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Summary  

 Saccharomyces cerevisiae is a well-established model for genetic studies, more 

specifically mitochondria genetics, as a result of its functional similarity to the human DNA and 

the way it facilitates direct manipulation of the mitochondrial genome. Coincidentally, the first 

mitochondrial gene sequenced was from this species.  

 As a facultative anaerobe with a short generation time, it belongs in the 

Saccharomyces genus, along with other budding yeasts that are wildly used in industry and 

other human services. S. cerevisiae’s cell cycle alternates between sexual and asexual 

reproduction. During sexual reproduction, mitochondrial DNA is inherited from both parents 

with the occurrence of recombination.  

 The mitochondrial DNA of S. cerevisiae consists of long, linear molecules of 

heterogeneous size, about 85 kb, with around 35 genes and a low gene density, and extensive 

intergenic regions and a high A+T content. It is compressed into nucleoprotein structures 

called mitochondrial nucleoids (mt-nucleoids), which is a feature that allows for a better 

accommodation in the cell, as well as spatial regulation of gene expression and protection 

from DNA damage. As such, these characteristics of the genome make it more difficult to 

prepare, sequence and align the genetic material.  

 We collected sequences and their respective data from NCBI, submitting them to 

several tests of phylogeny, gene content, recombination, linkage, and genetic structure. 

Working with only the coding sections of the mitochondrial genome, we concluded that even 

under these conditions, there was still a prevalence of AT base pairs and that, even though 

the sequences were so small, there was a high level of diversity present in the form of SNP, 

with very high haplotypic diversity and a good discrimination between sequences. 

Recombination clearly plays an active and important role in the evolution and diversity of the 

species, providing high haplotypic diversity through new blends of existing variants. On the 

down side, recombination may be causing newly formed haplotypes to disappear, causing a 

lack of general patterns when studying the relationships between strains collected from 

different isolations sources and locations. It may also be responsible for large deletions and 

gene reversions that end up reflecting in the instability of the gene content.  
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Resumo  

 Saccharomyces cerevisiae é um modelo bem estabelecido de estudos genéticos, 

devido à sua similaridade funcional com o DNA humano e pela facilidade de manipulação 

direta do genoma mitocondrial. Coincidentemente, o primeiro gene mitocondrial sequenciado 

foi desta espécie. 

 Um anaeróbio facultativo com um tempo de geração curto, esta espécie pertence ao 

género Saccharomyces, juntamente com outras leveduras amplamente usadas na indústria 

e em outros serviços humanos. O ciclo celular de S. cerevisiae alterna entre reprodução 

sexual e reprodução assexual. Durante a reprodução sexual, o DNA mitocondrial é herdado 

de ambos os pais com a ocorrência de recombinação. 

 O mtDNA de S. cerevisiae consiste em moléculas lineares longas de tamanho 

heterogéneo, por volta de 85 kb, com cerca de 35 genes, baixa densidade genética, extensas 

regiões intergénicas e alto conteúdo de A + T. Encontra-se comprimido em estruturas 

nucleoproteicas chamadas nucleoides mitocondriais (mt-nucleoids), característica que 

permite uma melhor acomodação na célula, bem como a regulação espacial da expressão 

génica e proteção contra danos no DNA. Como tal, estas características do genoma tornam 

difícil a preparação, sequenciamento e alinhamento o material genético. 

 Da base de dados NCBI, foram recolhidas sequências, juntamente com os respetivos 

dados, submetendo-as a vários testes de filogenia, conteúdo genético, recombinação, 

associação entre genes e estrutura genética. Trabalhando apenas com as seções 

codificantes do genoma mitocondrial, concluímos que, mesmo nessas condições, ainda havia 

uma prevalência de pares de bases A e T e, embora as sequências fossem de reduzido 

tamanho, houve um alto nível de diversidade presente na forma de SNP, com diversidade 

haplotípica muito alta e uma boa discriminação entre sequências. A recombinação 

desempenha claramente um papel ativo e importante na evolução e diversidade da espécie, 

proporcionando alta variedade haplotípica através de novas combinações de variantes 

existentes. Pela negativa, a recombinação pode estar a fazer com que os haplótipos recém-

formados desapareçam, causando uma falta de padrões gerais ao estudar as relações entre 

as linhagens provenientes de diferentes fontes e locais de isolamento. Pode também ser 

responsável por grandes deleções e reversões génicas que acabam por se refletir na 

instabilidade do conteúdo génico. 
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1.  Introduction  

 

1.1. Saccharomyces cerevisiae 

 

Saccharomyces cerevisiae - previously known by more than 80 synonyms, which 

include Saccharomyces boulardii and Saccharomyces diastaticus (Vaughan-Martini & Martini, 

2011), - is a microbial agent important in human activities (Schacherer, Shapiro, Ruderfer, & 

Kruglyak, 2009). From dietary supplements to the brewing industries (Gianni Liti et al., 2009), 

such as baking and fermentation of wine, beer, and other alcoholic beverages (Gianni Liti et 

al., 2009; Schacherer et al., 2009; Wang, Liu, Liti, Wang, & Bai, 2012), S. cerevisiae has also 

established itself as one of the most important model organisms in genetics, genomics, and 

molecular biology. It is being sought out by several disciplines (Hittinger, 2013; Wolters, Chiu, 

& Fiumera, 2015), such as ecology, and population and evolutionary genetics (Wang et al., 

2012).  

Being a facultative anaerobe, with the capacity to obtain energy generated solely by 

fermentation, this species is also a significant model in the study of cellular and biochemical 

pathways responsible for the maintenance of respiratory activity (De Deken, 1966; Gancedo, 

1998; J Piskur, Rozpedowska, Polakova, Merico, & Compagno, 2006). 

S. cerevisiae was the first eukaryote to have its nuclear genome sequenced (Goffeau 

et al., 1996). The small 12 Mb genome is better annotated than that of any other eukaryote 

(Cherry et al., 2012), with two-thirds of the ~6000 identified genes of the species being 

characterized (Lipinski, Kaniak-golik, & Golik, 2010; Wang et al., 2012).  

This species has a large genetic diversity and highly structured populations among 

wild isolates (Wolters et al., 2015). This yeast is one of the most thoroughly studied eukaryotic 

species, mainly due to the existence of a short generation time, the possibility to control the 

sexual cycle, and availability of a genome that is easy to manipulate (Johnston, 2000; Wang 

et al., 2012). Genetic analyses and phenotyping are fairly simple to obtain as well, and the 

engineering and testing of the effects of individual polymorphisms and their combinations on 

different genetic backgrounds (Schacherer et al., 2009), also the fact that researchers can 

exercise complete control over its genetics and environment (Ehrenreich et al., 2010; Storici, 

Durham, Gordenin, & Resnick, 2003) are all makers for a good model for complex analysis.  
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1.2. Budding yeast – the genus Saccharomyces  

 

The term budding yeast is applied to organisms which, during mitotic growth, multiply 

by asymmetric division in a process named budding. At the starting point of each cell cycle, 

cells develop polarization and select a site for the bud to develop. That, in turn, grows until it 

reaches the size of the mother cell, at which point a septum is formed separating daughter cell 

from the mother cell. The process is followed by organelle partitioning by both active and 

directed transport of organelles between the two cells (Pruyne, Legesse-Miller, Gao, Dong, & 

Bretscher, 2004; Westermann, 2014). 

The monophyletic fungi genus Saccharomyces originated approximately 10-20 million 

years ago (Kellis, Patterson, Endrizzi, Birren, & Lander, 2003; G. Liti, Barton, & Louis, 2006; 

Taylor & Berbee, 2006). It has seven species which have differences in gene content and 

architecture and protein sequences (Hittinger, 2013). Among those there is S. paradoxus, 

phylogenetically closer to S. cerevisiae, and S. bayanus, used to brew wine. It was in 1883 

that Emil C. Hansen discovered the importance of yeast in brewing after having isolated and 

propagated a culture of the yeast (Boulton & Quain, 2001).  

Yeasts are extensively utilized for industrial purposes, such as biomedical and 

bioenergy research (Hittinger, 2013), being fermentation a mean of developing biofuel 

technologies that produce ethanol as a renewable source of energy (Zhu, Sherlock, & Petrov, 

2016). By studying these microorganisms in different ecosystems, their diversity is better 

explored, and new biotechnological properties can be found (Alvarenga, Carrara, Silva, & 

Oliveira, 2011; Amorim, Lopes, de Castro Oliveira, Buckeridge, & Goldman, 2011; Bravim, 

Palhano, Fernandes, & Fernandes, 2010; Silva, Batistote, & Cereda, 2013; Úbeda et al., 2016; 

Watanabe et al., 2010). As a result, the study of Saccharomyces ecology and diversity 

concentrates on natural and industrial fermentations and the habitats in which they occur, with 

emphasis on the most wanted features (Vaughan-Martini & Martini, 2011). 

To obtain better suited yeasts for certain products, double and triple hybrid strains can 

be created, with various contributions from each of the species, depending on the needs of 

the project. One of the most famous industrial hybrids is the Saccharomyces pastorianos, 

which is adapted to the cold, and an alloploid of S. cevisiae and S. eubayanus. It is a very 

valuable asset to global brewing industry (Dunn & Sherlock, 2008; Libkind et al., 2011). 

Saccharomyces life cycle is characterized by rare, but crucial, occurrences of sexual 

reproduction and outcrossing, and it’s known that recombination of the nuclear genome occurs 

in nature at a high rate (Hittinger, 2013). The cells can have a haploid and a diploid phase, 

depending on the conditions that surround them. Under stress, diploid cells undertake 

sporulation followed by meiosis that produces four haploid spores (Herskowitz, 1988). Those 
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mother-daughter cells can then mate (haploselfing). As a consequence, sexual reproduction, 

outcrossing, and recombination are crucial to the survival of the species and genome renewal 

(Hittinger, 2013; Tsai, Bensasson, Burt, & Koufopanou, 2008), since recessive deleterious 

mutations have a chance at accumulating in populations during times of asexual reproduction 

(Masel & Lyttle, 2011; Mortimer, Romano, Suzzi, & Polsinelli, 1994).  

In order to discover the evolutionary history of a species or genus, phenotypic 

differences must be understood on a genetic basis, by identifying polymorphisms among 

individuals of said group (Schacherer et al., 2009). It is possible nowadays to evaluate DNA 

sequence variation and genome evolution by the availability of sequence data (Dujon, 2006).  

There have been studies of comparative mitochondrial genomic analysis between 

yeast species which have been used to reconstruct the evolutionary changes in genome 

organization and architecture (Wolters et al., 2015). This has the potential to illuminate the 

genetic and molecular mechanisms of evolution (Hittinger, 2013). 

 

1.3. Saccharomyces mitochondrial genomes 

 

Saccharomyces’ mitochondrial genomes are highly diverse in structure and 

organization as a result of large rearrangements, accumulation of intergenic sequences, and 

of point mutations. On the course of their evolution, Saccharomyces’ dynamic genome have 

suffered plentiful fluctuations. Therefore, among closely related yeasts, it’s possible to deduce 

molecular events of evolution (Groth, Petersen, Piškur, & Pis, 2000).  

Mitochondria move among cytoskeletal paths and fuse and divide often (Jakobs et al., 

2003; Merz, Hammermeister, Altmann, Dürr, & Westermann, 2007; Westermann, 2010). The 

division of mitochondria between mother cell and bud involves a complex network of actions, 

with preservation zones ensuring the equal distribution of the organelles amid the cells 

(Fehrenbacher, Yang, Gay, Huckaba, & Pon, 2004; Simon, Karmon, & Pon, 1997; Yang, 

Palazzo, Swayne, & Pon, 1999). Some studies have revealed that when isolated from one 

another, yeasts accumulate distinct mutations (Groth et al., 2000). 

Yeast species have very different genome sizes and gene order differs enough to be 

an indicator of a big sum of rearrangements through time (Jung, Friedrich, Reisser, Hou, & 

Schacherer, 2012), together with the existence of intergenic sequences, and polymorphism 

inside the coding regions points at the genome having suffered big modifications throughout 

its evolution (Groth et al., 2000). One of the reasons for those polymorphisms is the size and 

tenor of GC clusters that are significantly different within Saccharomyces yeasts (Groth et al., 

2000). 
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The group of species of the Saccharomyces genus are divided in petite-positive and 

petite-negative yeasts (Barnett, 1992). Additionally, petite-positive yeasts are classified into 

sensu stricto (which includes Saccharomyces cerevisie) and sensu lato yeasts, which have 

mitochondrial genome of reduced size and significative differences in phylogeny and gene 

order. Sensu stricto yeasts also have very extensive intergenic sequences and are closely 

related (with similar genome size and gene order). Modern petite-positive Saccharomyces all 

share fermentation and respiration procedures, which brings the notion that all petite-positive 

yeasts must have suffered the same evolutionary pressures on the mitochondrial genes 

responsible for respiratory functions (Groth et al., 2000).  

 

1.4. Geographical distribution and domestication – interaction with 

the human species 

 

S. cerevisiae is a species that exists in phylogenetically distinct populations, both wild 

and domesticated, being oak trees (Quercus) an important habitat to Saccharomyces. This 

species is cosmopolitan (G. I. Naumov, Naumova, & Sniegowski, 1998; G. Naumov & 

Naumov, 1987), and present in environments that are not - or are only marginally - affected 

by human activity, like remote forest environments, throughout Russia, America, Asia, and all 

over Europe (Hittinger, 2013). It is usually isolated from substrates likely to offer suitable 

nutrients for the growth of this eukaryotic microbe (Hittinger, 2013; Wang et al., 2012), - like 

oak bark, exudates (sap), acorns, leaves, or nearby soil (Hittinger, 2013). Cross-breeding and 

the assembly of new combinations of pre-existing variations are thought to be made possible 

by human influence. That is supported by the population structure of the species which 

consists of a few well-defined, geographically isolated lineages and many different mosaics of 

these lineages (Gianni Liti et al., 2009).  

Geography, environmental niches and the degree of human association are related to 

the complex pattern of differentiation that contains distinct identified lineages (Peter & 

Schacherer, 2015). As far as it is known, genetic differentiation indicates that population 

structure reflects ecological niches based on the source from which strains are isolated 

(Schacherer et al., 2009), rather than their geographical origins. Many closely related strains 

are found in widely separated locations (Gianni Liti et al., 2009). There have been studies that 

identified five well-defined, geographically isolated lineages Malaysian, West African, Sake, 

North American and ‘Wine/European’, as well as recombinant strains of these lineages (Wang 

et al., 2012).  

Several studies have suggested separate events of domestication/selection for S. 

cerevisiae (Gianni Liti et al., 2009; Wang et al., 2012). For example, the baker’s yeast has 
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been associated with human activity (Pretorius, 2000), leading to the idea that its use of 

fermentation led to its domestication (Gianni Liti et al., 2009). But this long association with 

humans is thought to have resulted in limited population differentiation of the species (Wang 

et al., 2012). Some say the population structure of S. cerevisiae provides support not only for 

the multiple domestication events theory, but also provides some insight into the origins of 

pathogenic strains (Schacherer et al., 2009). Since as a whole, the species is not 

domesticated, it is important to have studies that focuses on wild isolates, in order to clarify 

the population structure of the species (Wang et al., 2012). S. paradoxus, for example, is often 

found in cohabiting with S. cerevisiae though it seldom associates with human activity (Wang 

et al., 2012). 

This knowledge is very important since human-associated strains gave rise to 

taxonomic controversies (Hittinger, 2013). Human activity gave a chance for population 

mingling and recombination (Gianni Liti et al., 2009; Magwene et al., 2011). This reasoning is 

why population genetics analysis provides important new understandings into ecological 

distribution, population structure and biogeography of the species. (Wang et al., 2012). 

 

1.5. Clinical strains 

 

S. cerevisiae strains from a large range of environments and even with human 

applications are capable of opportunistic colonization of human tissues (Schacherer et al., 

2009), often found as an asymptomatic human gut commensal. But not always. It’s also known 

to have low opportunistic virulence, having the worst cases happened with involvement of 

immunocompromised individuals, or with underlying medical conditions, or with a recent 

variety or combination of treatments (Zhu et al., 2016).  

This species used in the fermentative production of bread, beer and wine is also 

involved in the treatment of antibiotic-related diarrhea and serves as a nutritional supplement 

commercialized as S. boulardii (Pérez-Torrado & Querol, 2016).  

When analyzing strains isolated from clinical settings, they present low levels of 

virulence, though there have been strains used commonly, like in dietary supplements, that 

exhibit high virulence in infection models (Llopis et al., 2012, 2014; Pérez-Torrado et al., 2015). 

Hence the designation of opportunistic strain, since it only causes infection on elderly people, 

premature children, and overall patients suffering from immunosuppression (Pérez-Torrado & 

Querol, 2016).  

These strains are said not to constitute a homogenous group, but are instead 

heterogenous mosaics that comprise alleles from several sub populations (Gianni Liti et al., 

2009; Strope et al., 2015). 
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1.6. Mitochondrion and mitochondrial DNA 

 

The mitochondrion is wildly called the “power-house” of the cell and is enclosed by two 

lipid membranes (Hsu & Chou, 2017; Saraste, 1999). The mitochondrion is a metabolic 

mediator, as it is a very important organelle fundamental for cell survival and several cellular 

functions. Among those is proliferation (Mitra, Wunder, Roysam, Lin, & Lippincott-Schwartz, 

2009), the production of ATP, respiration, metabolite biosynthesis, ion homeostasis (Brookes, 

Yoon, Robotham, Anders, & Sheu, 2004), being key regulators of programmed cell death 

(Kroemer, Galluzzi, & Brenner, 2007), intervening in multiple signaling pathways (Jung et al., 

2012; Müller, Lu, & Reichert, 2015; Solieri, 2010), mediate secondary massager signals to the 

nucleus (Al-Mehdi et al., 2012); and regulate aging (Basse, 2010; Zuin et al., 2008). 

Every cell has numerous copies of the mitochondrial genome. It is indispensable to 

production of energy through oxidative phosphorylation, encoding several genes involved in 

the process that complement the action of those codified on the nucleus (Fritsch, Chabbert, 

Klaus, & Steinmetz, 2014). The number of molecules in each cell differ according to the 

species, tissue (Preuten et al., 2010), or culture conditions (Hori, Yoshida, Shibata, & Ling, 

2009; Shay, Pierce, & Werbin, 1990), ranging between 50 and 200 copies per cell (Solieri, 

2010). 

This genome is a residue of an ancestral symbiont α-proteobacteria, having 

undertaken a significant size reduction, transferring genes to the nucleus (M. W. Gray, 2012; 

Wallace, 2007). Because mitochondria are such indispensable organelles and have a very 

small genome, they require nuclear-encoded proteins in order to express said genome (Turk, 

Das, Seibert, & Andrulis, 2013). That way, components encoded in both nuclear and 

mitochondrial genomes are necessary for mitochondrial biogenesis (Hsu & Chou, 2017). 

This unique semi-autonomous organelle contains mitochondrial DNA and has its own 

ribosomes, which ensures that mitochondrial functions take place autonomously. It encodes 

a small subset of mitochondrial proteins, and also has an active role determining phenotypic 

diversity and fitness by interactions between mitochondrial and chromosomal genomes (Hsu 

& Chou, 2017; Solieri, 2010; Westermann, 2014). It’s growth is dependent of replication and 

expression of mitochondrial genes and nuclear-encoded proteins, and its replication and 

partitioning is not linked to the cell cycle (Hsu & Chou, 2017; Westermann, 2014). Most 

mitochondrial genomes are circular and double-stranded, forming linear head-to-tail 

molecules which are replicated by rolling circle mechanism (Bendich, 2010; Maleszka, Skelly, 

& Clark-Walker, 1991). 

Mitochondrial DNA has a greater mutation rate than nuclear DNA (Jung et al., 2012). 

Because in most cases there is no recombination, its sequence variation is mostly due to the 
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accumulation of new mutations along radiating maternal lines (Torroni, Achilli, Macaulay, 

Richards, & Rgen Bandelt, 2006). 

The majority of sexual eukaryotes have their mtDNA uniparentally inherited (Hsu & 

Chou, 2017), though that is not the case for budding yeasts.  

Mitochondrial inheritance has been studied resorting to the budding yeast S. 

cerevisiae. The molecular machinery and cellular pathways, such as mitochondrial motility, 

tethering, fusion and fission, as well as mtDNA partitioning, affect the correct separation of 

mitochondria and mtDNA through cell division (Westermann, 2014). 

This genome can be used in comparative genetics between closely related species in 

order to investigate chromosome architecture and evolution (Valach et al., 2011). There is a 

small amount of information related to mitochondrial genome variations within yeast species, 

although there is an increasing quantity of data available. Said data show the existence of 

substantial variations and a wide range of genome architectures among species (Jung et al., 

2012). 

 

1.7. Mitochondrial DNA of S. cerevisiae – history and morphology  

 

It was in 1949 that mitochondrial inheritance was discovered in Saccharomyces 

cerevisiae (Ephrussi, 1949). The first mitochondrial gene sequenced was from this species 

(Françoise Foury, Roganti, Lecrenier, & Purnelle, 1998). As well as the first eukaryotic genome 

sequence, deriving from the strain S288C. Thousands of S. cerevisiae genomes have been 

sequenced since then to varying degrees of completions in the past few years (Engel et al., 

2016). 

The study of mitochondrial functions and cell biology in S. cerevisiae has advanced 

the understanding of mitochondrial genes (Wolters et al., 2015). 

S. cerevisiae is, at this point, established as a reliable model for mitochondrial genetics, 

as a result of its functional similarity to the human DNA and the way it facilitates direct 

manipulation of the mitochondrial genome. The nuclear genome (comprising 16 

chromosomes) of wild-type S288c was published in 1996 (Goffeau et al., 1996), and, a couple 

of years later in 1998, the first full mtDNA genome was sequenced from yeast (Françoise 

Foury et al., 1998). 

The mitochondrial DNA of S. cerevisiae consists of long, linear molecules of 

heterogeneous size (Maleszka et al., 1991), about 85 kb, with a low gene density and 

extensive intergenic regions and a high A+T content (Françoise Foury et al., 1998; Miklos 

Zamaroczy & Bernardi, 1986). It is compressed into nucleoprotein structures called 

mitochondrial nucleoids (mt-nucleoids), which is a feature that allows for a better 
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accommodation in the cell, as well as spatial regulation of gene expression and protection 

from DNA damage (Bakkaiova et al., 2016). 

S. cerevisiae has a mitochondrial genome that incorporates 35 genes (schematically 

represented in figure 2), most of them fundamental for oxidative phosphorylation (Turk et al., 

2013). The coding portion contains a fundamental set of protein-coding genes for cytochrome 

c oxidase subunits I, II, and III (COX1, COX2, and COX3), ATP synthase subunits 6, 8, and 9 

(ATP6, ATP8, and ATP9), apocyntochrome b (COB), a ribosomal protein (VAR1), genes for 

subunits 21S and 15S of ribosomal RNA, 24 tRNA (for translation), and the 9S RNA 

component of RNAse P (Françoise Foury et al., 1998; Groth et al., 2000; Hollingsworth & 

Martin, 1986). In sum, a group of mitochondrion-specific tRNA genes, two rRNA genes and a 

small set of protein-coding genes mainly involved in the electron transport system (Françoise 

Foury et al., 1998). It can also encompass up to 13 introns in three of its genes (COX1, COB, 

and in the 21S rRNA) (Lipinski et al., 2010). These genes’ introns have been described in 

literature as such – COX1 holds seven introns, COB five, and 21S rRNA has one. Every intron 

is classified as group I or II, being mobile elements that suffer protein-assisted, autocatalytic 

RNA splicing (Lambowitz & Zimmerly, 2004; Lang, Laforest, & Burger, 2007). They can be 

distinguished according to their RNA secondary structures (Wolters et al., 2015).  

  

 

Figure 1 Consensus genome map of Saccharomyces cerevisiae mitochondrial DNA. Genes are indicated by red 

arrows, introns by green, and tRNA in blue. The light blue bars designate a sole tRNA encoded on the light strand. The orange 
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bars indicate the number of polymorphic sites within 100 bp windows (Wolters et al., 2015). The coding portion contains protein-

coding genes for cytochrome c oxidase subunits I, II, and III (COX1, COX2, and COX3), ATP synthase subunits 6, 8, and 9(ATP6, 

ATP8, and ATP9), apocyntochrome b (COB), a ribosomal protein (VAR1), genes for subunits 21S and 15S of ribosomal RNA 

(LSU and SSU), 24 tRNA (for translation), and the 9S RNA component of RNAse P (RPM1) (Françoise Foury et al., 1998; Groth 

et al., 2000; Hollingsworth & Martin, 1986). 

 

The intergenic regions comprise a big portion of the genome. They are characterized 

by long AT stretches and short GC clusters spread throughout (M de Zamaroczy & Bernardi, 

1986; Weiller, Schueller, & Schweyen, 1989). They also have in their midst ori/rep/tra 

sequences. These are essential for the transmission of the mitochondrial DNA (Petersen et 

al., 2002; Wolters et al., 2015). GC clusters consist of several direct and indirect repeats (Groth 

et al., 2000), and are thought to influence mitochondrial DNA stability (Spírek, Soltésová, 

Horváth, Sláviková, & Sulo, 2002) and recombination (Dieckmann & Gandy, 1987) as they 

can also sometimes be inserted into coding genes, which ultimately results in alterations in 

the size of gene products (Butow, Perlman, & Grossman, 1985; Dujon, 1980; Hudspeth et al., 

1984), which are important structural changes that can interfere with gene regulation 

(Hausner, 2003). 

These characteristics of the genome make it more difficult to prepare, sequence and 

align sequences (Wolters et al., 2015).  

A big portion of the yeast mitochondrial genome is arranged in linear concatemers, 

being more prominent in mother and nondividing cells, whereas growing buds show an 

arrangement in monomers (F. Ling, Hori, & Shibata, 2007; Feng Ling & Shibata, 2002; Solieri, 

2010). As mentioned, mitochondrial DNA in S. cerevisiae is mainly kept in linear molecules 

that can vary a lot in length. Some studies infer that the molecules in circular configuration are 

templates for amplification. It supposedly occurs by a rolling circle mechanism that produces 

concatemers of linear arrays with numerous genome units (Westermann, 2014).  

This species can survive purely by obtaining energy through fermentation, not needing 

mitochondrion to sustain itself (Jure Piskur, 1994). This is a rare feature among Eukariota, 

although the presence of mitochondria is essential to several metabolic functions (Lipinski et 

al., 2010). There are circumstances, though, in which this yeast is able to thrive without 

efficient mitochondria by fabricating respiratory-deficient petite mutants with the entirety or 

part of their mtDNA deleted (Fritsch et al., 2014). These mutants can appear because of 

mutations on mitochondria or even the lack of the organ altogether, or also as a result of 

mutations in nuclear-encoded genes responsible for oxidative phosphorylation (Bernardi, 

1979; Goldring, Grossman, & Marmur, 1971; Heslot, Goffeau, & Louis, 1970).  
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1.8. Sexual reproduction and transmission of the genome 

 

S. cerevisiae’s mitochondrial system has a tendency to maintain a cell population of 

homogeneous copies of mtDNA, having associated, therefore, a process of homoplasmy, 

which means that all copies of mitochondrial DNA in the cell are alike (Lipinski et al., 2010). 

The species’ frequency of genotypes is maintained no matter which strains are combined 

through mating. Diploid offspring establish homoplasmy after about 20 generations, through 

mitotic segregation, meaning that a low number of copies of mtDNA from the mother cells are 

transmitted to the new cells (Bonnefoy, Remacle, & Fox, 2007; Thrailkill & Birky, 1980). 

During sexual reproduction in budding yeast there are two mating types: MATa and 

MATα.  Studies hypothesize that the mtDNA from the MATα parent is eradicated shortly after 

the mating (Xu et al., 2000; Yan & Xu, 2003). The cells inherit 30-100 copies of mtDNA 

molecule (Miyakawa, Sando, Kawano, Nakamura, & Kuroiwa, 1987) from both parent cells. 

The transmission of mitochondrial genome is affected by several genetic elements 

(Petersen et al., 2002). Even though the inheritance is biparental, the distribution of alleles is 

difficult to predict, because of different combinations between parental mtDNA, mitochondrial 

recombination and the loss of heteroplasmy (Westermann, 2014), as well as the easiness with 

which mobile elements of the mitochondrial genome are transferred laterally in populations 

(Goddard & Burt, 1999). All these aspects of the nature of the genome in study can explain 

possible divergence between nuclear population structures and those of mtDNA (Wolters et 

al., 2015). 

Some studies suggest that population structure of nuclear genomes is generally 

followed by intraspecific diversity in mitochondrial genomes by studying the coding and intronic 

sequences, but there have been proof of the contrary, with replication not being tied to cell 

cycle (Lecrenier & Foury, 2000), which facilitates higher mutation rates for mitochondrial DNA 

(F. Foury, Hu, & Vanderstraeten, 2004). 

Some populations seem to exhibit a recent expansion of mobile elements of intergenic 

sequences. Studies also reveal new introns never before found on the species as well as 

populations without introns thought to be conserved. Introns can contrast depending on the 

strain (Wolters et al., 2015). 

The mitochondrial genome diversity seems to be limited to the population, which give 

information on recent evolutionary occurrences (Wolters et al., 2015). 
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1.9. Saccharomyces cerevisiae mtDNA recombination 

 

Mitochondrial DNA recombination is a prevalent occurrence in plants (Arrieta-Montiel, 

Shedge, Davila, Christensen, & Mackenzie, 2009; Galtier, 2011), fungi (Dujon, Slonimski, & 

Weill, 1974; Fourie et al., 2013), protists (Michael W Gray, Burger, & Lang, 1999), and 

invertebrates (Ladoukakis & Zouros, 2001).  

Budding yeasts have two phases, one haploid and one diploid in their life cycle that 

can both be transmitted asexually by mitotic division (Fisher, Buskirk, Vignogna, Marad, & 

Lang, 2018).  

After sexual reproduction, S. cerevisiae mitochondrial DNA is inherited from both 

parents, allowing for a heteroplasmic state that lasts for a few generations and permits the 

occurrence of recombination. This occurrence has been described in yeast genomes since 

1974 (Dujon et al., 1974). During the sexual cycle, the parental mitochondria fuse to form one 

organelle in the new zygote. Therefore, mitochondrial proteins and parental genomes mix in 

the same partition. The recombinant genome can then be found where both genomes interact, 

in the medial bud (Strausberg & Perlman, 1978; Zinn, Pohlman, Perlman, & Butow, 1987). 

Some studies propose the existence of favored recombinogenic positions, so called 

hotspots. Most of these happen within intergenic regions, which could be related to the 

occurrence of repetitive and palindromic elements on those places, favoring their use as 

templates for recombination. Some happen within the tRNA gene cluster and rRNA regions. 

In the annotated genes, recombination hotspots have been found in the introns. As a result it 

is vastly assumed mitochondrial recombination occurs preferentially in non-protein-coding 

regions (Perez-Martinez, Broadley, & Fox, 2003; Zinn et al., 1987).  

Recombination can occur through short repeats (Bernardi, 1979), or homologous 

pairing (Dujon et al., 1974), generating mutant molecules with a different gene order and/or 

intergenic deletions (Clark-Walker, 1989; J Piskur, 1988). 

 

1.10. Evolution of the species 

 

Several studies of the nuclear genome of Saccharomyces cerevisiae place the origin 

of the species in China, followed by a large number of separate domestication events, and the 

Taiwanese wild lineage is thought to be the most divergent population described until this day 

(Wang et al., 2012). Currently, S. cerevisiae can be found in various environments, being them 

human associated or wild, from fermented beverages to plants and insects. 

Among the most important evolutionary events that influence the degree and variety of 

mutations and the proportion of adaptation are genome duplications. The biggest source in 
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variation throughout the evolution of Saccharomyces cerevisiae seems to be copy number 

variation. This structural duplication or deletion consists of portions of the genome that are 

repeated in various ways such as number and length (Peter et al., 2018). 

Another big influencer of genome evolution is whole genome duplication, the 

synchronized replication of each chromosome. This alteration can be traced from ancient 

occurrences in recent genomes (Fisher et al., 2018). After whole genome duplication, nuclear 

genes acting on the mitochondria show greater evolution rates than genes with other 

functions, which supports the occurrence of petite mutants that don’t need mitochondria to 

survive (Jung et al., 2012). 

These kinds of evolutionary events are thought to intensify virulence and adaptation to 

stress in pathogenic fungi (Gerstein et al., 2015). 

With the rise of genetic studies involving S. cerevisiae, there is a big number of 

published sequences, although the ratio from laboratory strains to natural isolates still tends a 

lot towards the domesticated (Peter et al., 2018). 

 

1.11. Goals  

  

 With this work, we intend to better understand the evolution and origin of S. cerevisae, 

corroborating or not the notion that the species initially originated from China. We also aimed 

to gain clarification regarding the origin and phylogeny of the so-called clinical strains that 

seem to be a heterogenous group from different populations. Lastly, we meant to draw a clear 

picture of the relationship between the strains originated from different geographic locations 

and sources of isolation.  
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2.  Methods  

 

2.1. Collection of S. cerevisiae mitochondrial genomes 

 

The data for this study was obtained on the online database with publicly available 

genetic data, the National Center for Biotechnology Information Search database (NCBI). The 

data was obtained in two formats: fasta sequences of the available complete mtDNA of S. 

cerevisiae deposited in the “nucleotide” section of NCBI (this data is completely annotated in 

terms of genes); and raw next generation sequencing files from genomic data of S. cerevisiae 

deposited in the Sequence Reads Archive of NCBI (SRA).  

While the first type of data was directly obtainable from NCBI and usable in this study, 

the raw data required the alignment with a reference genome using bioinformatics’ tools. For 

that task we requested the help of Post Doc Eduardo Conde-Sousa (CBMA). The procedure 

is described below. 

The SRA toolkit (https://www.ncbi.nlm.nih.gov/sra/docs/toolkitsoft/) was used to 

programmatically download all Saccharomyces cerevisiae data housed within SRA. In order 

to extract the regions of interest and create a final fasta file containing all samples, a first 

alignment of each individual sample against the reference genome Saccharomyces cerevisiae 

S288C (GenBank: https://www.ncbi.nlm.nih.gov/genome/?term=saccharomyces+cerevisiae) 

was performed using the Burrows-Wheeler Aligner (BWA). Then samtools and bcftools were 

used to convert between file formats and extract target regions. Finally, mafft was used to 

align all samples against each other. 

In parallel with the sequence retrieval, we also gathered information on the sequences. 

For some sequences, the “BioSample” section of NCBI contained data on the isolation source, 

geographical location and even collection date, in some cases. Most of them provided a small 

abstract with information on the work done with the sequences and we resorted to that and 

the published paper, when applicable, to gather data for the rest of the samples.  

 

2.2. Analysis of the gene content of S. cerevisiae mitochondrial 

genome 

 

Using the sequences directly extracted from the “nucleotide” section in NCBI, it was 

perfectly discernible that the complete mtDNA genomes would not facilitate an alignment using 

current multiple alignment software tools. This was caused by two main reasons: one is the 

https://www.ncbi.nlm.nih.gov/sra/docs/toolkitsoft/
https://www.ncbi.nlm.nih.gov/genome/?term=saccharomyces+cerevisiae


FCUP 

Genetic studies of mitochondrial DNA in Saccharomyes cerevisiae 
22 

 

 

extremely high prevalence of AT base pairs throughout the mitochondrial DNA sequence of 

this species, as well as the high number of repeats and their unpredictability, and differences 

in size. About 85% of the reference sequence of mtDNA is T and A base pairs; apart from a 

common set of genes, different mtDNA genome in S. cerevisiae have different content. This 

is easy to access using the annotations provided by NCBI. 

In order to compare the mtDNA between individuals, a common comparable portion of 

the mtDNA genome was compiled. This was done by excluding all the intergenic regions 

composed only by T and A and removing genes or pseudogenes that were not common 

between all genomes. We did some local alignments of certain portions to confirm annotations 

in NCBI. A total set of 5475 base pairs was obtained. We reached a final group of smaller, 

coding sequences that allowed us to analyze the large group of samples. All further analyses 

were focused on this portion of the sequence. 

Following a quality step where sequences with more than 10% of unread positions 

were excluded, the remaining sequences were submitted to the software IMPUTOR (Jobin, 

Schurz, & Henn, 2018) to estimate/impute some of the remaining unread positions given the 

overall alignment and phylogenetic reconstructions of set of sequences in MEGA7 (Kumar, 

Stecher, Tamura, & Dudley, 2016). 

We used DNAsp (DNA Sequence Polymorphism) (Librado & Rozas, 2005) and 

Arlequin (Excoffier, Laval, & Schneider, 2007) to obtain general statistics from the full dataset. 

The DNAsp software analyses nucleotide polymorphisms from DNA sequences and Arlequin 

has statistical tests that provide information on genetic and demographic features.   For further 

uses, as the dataset was too large for visualization, we used a reduced dataset (below two 

thousand) that corresponded to sequences from which we had at least information on 

ecological source and geography. 

 

2.3. Reconstruction of a detailed S. cerevisiae mitochondrial DNA 

phylogenetic tree 

 

After the sequences were aligned against the S288C reference genome using the 

Bioedit tool (Hall, 1999), they were put through a number of processes in order to obtain a 

phylogenetic tree. First, we used mtDNA GeneSyn (Pavesi, Mauri, Iannelli, Gissi, & Pesole, 

2004). GeneSyn is a software tool that allows automatic detection of conserved gene order 

from annotated genomes. We started with the tool “Calculate Polymorphisms”, saving it as a 

.txt file. Then, that file was transformed and exported using the tool “Export to Binary File” 

which was saved in a .rdf format. 
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Network (Bandelt, Forster, Sykes, & Richards, 1995) generates evolutionary trees and 

networks from genetic, linguistic, and other data. Network can then provide age estimates for 

any ancestor in the tree. Opening the .rdf file with the Network software, we could then see 

the polymorphic positions in every sequence and make adjustments such as the weight of 

each position, according to the needs of the analysis. After that we obtained an .out file, using 

the tool “Reduced Median”. 

Network Publisher is an extended version of the free Network software's Draw 

subprogram, reading Network results .out.   

Network was used to build an initial phylogeny, with mutations clearly displayed in the 

branches.  A phylogenetic tree represents the evolutionary relationships among a set of 

organisms or groups of organisms, called taxa. The tips of the tree, or leaves, represent 

groups of descendent taxa and the nodes on the tree represent the common ancestors of 

those descendants. We aim to investigate the presence of homoplasy or recombinants in the 

dataset which are clear given the properties of network. 

 

2.4. Recombination and linkage disequilibrium in S. cerevisiae 

mitochondrial DNA 

 

 In order to investigate recombination patterns across the S. cerevisiae mtDNA genome 

we used two approaches. For linkage analyses, only SNPs with frequencies higher than 10% 

were used. 

 The first approach consisted of using Haploview (Barrett, Fry, Maller, & Daly, 2005), a 

software tool that calculates basic LD statistics (D’ and r2 – referring to coinheritance and allele 

frequency) from SNP files (PED) format. The software determines block of linkage 

disequilibrium (LD) across the full range of the sequence. 

 A second approach was the use of the PHASE software (Crawford et al., 2004). 

PHASE estimates the phase of the sequences, meaning that polymorphisms along a 

chromosome will be placed in the most probable haplotypic combination. The software also 

estimates recombination rates between polymorphisms. The software in this specific instance 

was only used with this purpose. For that, we combined the mtDNA in two but selected that 

the phase was already known. This way, recombination rates were calculated from the existing 

known data. 
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2.5. Genetic structure in S. cerevisiae mitochondrial DNA 

 

 As mtDNA of S. cerevisiae is a highly recombining system, a phylogenetic analysis is 

not fully appropriate. Nevertheless, we employed a neighbor-joining algorithm. Such algorithm 

is a distance-based algorithm and so it will define clusters based on general proximity between 

sequences and not assuming necessarily a common ancestor for the clades. We employed 

MEGA7 (Kumar et al., 2016) with a Maximum Composite Likelihood model and gamma-

distributed rates (four). A bootstrap of 100 iterations was calculated. 

 Another method employed was principal component analysis (PCA). This is a 

mathematical approach that will attempt to describe the diversity in linear vectors. While 

nowadays the method is mostly employed in genome-wide data we will verify how the PCA 

vectors will group the diversity found in the mtDNA genomes. The software tool SmartPCA 

(Zhang, 1999) was be employed to do this. 

 A final approach is the application of individual ancestry estimation algorithms. These 

algorithms, also mainly used in genome-wide data, will categorize the diversity into a specific 

number of components (named K) defined by the user. Such components can represent 

ancestral population groups (although it is not necessarily true). We calculated K=2 to K=5 

using sNMF software. 
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3. Results 

 

3.1. Dataset 

 

We obtained 184 S. cerevisiae mitochondrial DNA genomes from the “nucleotide” 

section of NCBI and a total of 12357 genomes from the raw data deposited in SRA (Sequence 

Read Archive). The 184 complete genomes from NCBI were used to define a comparable 

dataset between all genomes by detecting a common set of genes present in all mtDNA 

genomes. Figure 2 represents the regions and set of genes used in the following analyses. 

 

Figure 2 Representation of the coding portions highlighted from the genome of S. cerevisiae (85kb), containing the 

main genes of the species present across the different complete mtDNA genomes. 

 

Following the cut of the different genomes, and an exclusion of sequences with an 

excess of unread portions, we obtained a final dataset of 6647 genomes with 5475 base pairs 

that was further submitted to IMPUTOR to obtain an estimate of as many of these missing 

positions in as many sequences possible. 

In order to characterize our dataset. we attained general statistics using DNAsp and 

Arlequin. These statistics are summarized in Table 1. 
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Table 1 Summary statistics for the final dataset of 6647 S. cerevisiae mtDNA genomes 

Number of sequences 6647 

Size 5475 

Number of polymorphic sites 526 

Number of haplotypes 1265 

Number of observed transitions 273 

Number of observed transversions 291 

C compositions (%) 13.09 

T compositions (%) 41.33 

A compositions (%) 30.95 

G compositions (%) 14.63 

Gene diversity 0.9665 +/- 0.0032 

Mean number of pairwise differences 38.632869 +/- 16.797110 

Nucleotide diversity (average over loci)      0.007354 +/- 0.003535 

Tajima's D p-value 0.10600      

Fu's FS p-value      0.59400      

 

 

3.2. Recombination 

 

Because of the nature of the mitochondrial DNA of S. cerevisiae, with a high 

recombination rate and high concentration of AT, all attempts at building a full network 

representative of the diversity of the species were futile. The level of homoplasy was 

enormous. Attempts to simplify the phylogeny, by weighting the characters based on previous 

runs, only highlights the presence of recombination represented by square central figures with 

continuous variants in the molecule from one side of the square and variants from other 

section in the other. 

As made clear by the representation in Figure 3, the recombination pattern is evident 

throughout the samples gathered.  

 As a result, to properly analyze the effect of recombination on diversity patterns, we 

explored linkage disequilibrium using the D’ (figure 4A) and r2 (figure 4B) statistics. As 

somewhat expected, SNPs located in the same exon/gene are in linkage, however every 

single block never extends across two genes, suggesting a permanent break of linkage always 

occurring between genes. 
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Figure 3 One of the networks obtained with 146 sequences of Saccharomyces cerevisiae. A. general pattern; B. detail 

of the central section. 
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Figure 4 Patterns of linkage disequilibrium (LD) across the mtDNA genome of S. cerevisiae displayed using D’ (A.) and 

r2 (B). Blocks of Linkage Disequilibrium are highlighted. 
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 PHASE estimates a frequency of recombination across the mtDNA genome (figure 5).  

Although the method is too sensitive for typing errors, it seems evident that recombination in 

general is prevalent across the entirety of the mtDNA genome. 

 

 

Figure 5 Estimated relative amount of recombination in the S. cerevisiae mitochondrial genome in relation to an 

estimated background recombination rate 

 

3.3. Genetic structure 

  

 We investigated the genetic structure of the mtDNA genome of S. cerevisiae using 

three methodologies, all based on general patterns (clustering and genetic distances) that 

were more fit for recombining systems: neighbor-joining trees, PCA and sNMF, an individual 

ancestry estimator. As the number of sequences/organisms was too large to display in most 

analysis, we opted to reduce the sample group to only those which information on source 

and/or geography was known leading to a dataset just below 2000 samples. 

 Figure 6 displays the neighbor-joining tree with the geography highlighted while in 

figure 7 the same tree is highlighting the source (environment) of the samples. 
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Figure 6 Neighbor-joining tree of 1985 S. cerevisiae mtDNA genomes. Colors in the branches correspond to geographic 

locations. 
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Figure 7 Neighbor-joining tree of 1896 Sc mtDNA genomes. Colors in the branches correspond to source (environment) 

locations. 

 

 



FCUP 

Genetic studies of mitochondrial DNA in Saccharomyes cerevisiae 
32 

 

 

 

The five major PCAs, explaining in total 55% of the diversity are displayed, comparing 

pairs of principal vectors in Figures 7 (pinpointing their geography) and 8 (highlighting their 

type of source). 
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Figure 8 Comparison of the first five principal component in the PCA of the mtDNA genomes of S. cerevisiae, indicating 

their geographic location. 
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Figure 9 Comparison of the first five principal component in the PCA of the mtDNA genomes of S. cerevisiae, indicating 

their type of source. 
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Finally, Figures 9 and 10 display the results of sNMF, considering between 2 and 5 

components, separating samples by geography and source respectively. 

 

 

Figure 10 Individual ancestry estimates of S. cerevisiae mtDNA genomes using the sNMF algorithm. Splits correspond 

to geographic locations. 
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Figure 11 Individual ancestry estimates of S. cerevisiae mtDNA genomes using the sNMF algorithm. Splits correspond 

to source of the sample. 

 

 Geography 

Analyzing the three methods, it seems evident there is very little geographic clustering 

as far as S. cerevisiae mtDNA is concerned. The neighbor-joining tree samples from different 

locations are extremely interleaved and intertwined between different geographies. 

Again, that point is evident in the PCA. While a few samples are placed more distantly, 

in PC1 to PC5, it is difficult to discern any major trend. These misplaced outsider points are 

mostly from South America (but also Africa) but they are exceptions and could even be low 

quality samples. In general, all samples are displayed within a continuous trend (gradients) 
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established by the pairs of principal components. However, the general picture is that these 

samples do not display any type of geographic clustering and are placed, independently of 

geography, along these gradients.  

The situation is very similar for sNMF. For K=2 no pattern is visible. For K=3 there 

seems to exist some preponderance of the blue component in that analysis in Europe and 

Africa, while Asia shows higher frequency of the grey component. K=4 patterns are less 

discernable and at K=5, again an orange component seems more frequent in Europe (and 

associated Russia and Near East). A darker blue component is basically only displayed in 

Asia. Nevertheless, the patterns are very mild and the geographic clustering of S. cerevisiae 

mtDNA is basically inexistent. 

 

 Source 

In terms of source, the clustering is actually stronger. In the case of the neighbor-joining 

tree, laboratory strains are mostly placed within a single branch, while wine and vine strains 

are located across a set of well-defined clades. Nevertheless, all the other categories seem 

spread across the tree, namely the clinical strains. 

In terms of PCA, the results are as displayed for the geographic locations. While there 

are some samples outside the major group of sequences, from “other fermented beverages” 

and “natural source”, most of the samples fall within a gradient between the different pairs of 

principal components without displaying any specific grouping. 

 In terms of sNMF, we can see at K=2 that the laboratory strains display a clearly 

different pattern from other samples that is maintained for higher Ks, having a nearly specific 

component in K=5. For K=3 to K=5 the samples from “sake” seem to display different 

proportions of the different components, though it is of minor notoriety. At K=5, the “wine and 

vine” lineages display a high frequency of the orange component, suggesting some deeper 

level of clustering as displayed by some major branches in the neighbor-joining tree. 
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4. Discussion   

 

 Right at the beginning of this project, it was clear that the alignment and manipulation 

of the sequences gathered was extremely difficult to perform given even the most 

sophisticated alignment tools. The great number of AT base pairs, the extension of the 

intergenic sequences, as well as the fluctuating size of the genome and its gene content, 

caused difficulties in analyzing the mitochondrial DNA. To date, the number of studies focusing 

on this molecule is very scarce in literature. Even studies directed at genomics tend to 

completely exclude this molecule in the analysis. For that reason, we reduced the length of 

the sequences, by identifying the more prevalent/common coding genes among the 184 

genomes from the “nucleotide” segment of NCBI, eventually sizing them to 5475 base pairs. 

By performing this task, we developed an analysis frame for the study of S. cerevisiae 

mitochondrial genome in the future. 

 After the establishment of an equivalent mtDNA sequence, we obtained basic statistics 

for the total set of individuals. One stand-out point on a molecular level is that, although we 

restricted our analysis to the coding sequences, the percentage of T and A is very high 

(72.28% of the total nucleotides) comparable with the percentage above 90% in the full DNA 

molecule. One question that must be addressed for this smaller sequence is whether this 

segment will provide enough diversity to render a good level of discrimination between 

sequences. The results show that the diversity is quite high, with over 500 SNPs detected. 

Considering the recombination effect, these 500 SNPs contribute to a very high haplotypic 

diversity and a good discrimination between sequences. There were also no signs of apparent 

selective pressure on the evolution of the S. cerevisiae mitochondrial genome, which is a 

preferable feature in genetic systems when cataloguing diversity.  

 Contrary to most mitochondrial DNA molecules of eukaryotic individuals, S. cerevisiae 

and other yeast’s mitochondrial genomes demonstrate undoubtedly the occurrence of 

recombination at high rates throughout its extension. Recombination patterns were observed 

very clearly through the Network analysis, linkage disequilibrium (LD) analysis, and estimation 

of phase recombination rates, confirming the presence of recombination throughout the 

molecule. It is of our opinion that recombination plays a very important role in the evolution of 

the genome, not only instigating very high haplotypic diversity through new combinations of 

existing variants, but also by prompting a probable fast disruption of newly formed haplotypes 

leading to lack of general patterns when considering the source of isolation and geographic 

clustering as we observed. High recombination throughout the molecule can also be 

responsible for the instability in the gene content across different genomes, as cases of large 
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deletion and gene conversions are not uncommon in high recombination regions of the human 

genome. 

 Linkage disequilibrium (LD) is useful to provide information on how a population is 

structured by identifying the association between alleles. It allows us to understand the 

recombination patterns in the molecule and also to direct the following analyses. Higher LD 

only occurs within genes or even just exons of the genes. Haplotypic blocks occur in intragenic 

regions only, and they are further separated by intronic or intragenic regions. This result is 

supported by the high number of recombination events estimated by PHASE. It is likely that 

the high concentration of AT base pairs throughout these regions, as well as high number of 

repeats, is a major biochemical feature that is underlying the high recombination rate. 

Considering the steep recombination rate, and the lack of haploblocks, it is clear that 

examinations based on the establishment of lineages and phylogenetic analyses are 

inadequate. We based our examination on the establishment of clusters that could 

agglomerate common diversity, highlighting geographic structuring or common source. The 

neighbor-joining tree, although a phylogenetic method, is based on genetic distances between 

sequences. PCA and sNMF, an individual ancestry estimator, also aim to establish patterns 

between sequences. The lack of LD through most of the molecule makes these analyses 

feasible. 

The neighbor-joining tree shows us that this species’ strains do not display a pattern 

of distribution, either considering location or source of isolation as the variable under scrutiny. 

The only slight clustering of notice is of the laboratory strains that generally form a single 

branch, and wine and vine strains appear in some well-defined clades, but not an individual 

one or even a limited number. Furthermore in PCA, location-wise, most data formed single 

clusters near the axis of the graphics with a small number of outliers corresponding to South 

America and Central Africa samples. These single clusters are extended throughout one on 

the vectors, but it does not establish any type of geographic trend. Similarly, that same pattern 

was observed for the source of isolation with outliers prevalently of the natural source and 

other fermented beverages.  

The sNMF study doesn’t show a preponderant geographic clustering, supporting the 

results from the neighbor-joining and the PCA. The only instance where some hints of 

clustering are visible is related to the source, mainly related to laboratory strains and a 

hypothetical wine and vine component, and even these are only possible when submitting the 

algorithm to a higher number of components. Nevertheless, these specific clusters at five 

components are more preponderant in these groups but not all the samples have it. One 

important point is that even though a previous large study suggested that Asia was the origin 

point of S. cerevisiae we did not obtain any patterns that reiterate that, neither as outliers in 

Asia or Asia representing a region of higher diversity of the yeast. In a similar fashion as 
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obtained with nuclear genomes, clinical strains did not show any type of clustering. This seems 

to suggest that the acquisition of virulence was probably the result of multiple events. 

 As we gathered the mitochondrial DNA from the SRA section of the NCBI database, 

we also obtained the nuclear DNA of those same individuals. As a result, we will be able to do 

further perform studies similar to this one, but focusing on the remaining, which will allow us 

to corroborate/contrast the results of this study. We are particularly interested in inspecting 

the geographical patterns of the nuclear genome, considering the apparent lack of pattern in 

the mitochondrial genome.  
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5.  Conclusion - Forensic genetics context 

 

 Forensic genetics are best known as the investigation of human DNA to help in criminal 

cases, even though there are several more areas in which forensic methods excel at. For 

instance, the study of nonhuman genetic material provides insight into situations such as 

animal attacks, trafficking of illegal species, bioterrorism, or even fraudulent food composition.  

 The study of species like the fungi S. cerevisiae can be applied to some of the areas 

mentioned before. In the context of forensic genetics, it can provide useful insight into product 

labeling as well fraudulent food composition since yeast species are wildly used in the 

production of alcoholic beverages, bread, among others.  
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