,171. The fast paced growth of 

computational methods to parse and filter raw sequencing reads and generate a novel, assembled 

genome has also been stunning172–176. And while the development of the tools and technology 

has been an amazing result in and of itself, the possibilities all of these new tools present are 

truly astounding. 

 

Freed from the idea of working within only a few, select model organisms, the potential genetic 

questions that can be asked are truly manifold. Truly, a study between 20 mya diverged 

Saccharomyces species as described here may one day be considered a relic of a past time. In the 

same way that the scientific period wherein the HGP was completed was full of fast paced 

discovery, the same feeling can be imagined to be captured now. With the increasing genetic 

accessibility of unique and interesting organisms like naked mole rats as a research organism, 

biological questions about important processes such as aging and the fundamental processes of 

cancer progression can be asked and answered177,178. The scope of what can now be asked is 

staggering, armed with all these tools and resources now available. 

 

By detaching from other long held traditions similar to model organism like ‘wild type’, I believe 

the fields of biology and genetics can truly continue to undergo a rapid expansion in scope and 

ideas. Questions in human health and disease, the molecular underpinnings of evolution over 
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time for genetic networks, and even precision medicine targeting a drug treatment to a patient’s 

specific ability to process such a drug, all of these questions are being considered in the current 

field. It truly feels like the next few decades will see a growth of knowledge and skills; that the 

scientific field is on the cusp of beginning to truly understand the biology of life around us. How 

genes working in tandem underlie complex phenotypes, how a single point mutation in a gene 

can affect human health and disease, all the way to a more complete understanding of the 

biology of the genome than we have ever had. It is an exciting time indeed to be a geneticist, I 

cannot wait to see what the next few decades have in store for this field built on tradition and the 

knowledge of everyone who has ever come before.  
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Appendix A 

Strains 

 
Strain name 

Mating type Genotype Species 

YTW1 
 

Matα 
 

Hodel::HisG Lys2  His3del1 
 

S. uvarum 
 

YTW2 
 

Mata 
 

Hodel::HisG LYS2 His3del1 
 

S. uvarum 
 

YTW3 

 

Mata/Matα 

 
can1D::STE2-Sp_his5/CAN1 
lyp1D/LYP1 his3-1/his3delta1 
leu2D0/leu2delta0 ura3D0/ura3delta0 
met5D0 LYS2+/LYS2 
MET15/met15delta0  
 

S. cerevisiae 
 

YMD895 
 

Matα 
 

can1D::STE2-Sp_his5 lyp1D his3-1 
leu2D0 ura3D0 met5D0 LYS2+ 
 

S. cerevisiae 
 

YTW125 
 

Mata/Matα 
 

Can1D::STE2-Sp_his5/CAN1 
lyp1D/LYP1 his3-1/his3-delta1::CRE 
leu2D0/LEU2 ura3D0/ura3-delta0::CRE 
met5D0/MET5 LYS2+ 
 

S. uvarum x 

S. cerevisiae 

YTW164 
 

Mata/Matα 

 
can1D::STE2-Sp_his5/CAN1 
lyp1D/LYP1 his3-1/his3del1 
leu2D0/LEU2 ura3D0/URA 
met5D0/MET5 LYS2/lys?? 
pCLB2::NatMX-MSH2  pCLB2::KanMX-
SGS1 
 

S. uvarum x 

S. cerevisiae 

YTW165 
 

Mata/Matα 
 

can1D::STE2-Sp_his5/CAN1 
lyp1D/LYP1 his3-1/his3del1 
leu2D0/LEU2 ura3D0/URA 
met5D0/MET5 LYS2/lys?? 
pCLB2::NatMX-MSH2  pCLB2::KanMX-
SGS1 

S. uvarum x 

S. cerevisiae 

R1158 NET1 Mata URA::CMV-tTA  kanR-tetO7-TATA–NET1 S. cerevisiae 
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his3-1 leu2-0met15-0 

R1158 

MYO2 

Mata URA::CMV-tTA  kanR-tetO7-TATA–MYO2 

his3-1 leu2-0met15-0 

S. cerevisiae 

R1158 

MCM10 

Mata URA::CMV-tTA  kanR-tetO7-TATA–MCM10 

his3-1 leu2-0met15-0 

S. cerevisiae 

R1158 

CDC25 

Mata URA::CMV-tTA  kanR-tetO7-TATA–CDC25 

his3-1 leu2-0met15-0 

S. cerevisiae 

ed5652 Mata/Matα 
 

URA3::Z3pr-YLR310C HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

S. cerevisiae 

ed4997 Mata/Matα 
 

URA3::Z3pr-YIL109C HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

S. cerevisiae 

ed5440 Mata/Matα 
 

URA3::Z3pr-YIL150C HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

S. cerevisiae 

ed5762 Mata/Matα 
 

URA3::Z3pr-YNL152W HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

S. cerevisiae 

ed5373 Mata/Matα 

 

URA3::Z3pr-YJL012C HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

S. cerevisiae 
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can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

ed5020 Mata/Matα 
 

URA3::Z3pr-YDL212W HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

S. cerevisiae 

ed5538 Mata/Matα 
 

URA3::Z3pr-YAL001C HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

S. cerevisiae 

ed4852 Mata/Matα 
 

URA3::Z3pr-YOR326W HAP1+::NatMX::pACT1-

Z3EV-ENO2term/HAP1+ ura3^0/ura3^0 

can1^Ste2pr-Sphis5/CAN1 his3^1/his3^1 

lyp^0/LYP1 

S. cerevisiae 

YTW260 
 

Mata 
 

myo2delta::hygMX his3 LYS2? ura3 S. uvarum 
 

YTW225 
 

Mata 
 

sec24∆::HygMX HIS3 ura3 lys2 S. uvarum 
 

YTW253 
 

Mata 
 

tfc3delta::hygMX his3 LYS2? ura3 
 

S. uvarum 
 

YTW251 
 

Matα ura3∆0 leu2∆0 his3∆1 lys2? Met15? Can1? 
myo2delta::NatMX with MoBY (CEN) rescue 
plasmid 
 

S. cerevisiae 

YTW221 
 

Matα ura3∆0 leu2∆0 his3∆1 lys2? Met15? Can1? 
sec24delta::NatMX with MoBY (CEN) rescue 
plasmid 
 

S. cerevisiae 

YTW223 
 

Matα ura3∆0 leu2∆0 his3∆1 lys2? Met15? Can1? 
tfc3delta::NatMX with MoBY (CEN) rescue 
plasmid 

S. cerevisiae 
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YTW233 
 

Mata/Matα 

 
ura3∆0/ura3 leu2∆0/LEU2 his3∆1/HIS3 
lys2?/lys2 Met15?/MET15 Can1?/CAN1 
sec24∆::natMX/sec24∆::hygMX 
 

S. uvarum x 

S. cerevisiae 

YTW243 
 

Mata/Matα 

 
can1D::STE2-Sp_his5/CAN1 
lyp1D/LYP1 his3-delta1::CRE/HIS2 
leu2D0/LEU2 ura3delta::CRE/ura3D0 
met5D0/MET5 LYS2/lys2   
 

S. uvarum x 

S. cerevisiae 

YTW255 
 

Mata/Matα 

 
ura3∆0/ura3 leu2∆0/LEU2 his3∆1/HIS3 
lys2?/lys2 Met15?/MET15 Can1?/CAN1 
tfc3∆::natMX/tfc3∆::hygMX 
 

S. uvarum x 

S. cerevisiae 

YTW263 
 

Mata/Matα 

 
ura3∆0/ura3 leu2∆0/LEU2 his3∆1/HIS3 
lys2?/lys2 Met15?/MET15 Can1?/CAN1 
myo2∆::natMX/myo2∆::hygMX  
 

S. uvarum x 

S. cerevisiae 

 

Primers 

Name Sequence (5’ -> 3’) 

TW103 - 

InvR 

transposon 

Sanger 

 

GATGTCCTAAATGCACAGCGAC  

 

TW104 - 

InvF 

transposon 

Sanger 

 

GAGGCGTGCTTGTCAATGC 

 

TW196 - 

Mod2_Tru

Seq 

Phos-GATCGGAAGAGCACACGTCTGAACTCCA GTCA 

TW197 - 

Mod2_TS_

Univ 

ACGCTCTTCCGATC*T 
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TW195 - F 

RH-seq 

library 

primer (P5) 

ATGATACGGCGACCACCGAGATCTACACTCTT 

TCCCTACACGACGCTCTTCCGATCTGTCGTA 

AGCAATATTTCAAGAATGCATGCGTCAAT  

TW198 - R 

amp 

transposon 

primer 

[adaptor] - 

index 1 

 

CAAGCAGAAGACGGCATACGAGATGCTCAAGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 

 

TW199 - R 

amp 

transposon 

primer 

[adaptor] - 

index 2 

 

CAAGCAGAAGACGGCATACGAGATTCATGCGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 

 

TW200 - R 

amp 

transposon 

primer 

[adaptor] - 

index 3 

 

CAAGCAGAAGACGGCATACGAGATATCGTAGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 

 

TW201 - R 

amp 

transposon 

primer 

[adaptor] - 

index 4 

 

CAAGCAGAAGACGGCATACGAGATCCAGTGGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 

 

TW202 - R 

amp 

transposon 

primer 

[adaptor] - 

index 4 

 

CAAGCAGAAGACGGCATACGAGATCTAGGAGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 

 

TW203 - R 

amp 

CAAGCAGAAGACGGCATACGAGATCGTAGGGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 
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transposon 

primer 

[adaptor] - 

index 5 

 

 

TW123 - R 

amp 

transposon 

primer 

[adaptor] - 

index 6 

 

CAAGCAGAAGACGGCATACGAGATTTGGTCGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 

 

TW124 - R 

amp 

transposon 

primer 

[adaptor] - 

index 7 

 

CAAGCAGAAGACGGCATACGAGATCGCCCGGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 

 

TW125 - R 

amp 

transposon 

primer 

[adaptor] - 

index 8 

 

CAAGCAGAAGACGGCATACGAGATGCAACCGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCT 
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