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Abstract 

Aneuploidy is an alteration of the karyotype through chromosome gain or loss that 

affects cells and organisms in various ways. Despite its association with detrimental 

effects on growth and development, aneuploidy can be found in restrictive 

environments, where it provides a selective advantage over euploid cells. This has led 

to recent acknowledgement of aneuploidy as an adaptation mechanism. In humans, 

aneuploidy is rarely tolerated on organismal level, but frequently found in cancer. In 

yeast, aneuploidy occurs mostly in specialised niches and has been associated with 

poor sporulation. These findings raised the question of whether already existing 

aneuploidy primarily propagates through mitotic divisions rather than meiosis.  

This study investigates whether meiosis serves as a bottleneck for aneuploidy in yeast. 

We assessed the effects of trisomies (2N+1) and tetrasomies (2N+2) on sporulation 

efficiency in Saccharomyces cerevisiae. Spore viability and missegregation frequency 

have been identified in the resulting tetrads.  

Despite challenges like growth defects, genetic imbalances, and the segregation of 

additional homologs, we found that meiotic divisions are not entirely prevented in 

aneuploid cells. However, we found several chromosome specific effects on 

sporulation that increase with the ratio of aneuploid to euploid chromosomes. Notably, 

we observed a complete absence of sporulation in chromosome 4 and 5 tetrasomies, 

while gain of chromosome 14 appeared to enhance sporulation. Additionally, trisomies 

showed a significant increase in missegregation frequency, whereas tetrasomies did 

not exhibit this effect. Overall, our findings contribute to understanding the potential of 

aneuploidy as adaptation mechanisms and general meiotic regulatory mechanisms.  

 

Keywords: Aneuploidy, Meiosis, Yeast, Chromosome segregation, Sporulation, 

Missegregation  
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Zusammenfassung 

Aneuploidie ist eine Veränderung des Karyotyps, durch zusätzliche Chromosomen 

oder den Verlust von Chromosomen, die Zellen und Organismen auf verschiedenste 

Weisen beeinflusst. Obwohl Aneuploidie mit schwerwiegenden Effekten auf Wachstum 

und Entwicklung assoziiert wird, kann man Aneuploidie unter limitierenden 

Umweltbedingungen finden, wo sie einen Selektionsvorteil gegenüber euploiden 

Zellen bringt. Daher wird Aneuploidie seit kurzem als Adaptionsmechanismus 

anerkannt. Im Menschen wird Aneuploidie auf organismischer Ebene nicht toleriert, 

aber kommt häufig in Krebs vor. In Hefe kommt Aneuploidie meist in spezialisierten 

Nischen vor und wurde mit schlechter Sporulation assoziiert. Diese Beobachtungen 

haben die Frage aufgebracht, ob bestehende Aneuploidie nur durch Mitose 

weitergegeben werden kann.  

Diese Studie erforscht die Möglichkeit, ob Meiose als Flaschenhals auf aneuploide 

Hefe wirkt. Wir haben Effekte von Trisomien und Tetrasomien auf die 

Sporulationseffizienz in Saccharomyces cerevisiae ermittelt. Weiters wurden 

Überlebensrate der Sporen und Missegregationsfrequenz in den resultierenden 

Tetraden gemessen.  

Trotz verschiedener Herausforderungen, wie zum Beispiel dem allgemeinen 

Wachstumsdefekt, genetischen Unausgeglichenheiten und der Segregation von mehr 

als zwei homologen Chromosomen, erschließen wir, dass meiotische Teilungen in 

aneuploiden Zellen nicht vollständig verhindert werden. Jedoch haben wir einige 

chromosomenspezifische Effekte auf die Sporulation gefunden, die sich mit 

steigendem Verhältnis zwischen aneuploiden und euploiden Chromosomen 

verstärken. Am auffälligsten dabei war die vollständige Abwesenheit von Sporulation 

unter Tetrasomie von Chromosom 4 oder 5, wie auch ein potenzieller Anstieg der 

Sporulation durch zusätzliche Kopien von Chromosom 14. Außerdem haben wir eine 

signifikante Häufung von Missegregationsereignissen in Trisomien festgestellt. Unsere 

Ergebnisse tragen somit zum Verständnis des Potenzials von Aneuploidie als 

Adaptionsmechanismus und allgemeiner meiotischer Regulationsmechanismen bei. 

Schlüsselwörter: Aneuploidie, Meiose, Hefe, Chromosomen Segregation, Sporulation, 

Missegregation  
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1 Introduction 

1.1 Aneuploidy - an aberrant karyotype 

Aneuploidy is an alteration of the karyotype, defined by gain or loss of individual 

chromosomes or chromosomal arms. It mostly results from chromosome 

missegregation during cell division. Aneuploidy is distinguished from polyploidy, which 

involves the multiplication of the entire chromosome set rather than the loss or gain of 

individual chromosomes (Orr et al., 2015). 

1.2 Aneuploidy is prevented by stringent checkpoint 

mechanisms 

1.2.1 Aneuploidy results from chromosome missegregation 

Aneuploidy arises primarily due to errors in chromosome segregation during cell 

division, leading to unequal distribution of chromosomes into daughter cells. This can 

occur during mitosis in proliferating cells or during meiosis in sexually reproducing 

organisms. Chromosome segregation is controlled by conserved mechanisms 

essential for maintaining genomic integrity, and failures in these mechanisms result in 

missegregation events (Marston, 2014; Musacchio & Salmon, 2007; Santaguida & 

Amon, 2015). 

1.2.2 Mitotic cell division is controlled by the spindle assembly checkpoint 

Mitosis involves a single round of chromosome segregation following DNA replication 

and is essential for cell proliferation in multicellular organisms and asexual 

reproduction in unicellular eukaryotes like yeast. Ideally, mitotic divisions result in two 

genetically identical daughter cells. 

After DNA replication, chromosomes condense and align along the metaphase plate. 

The mitotic spindle, composed of microtubules, attaches to the kinetochores, located 

at the centromeres (Walczak & Heald, 2008). Correctness of these attachments and 

fidelity of chromosome segregation is monitored by a conserved regulatory 

mechanism. The spindle assembly checkpoint (SAC) prevents sister chromatid 

separation until proper microtubule attachments are made (McAinsh & Kops, 2023; 

Musacchio & Salmon, 2007). Improper attachments are corrected by the Chromosomal 

Passenger Complex (CPC), which senses the tension created by bipolar attachments 



4 
 

of spindle microtubules to kinetochores, thereby ensuring equal DNA distribution 

(Carmena et al., 2012). 

1.2.3 Meiotic control is more complex 

Meiosis is much more complex than mitosis and consists of two rounds of cell division 

following one round of DNA replication. It is a key mechanism in sexual reproduction 

for generating genetic diversity through recombination (Felsenstein, 1974). Cells 

resulting from meiosis are half the ploidy of the parent cell and not identical. 

In yeast, induction of the meiotic program is dependent on several factors. Yeast cells 

can exist in haploid (N) or diploid (2N) state. Haploids vary in their mating type locus, 

which can either be of a or α type (Duina et al., 2014). Only cells of opposing mating 

types can mate to form a diploid a/α cell and solely these can undergo meiosis 

(Simchen & Kassir, 1989). 

After premeiotic DNA replication, SPO11, a topoisomerase-like protein, induces 

double-strand breaks (DSBs) to promote homologous recombination and crossover 

formation (Keeney, 2001). The synaptonemal complex (SC) connects homologous 

chromosomes along their entire length during pachytene, facilitating crossover 

formation (Dong & Roeder, 2000; Lynn et al., 2007). The SC is disassembled before 

the first meiotic division, where homologs are separated. Separation of homologs 

requires monopolar spindle attachments to sister kinetochores. Meiosis I is followed 

by a second, mitosis-like division. In yeast meiotic divisions result in four haploid 

spores, packed into an ascus (Börner et al., 2023). 

Control of meiotic divisions has to be even more complex to account for fidelity during 

two rounds of chromosome segregation. Three of the major surveillance mechanisms 

during meiosis are discussed below, however further regulatory mechanisms exist 

(Ballew & Lacefield, 2019; Marston, 2014). 
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Figure 1: Individual stages of meiosis. Adapted from Börner et al (2023) 

1.2.3.1 Crossover assurance and crossover interference 

Crossover formation is critical during meiosis, with approximately 90 crossovers 

occurring per yeast nucleus (Chen et al., 2008). Crossovers are essential for both 

genetic diversity and ensuring proper chromosome segregation. "Crossover 

assurance" ensures that each homolog pair forms at least one crossover (Pazhayam 

et al., 2021). Further spatial regulation of crossovers is important, as crossovers very 

close to telomeric ends of chromosomes increase the risk of missegregation events. 

In general crossover hotspots and coldspots exist, with subtelomeric, pericentromeric 

and rDNA rich regions being rather unpopular sites for crossover positioning (Chen et 

al., 2008; San-Segundo & Roeder, 1999). Moreover, it has been found that smaller 

chromosomes have a higher crossover density, most likely due to a higher number of 

DSBs caused by an extended phase of DSB formation (Chen et al., 2008; Kaback et 

al., 1992). Also, a crossover decreases the likelihood of having a second one in very 

close vicinity, an effect known as “Crossover interference” (Börner et al., 2023; Garcia 

et al., 2015). 

1.2.3.2 The pachytene checkpoint  

Once DSBs are made during prophase I, they initiate recombination by allowing single-

stranded DNA to invade homologous chromosomes. Unresolved DSBs or unsynapsed 

chromosomes trigger the pachytene checkpoint, a mechanism that halts meiosis to 

ensure proper repair and recombination. The checkpoint prevents the activation of the 

meiosis-specific transcription factor Ndt80, delaying pachytene exit until recombination 

is complete (Börner et al., 2023; Roeder, 2000). 
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1.2.3.3 The spindle assembly checkpoint in meiosis  

Similar to mitosis, the SAC monitors microtubule attachments to kinetochores during 

meiosis. However, a major difference is the orientation and pairing of chromosomes. 

In meiosis I, homologous chromosomes segregate, requiring monopolar spindle 

attachments. As sister chromatids should not be separated, sister kinetochores are co-

oriented and fused by the monopolin protein complex in yeast. Tension can therefore 

only be achieved upon connection of homologs via chiasmata, resulting from crossover 

events and sisterchromatid cohesion at recombined regions (Marston & Amon, 2004; 

Monje-Casas et al., 2007). However, it seems that the SAC is less sensitive in meiosis, 

as it prolongs the time to anaphase onset, but chromosomes can be separated even 

without crossing overs (Börner et al., 2023). After SAC activation, Securin is degraded, 

leading to Separase activation for cleavage of the meiotic cohesin subunit Rec8 along 

chromosome arms. This allows homolog segregation, while cohesion at centromeres 

is protected by Shugoshin and maintained until meiosis II (Börner et al., 2023; 

Buonomo et al., 2000). 

1.3 Consequences of Aneuploidy 

Aneuploidy, resulting from failure of the described mechanisms and further 

chromosome missegregation, has detrimental effects on cellular and organismal 

levels. 

1.3.1 Aneuploidy is detrimental to cells and organisms 

Aneuploidy is known for its severe consequences, particularly its association with 

developmental and fitness defects and cancer. Aneuploidy caused defects were first 

discovered by Theodor Boveri (1902, 1914) and remain a leading cause of miscarriage 

in humans, with most aneuploidies being lethal (Jia et al., 2015). Viable aneuploidies, 

such as trisomy 13, 18, and 21, are exceptions, whereas trisomy 13 and 18 affected 

individuals often die within the first months of life (Cohen, 2002). Aneuploidy is also a 

hallmark of cancer, found in 90% of solid tumors (Weaver & Cleveland, 2006). 

Effects of aneuploidy have been extensively studied in yeast, where cell growth and 

fitness are impaired (Mulla et al., 2014). Studies show that aneuploid yeast strains 

exhibit slower growth rates, mainly due to G1 cell cycle delays (Torres et al., 2007). 

This effect scales largely with the ratio of open reading frames (ORFs) on the aneuploid 

chromosome relative to euploid chromosomes (Beach et al., 2017). Therefore, large 
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chromosomes (as size correlates with the number of ORFs in yeast) cause more 

severe defects than small ones and a chromosome gain in haploids is worse than in 

diploids. 

As 80% of proteins on aneuploid chromosomes are expressed, the observed defects 

have been explained by the presence of imbalanced protein complex subunits, which 

are encoded on different chromosomes. Two main hypotheses exist: The burden 

hypothesis suggests that growth defects are caused by proteotoxic stress, as the 

excess of protein overwhelms quality control pathways due to increased protein folding 

and degradation activity (Dephoure et al., 2014). The balance hypothesis refers to 

functional problems caused by stochiometric imbalanced complexes, through 

disruption of complex kinetics (Birchler & Veitia, 2007; Papp et al., 2003). Other general 

responses to aneuploidy in yeast include the upregulation of stress response pathways 

and increased glucose uptake (Torres et al., 2007). 

Furthermore, some aneuploidies are not tolerated at all, such as chromosome 6 gain 

in haploids and several chromosome losses in diploids. The strong effect of 

chromosome 6 is due to overexpression of TUB2 encoded on that chromosome. 

Together with TUB1 and TUB3 (on chromosome 13), it forms microtubules, which are 

crucial for survival. It is known that an overrepresentation of TUB2 over the other 

tubulins disrupts the complex and therefor leads to lethal defects (Anders et al., 2009).  

1.3.2 Aneuploidy can be beneficial under stress conditions 

Despite its fitness costs, aneuploidy sometimes provides a benefit for cells. Studies 

have shown that aneuploid cells can outcompete euploid cells under specific stress 

conditions in a chromosome dependent manner. Test conditions included nutrient 

limitations, heat stress or drug responses. Examples for beneficial aneuploidies are 

insensitivities to heat stress or ethanol by gain of chromosome 3 (Voordeckers et al., 

2015; Yona et al., 2012). Similarly, Torres et al. (2007) found that aneuploidy of 

chromosome 10 confers resistance to the mTOR inhibitor rapamycin, likely due to 

overexpression of the TOR1 gene. 

Numerous examples highlight the beneficial effects of aneuploidy (Chang et al., 2013; 

Gilchrist & Stelkens, 2019; Sheltzer & Amon, 2011). Our lab is currently investigating 

in aneuploidy-dependent drug responses and has successfully identified specific 

genes, as well as combinations of genes on aneuploid chromosomes that contribute 
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to drug resistance or sensitivity. For instance, drug exporters or chromatin remodellers 

have been identified as responsible for aneuploidy dependent resistance to the 

microtubule depolymerizer benomyl (Koller, unpublished). 

1.4 Aneuploidy as adaptation mechanism 

Aneuploidy not only provides benefits under certain stress conditions but also arises 

in response to these stressors, suggesting a role in adaptation. Its potential as an 

adaptive mechanism lies in the ability to gain whole chromosomes, thereby increasing 

the expression of multiple potentially beneficial genes simultaneously, rather than 

relying on point mutations to target individual genes (Chang et al., 2013; Voordeckers 

et al., 2015). 

An example for the adaptation potential of aneuploidy has been observed in our lab, 

when studying strains with a high chromosome missegregation rate. It has been found 

that these cells initially adapt by acquiring aneuploidies, which help to compensate for 

the instability caused by the initial mutation. Over time, karyotypes were refined, with 

cells returning to near-euploidy but retaining individual beneficial mutations that 

suppress segregation defects. This adaptive process has been observed in both yeast 

(Clarke et al., 2023; Ravichandran et al., 2018) and human cell lines (Adell et al., 2023), 

highlighting how aneuploidy can facilitate adaptation. 

Aneuploidy has also been found in natural yeast strains. A study by Peter et al., (2018) 

sequenced and phenotyped 1,011 yeast isolates of various origins, and identified 

19.1% of the genetically unmanipulated fraction as aneuploid. Aneuploidy was mostly 

prevalent in domesticated lineages found in specialised environments such as in 

industrial strains for sake or beer brewing, but less so in other environments.  
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1.4.1 Evolutionary bottleneck for aneuploid cells through meiosis 

Further phenotypic analysis revealed that domesticated strains often sporulate poorly 

and produce inviable spores or completely fail to complete the sexual lifecycle (De 

Chiara et al., 2022; Duan et al., 2018; Scopel et al., 2021). This has led to the 

hypothesis that selection pressure on the sexual cell cycle is reduced in domesticated 

strains, as the ability to sporulate and thereby overcome starvation periods is not 

critical, therefore leading to erroneous or incomplete meiosis. Further, a corelation 

between aneuploidy and poor sporulation was observed in these strains. Although 

multiple aneuploidies were found to increase the defect, the impact of specific 

chromosomes was not mentioned (De Chiara et al., 2022). Conversely, Scopel et al., 

(2021) mentioned that meiosis could act as a bottleneck for aneuploid cells and 

therefore the loss of the sexual reproductive cycle in yeast even increases aneuploidy. 

This raises the question whether existing aneuploidy might be spread only through 

vegetative cell division and could either provide itself a burden for meiosis, resulting in 

reduced sporulation or whether meiotic surveillance mechanisms prevent the 

inheritance of aneuploidy. While meiosis is typically a major driver of genomic variability 

through recombination, its role in the adaptation process of aneuploidy remains 

uncertain. Additionally, extra chromosome copies are sometimes associated with 

infertility, as seen in humans (Hall et al., 2006; Parizot et al., 2019; Stefanidis et al., 

2011) or can lead to challenges during segregation of homologs in meiosis of polyploid 

organisms (Bomblies et al., 2016; Cifuentes et al., 2010). 
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1.5 Effects of additional chromosomes on meiosis 

Studies on the effects of aneuploidy during meiosis remain limited. However, insights 

from human fertility studies and polyploid organisms provide some evidence on how 

additional chromosomes impact meiosis and fertility. 

1.5.1 Fertility in humans with aneuploidy 

In humans, aneuploidy is the primary cause of miscarriage, with most aneuploidies 

being lethal. Trisomy of chromosome 21 (Down’s syndrome) and sex chromosome 

aneuploidies are the only forms that persist into adulthood, but they still significantly 

affect fertility. 

Down’s syndrome (DS) in males is generally associated with infertility, with only three 

reported cases of men with DS fathering children (Pradhan et al., 2006; Sheridan et 

al., 1989; Zühlke et al., 1994). Potential causes of infertility include hormonal 

imbalances and gonadal defects, but also arrest during spermatogenesis due to the 

extra chromosome was suggested (Parizot et al., 2019). Although studies on sperm 

cells of DS males have been inconclusive, the additional chromosome was sometimes 

observed as a univalent or part of a trivalent during meiosis I, potentially leading to 

increased non-disjunction (Egozcue et al., 1983; Johannisson et al., 1983; Savage et 

al., 1998). In contrast, females with DS tend to be fertile but pass the extra 

chromosome to about one-third of their offspring (Bovicelli et al., 1982). It was 

suggested that aneuploid sperm may be eliminated via meiotic checkpoints or post-

meiotic sorting mechanisms (Parizot et al., 2019). 

In sex chromosome aneuploidies similar findings were made. XXY males (Klinefelter 

syndrome) are mostly infertile, although assisted reproductive technologies have 

enabled some pregnancies with normal karyotypes. In XYY males, fertility is generally 

unaffected, with studies suggesting that abnormal cells might be eliminated during 

meiosis I (Hall et al., 2006). 

Animal models, such as XYY mice, support the theory of germ cell selection at meiotic 

checkpoints, further emphasising the idea for aneuploid gamete elimination 

(Mahadevaiah et al., 2000). 
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1.5.2 Polyploidy as evolutionary strategy with meiotic adaptations 

A contrary example, where it seems that additional homologous chromosomes do not 

influence meiosis comes from polyploids. Polyploidy is a well-established evolutionary 

strategy, especially common in plants (Van de Peer et al., 2021; Weiss-Schneeweiss 

et al., 2013). Autopolyploids, which arise through genome duplication, face the 

challenge of segregating multiple homologs in meiosis I. Given how frequent polyploidy 

is, one might expect that this is not a problem to those organisms. It rather is the case 

that neopolyploids indeed exhibit strong segregation defects, resulting in low fertility or 

inviable offspring (Cifuentes et al., 2010). The biggest challenge during polyploid 

meiosis is the separation of crossover linked chromosome multivalents or univalents 

during Meiosis I. Stable polyploid organisms develop mechanisms to overcome these 

challenges, such as cytological diploidization, where cells favour bivalent chromosome 

pairing (Gonzalo, 2022; Soares et al., 2021).  

Mechanisms including reduced crossover formation by shortening of the synaptonemal 

complex axis and increased crossover interference have been proposed as key 

adaptations for maintaining stable polyploidy (Bomblies et al., 2016; Morgan et al., 

2022). However, these adaptation mechanisms should not exist in newly formed 

aneuploids.  

1.5.3 Polyploid and aneuploid meiosis in yeast  

In yeast, the study of polyploidy and aneuploidy in the context of meiosis has been 

relatively limited. Loidl (1995) examined chromosome pairing and synapsis in 

chromosome spreads of triploid and tetraploid yeast, frequently observing multivalent 

structures. In triploids, trivalents with synaptonemal complex (SC) connections along 

the entire axis of all three chromosomes were observed in up to 38% of nuclei in one 

measurement. Additionally, configurations where one chromosome synapsed with two 

homologous partners at different sites were identified as potential pairing partner 

switches. Bivalent + univalent formations were also reported, where two homologs 

synapsed while the third remained unsynapsed but in close proximity. 

In tetraploids, most homologs associated as pairs of bivalents, though in about one-

third of the chromosome sets, partial quadrivalents were observed. However, complete 

quadrivalents with synapsis between all four homologs at one site were never reported. 

The consequences of these multivalent structures were assessed through spore 
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viability measurements, which revealed significantly reduced viability in triploids, but 

only a mild reduction in tetraploids. This reduction in triploids was attributed to random 

chromosome segregation during meiosis I (M1), resulting in multiple disomies in the 

spores. In tetraploids, chromosome nondisjunction during M1 was observed, likely 

caused by quadrivalent formation. However, presence of even chromosome copy 

numbers seemed to cause less problems in yeast than in other organisms, such as 

plants. It was suggested that a correction mechanism exists in yeast, promoting more 

equal chromosome segregation despite the occasional presence of missegregation. 

Overall, the presence of more than two homologs in a set does introduce challenges 

in yeast meiosis, but potentially to a lesser degree than in other organisms. 

While this study provided insights into pairing preferences in yeast with more than two 

homologs, it does not fully address the situation in aneuploid cells where only a single 

chromosome is present in multiple copies. A study by Duck & James (1976) examined 

pairing preferences in yeast trisomies, also reporting crossovers between all three 

homologs. Based on observations of a recombination pattern which is only possible 

when both chromosomes involved in a crossover segregate to the same pole after 

recombination, they inferred the presence of trivalent synapsis in these cells. However, 

the study did not provide information on spore viability or segregation defects. More 

recent work has highlighted chromosome autonomous difficulties in homolog 

engagement during meiosis in aneuploids, leading to accumulation of DSBs. A DSB 

overrepresentation around centromere was observed, likely due to unsynapsed 

centromeric regions in trivalent formations (Mu et al., 2020).  

Despite some evidence of synapsis preferences in polyploids, the exact behaviour in 

aneuploid cells, where individual chromosomes are present in multiple copies, remains 

unclear. It is also unknown whether these synaptic configurations lead to significant 

segregation defects, and if such defects vary between chromosomes, potentially 

depending on factors such as chromosome size.  
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1.6  Aim of this study 

Overall, knowledge is limited about the interplay between aneuploidy and meiosis. 

Although several effects of aneuploidy have been identified—such as the detrimental 

impact on growth and development and the selective advantage in specific 

environments—its impact on meiosis is not well-characterized. While defects during 

chromosome segregation in meiosis are a known cause of aneuploidy, the effects of 

pre-existing aneuploid chromosomes on meiotic progression are unclear. Poor 

sporulation in domesticated strains, which are often aneuploid, as well as its suspected 

role in human infertility, suggests that meiosis might act as a bottleneck for aneuploid 

cells. 

Given the challenges faced by aneuploid organisms and the potential for aneuploidy 

to act as an adaptive mechanism, we aim to investigate how aneuploid chromosomes 

interfere with meiosis. Since meiosis is a key driver of genetic diversity through 

recombination, and thus contributes to evolutionary processes, understanding how 

these two potential drivers of adaptation—aneuploidy and meiosis—interact is crucial. 

We propose three potential mechanisms by which aneuploidy could interfere with 

meiosis (Fig. 2):  

I) Inhibition of meiosis due to fitness defects: General aneuploidy dependent 

fitness defects and delayed cell cycle progression as seen in proliferating cells 

could also inhibit meiotic progression.  

II) Imbalances in meiotic genes: Additional copies of a chromosome could disrupt 

the balance of meiotic gene expression between aneuploid and euploid 

chromosomes, leading to meiotic dysfunction.  

III) Pairing and segregation problems: Additional homologs could cause issues 

during synapsis and chromosome segregation.  

Therefore, the aim of this study was to identify the effects of aneuploidy on meiosis 

and chromosome segregation. To achieve this, a diploid library of aneuploid strains 

was generated. It was used to assess the influence of different chromosome gains on 

sporulation efficiency in trisomic and tetrasomic strains. Further, spore viability and 

missegregation frequency were measured to identify potential segregation defects. 

Based on the obtained data, we aimed to infer on the underlying mechanisms by which 

aneuploidy impacts meiotic processes. 
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Figure 2: Possible mechanisms by which aneuploidy could interfere with meiosis.  
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2 Material and methods  

2.1 Strains and media  

All strains used in this study are part of the Campbell Lab Yeast (CCY) collection. 

Strains used for initial analyses are from S288c strain background. Preexisting strains 

or strains generated within the experiments are listed in the Supplementary section 

(Table 1). Yeast extract-peptone medium was used as basic medium for non-selective 

culturing, supplemented with 40 µg/ml adenine-HCl (YPA) and 2% sugar (glucose -D, 

raffinose -R or galactose -G). Unless indicated otherwise, overnight cultures were 

grown for 16h in liquid YPAD shaking at on 30°C, 200rpm.  

2.2 Engineering of strains 

The working system that has been used in our lab to engineer aneuploid yeast strains 

requires replacement of the endogenous centromere by a conditional centromere 

including a galactose inducible promoter. A combination of auxotrophic marker genes 

adjacent to the centromere allows for selection of successfully engineered cells. This 

method was described in detail by Anders et al. (2009). Strains ready for aneuploidy 

induction were already available in the collection for all chromosomes with different 

marker combinations for both mating types. However, as haploid Mat a strain for 

chromosome 9 missegregation showed unexpected growth on selective plates, this 

strain had to be reengineered. Genetic manipulations were performed as described in 

the supplementary section for SK1 strain engineering. 

2.2.1 Induction of chromosome gain in haploids 

Haploid strains that carry the system for induction of chromosome missegregation 

were thawed from the -80°C frozen collection and plated on the corresponding 

selective plate. Mat a strains were grown on -HIS plates, while Mat α strains were 

grown on -LEU plates for 2 days. Cells from these plates were then used to inoculate 

overnight cultures. The following day 100 µl of each culture were transferred into 2 

tubes containing 2 ml YPAR medium each and incubated at 30°C shaking. This step 

was necessary as glucose from YPAD medium represses the galactose inducible 

promoter. After 4 h of incubation, cells were collected by centrifugation and medium 

was removed. Cells from one preparation were resuspended in 2 ml YPAGR medium 

for induction, while cells from the other preparation were resuspended in YPAR as a 
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negative control and incubated for further 3 h. Cultures were used to prepare a 5-step 

1:5 dilution series in 1x PBS. Plating was done by spotting 4 µl of the undiluted sample 

as well as the dilutions in parallel on a selective plate and a YPAD control plate. 

Inductions and negative controls from Mat a cells were plated on -HIS/-URA, while Mat 

α cells were plated on -LEU/-LYS. Plates were then incubated at 30°C for growth of 

single colonies. Colonies in spots without growth in the same dilution of the negative 

control were grown into patches for one day to have enough material for qPCR testing 

and freezing.  

2.2.2 Confirmation of chromosome gain by qPCR 

Confirmation of disomy for the chromosome of interest was performed by qPCR. 

Freshly grown cells were resuspended in 25 µl 0.02M NaOH and incubated for 10 min 

at 100°C for cell lysis. After spinning the lysate in a tabletop centrifuge for 10 min the 

DNA extract was used as template for the qPCR. For each template DNA a mastermix 

was prepared containing 7 µl ddH2O, 10 µl Luna qPCR Mastermix and 1 µl template 

DNA per reaction. Primer mixes were prepared by diluting forward and reverse primer 

(100nM stock) 1:1:36 in dd H2O. Each reaction was prepared in duplicates by pipetting 

18 µl of Mastermix and 2 µl of primer mix into 96-well qPCR plates. Plates were sealed 

with clear foil and briefly spun down before inserting into the qPCR machine. The 

standard qPCR protocol included initial denaturation at 95°C, 3 min, 39 cycles with a 

denaturation step at 95°C for 15 s, and annealing plus extension at 60°C for 1 min with 

subsequent fluorescence measurement. For each tested sample CT values were 

measured with primers for left and right arm of the chromosome of interest and for a 

control chromosome. These values were compared to a euploid control sample 

amplified with the same primers on the same plate.  

Analysis of the resulting CT values was performed in Microsoft Excel to obtain ratios 

of the chromosome of interest and the control chromosome. Normalisation steps were 

performed to account for variation in DNA concentration of the samples, as well as for 

variability in primer specificity. Strains for which the successful gain of the chromosome 

of interest was confirmed were added to the database and frozen in our collection by 

mixing a freshly grown overnight culture with 50% glycerol in a 1:1 ratio.  
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2.2.3 Mating for diploid strains 

For meiosis related experiments diploid yeast cells are needed. Therefore, haploid 

aneuploid yeast strains generated in this study and euploid parent strains were mated 

to obtain diploid strains. These were disomic (euploid control), trisomic or tetrasomic 

for the chromosome of interest. The resulting strains are able to express different 

auxotrophic marker combinations dependent on the copy number of the chromosome 

of interest (Fig. 3). Diploid euploid strains resulted in growth on -HIS/-LEU plates, 

trisomic strains can either grow on -HIS/-LEU/-URA or -HIS/-LEU/-LYS plates, while 

tetrasomic strains are able to grow on -HIS/-LEU/-URA/-LYS plates. After confirming 

the expression of the right markers in the resulting strains, two clonal colonies were 

frozen into the collection as described previously.  

2.3 Sporulation  

For sporulation of diploid yeast, strains were thawed fresh from -80°C. After 2-3 days 

of growth on the corresponding selective plate for aneuploidy maintenance, cells were 

transferred to a YPD plate and spread in a thin layer. For the initial round of sporulation 

cells were grown for 5-8 h on YPD. For sporulation efficiency round 2 and 3 and tetrad 

dissection round 2 cells were grown on YPD overnight, before they were transferred to 

SPM. After 3 days on SPM cells were checked under the light microscope for the 

presence of spores.  

2.4 Microscopy 

2.4.1 Sample fixation 

Samples were fixed after 5 days on SPM by resuspending cells from the SPM plate in 

100 µl sterile H2O and mixed with 500 µl cold EtOH (99%). Samples were incubated 

for 15-30 min at 4°C. Cells were collected by centrifugation and supernatant was 

removed. Cells were resuspended in 30 µl DAPI (1µg/µl) for nuclei staining or 30 µl 

sterile H2O for unstained samples and stored at 4°C until further processing.  

2.4.2 Slide preparation 

Depending on the concentration of cells 30-50 µl sterile H2O was added to the sample 

shortly before slide preparation. For immobilisation of the sample an agarpad was 

prepared. Therefore, 70 µl of 1% Agarose in 1x PBS were spotted on a microscopy 

slide and flattened with a second slide. The sample was mixed properly, and small 
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droplets (≈ 3 µl) were evenly distributed on the agarpad. After the sample was sunk 

into the agarpad a coverslip was applied and the edges were sealed using Valap 

(Vaselin, Lanolin and Paraffin 1:1:1). 

2.4.3 Imaging  

Samples were imaged using a Zeiss Axio Imager Z2 equipped with a CCD camera 

(Axiocam MRc5). 3-5 Images were taken per sample. DIC Images were taken as stack 

to cover 10 µM depth. If samples were treated with DAPI the stack was additionally 

captured using a DAPI filter (G 365, FT 395, BP 445/50). 

2.5 Tetrad dissection 

Tetrad dissection was performed between 3rd and 5th day after sporulation induction to 

assess spore viability and missegregation events during meiosis. Samples were 

prepared by digesting cells from the SPM plate with 4 µl 50% diluted Zymolyase for 8 

min at 30°C. The reaction was diluted by gently adding 500 µl sterile H2O. A drop was 

applied to a YPD plate and spread by tilting the plate. 13 tetrads were dissected per 

plate using the Singer MSM 400 Micromanipulator. In a few exceptional cases with 

poor sporulation, a smaller number was dissected. Plates were incubated at 30°C after 

dissection. A euploid control was prepared with each set. Images for analysis were 

taken 48h after incubation.  

2.5.1 Genotyping of the spores 

Genotyping of the spores was performed for identification of missegregation events. 

Colonies were replica plated from YPD to individual selective plates. Number and type 

of the selective plates were dependent on the auxotrophic marker genes of the parent 

strains. Images were taken 24h after incubation on 30°C.  

2.6 Doubling time measurement 

Doubling time measurements were performed on cells freshly thawed from the -80°C 

stock. After 2 days of growth on appropriate selective plates cells were used to set up 

overnight cultures. 40-50 µl of culture were freshly diluted in 2 ml YPAD the next 

morning. The inoculated amount was dependent on density of the cultures and 

previous growth data. After 3-4 h of growth, optical density was measured using a 

Denovix Spectrophotometer. Cultures were then diluted with YPAD to an OD600 of 

0.02 in 96 well format. Plates were sealed using optical clear foil (Breathe-Easy, 
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Diversified Biotech). Samples were measured in triplicates per plate. A haploid sample 

with known doubling time was included in one measurement as a control for the 

experimental setup. Strains euploid, trisomic and tetrasomic for chromosome 4 were 

also included as control on every prepared plate. Doubling time measurements were 

performed on a Microplate reader. Measurements were taken every 15 min for 24 h 

under continuous shaking at 30°C  

2.7 Statistics and Data analysis 

Cell counting for identification of sporulation efficiency was performed using the Cell 

Counter Plugin in ImageJ.  

Calculations and data analysis were performed using Microsoft excel.  

Graphs were created in Graph Pad Prism, which was also used for further statistical 

analysis, including significance tests.  

Illustrations were made using Biorender and Microsoft Powerpoint.  
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3 Results 

Although aneuploidy provides a suitable system for rapid adaptation in yeast, it has 

been found mostly in niche environments and has been linked to poor sporulation. 

Hence, it is likely that aneuploidy propagates only mitotically and that a mechanistic 

barrier might prevent meiosis in aneuploid parents. Therefore, we investigated the 

effects of aneuploidy on sporulation and meiotic chromosome segregation.  

3.1 Engineering of aneuploid strains 

The test for the effects of aneuploidy on meiosis, we first had to engineer diploid yeast 

strains. In our case, only the effects of chromosome gains were tested. Therefore, we 

created strains with one (trisomic, 2N+1) or two (tetrasomic, 2N+2) additional copies 

of specific chromosomes. We made use of a library of haploid yeast strains that had 

been engineered in our lab previously, to carry a system for induction of chromosome 

non-disjunction and selection for successful gain of the chromosome of interest. This 

method has first been described by Anders et al. (2009). In these strains the 

endogenous centromere had been replaced by a centromere under control of a 

galactose inducible promoter (pGal1) together with an adjacent auxotrophic marker. 

Activation of this promoter through cultivation of the cells in galactose supplemented 

media inhibits the formation of the kinetochore at the centromeric region and 

implements missegregation of the chromosomes. The auxotrophic marker gene has 

been modified in a way, that a second marker gene disrupts it, preventing its function. 

However, through spontaneous homologous recombination the internal marker can be 

excised again from the locus and restore the initial marker gene. In our case this 

system exists in two different marker combinations. Haploid yeast strains of mating 

type a carry the HIS3 marker flanked by URA3 segments, while the α mating type was 

marked with LEU2 integrated into LYS2 (Fig. 3A).  

Using this system, we expected two copies of the chromosome of interest after 3 h 

cultivation in galactose. As this also leads to duplication of the marker construct in the 

genome, we were able to select for cells with a successfully gained chromosome of 

interest, as only then both marker genes can be functional in the cell, once the second 

integrated marker is excised from one of the copies. The actual presence of the 

chromosome of interest in disomic condition was confirmed by qPCR for colonies that 

grew after selection for both marker genes (Fig. 3B).  
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This procedure was applied to induce disomies for both mating types in 14 out of 16 

yeast chromosomes. Aneuploid strains generated in this setup and their euploid parent 

strains were mated to obtain a collection of diploid strains. Both euploid parent strains 

were mated for a diploid control strain, with a label on the chromosome of interest (2N, 

HIS3/LEU2). Aneuploid strains were mated to a euploid, resulting in trisomic strains of 

two different marker combinations (2N+1, HIS3/LEU2/URA3 and HIS3/LEU2/LYS2). 

For tetrasomies both aneuploid strains with the same labelled chromosome were 

mated (2N+2, HIS3/LEU2/URA3/LYS2) (Fig. 3C).  

Using this system a diploid collection of aneuploid strains has been established in 

S288c strain background for detection of effects of aneuploidy on meiosis. The 

collection holds trisomies and tetrasomies for 14 out of 16 chromosomes as well as 

euploid control strains for each manipulated chromosome. Engineered strains are 

aneuploid for only one chromosome and have been frozen in clonal duplicates. 
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Figure 3 Workflow for engineering a diploid collection of aneuploid strains. A) The endogenous centromere has 
been replaced by a conditional centromere with an adjacent auxotrophic marker gene. In a second integration step 
the initial marker was disrupted by an additional selection marker. In mat a strains a URA3 selection marker was 
disrupted by HIS3, while in Mat α LYS2 was disrupted by LEU2. B) Upon galactose induction the centromere was 
overexpressed, which prevented the formation of the kinetochore and promoted missegregation of the target 
chromosome. The function of URA can be restored, as the HIS marker can be lost again by homologous 
recombination. Only when an additional copy of the chromosome is gained, it is possible, to express both marker 
genes. Successfully obtained disomy can be confirmed by qPCR, after selection for the expression of both markers. 
C) Aneuploid and euploid parent strains were mated to obtain diploid strains with different marker combinations. 
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3.2 Aneuploidy specific differences visible in sporulating cells 

Resulting strains have been grown on selective medium and then transferred to rich 

medium. To induce meiosis and therefore sporulation, cells have been put under 

glucose and nitrogen starvation. A euploid control has been prepared for each set of 

aneuploid samples. After 5 days of sporulation, cells were fixed and imaged under a 

light microscope. 

Comparison of different aneuploidies shows visible differences in morphology of the 

non-sporulating, vegetative cells as well as in number of produced asci and number of 

spores within those (Dyads, Triads and Tetrads, Fig. 4 G). Differences are visualised 

in figure 4, showing samples with tetrasomies for various chromosomes (Fig. 4 B-F) 

as well as a euploid control sample carrying the conditional centromere and the 

auxotrophic marker genes on chromosome 8 (Fig. 4 A).  

Certain aneuploidies did not show notable differences in cell morphology or number of 

spores, including tetrasomy of chromosome 8 (Fig. 4 B). Strains harbouring additional 

copies of chromosome 14 seemed to be remarkably rich in tetrads (Fig. 4 C), whereas 

other aneuploidies showed very little numbers of spores (Chromosomes 12, Fig. 4 D 

and 10, Fig. 4 F) or even a complete lack of sporulation (Chromosome 4, Fig. 4 E).  
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Figure 4: DIC images of the cells 5 days after sporulation induction. A) Euploid control strain labelled on 
chromosome 8. B) Chromosome 8 tetrasomy. C) Chromosome 14 tetrasomy. D) Chromosome 12 tetrasomy. E) 
Non sporulating Chromosome 4 tetrasomy F) Chromosome 10 tetrasomy G) Example images of different spore 

and cell types of a sporulating control strain, labelled on chromosome 8. Scale bars correspond to 10 µm 
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3.3 Sporulation impact is significant in tetrasomies, but not in 

trisomies 

Visual analysis of the cultures was followed by quantification of images for sporulating 

cells. Sporulation efficiency was determined and compared between different 

aneuploidies. Counting distinguished between various ascus types: Tetrads, triads, 

dyads and “Other” type cells including non-sporulating cells (visualised in figure 4G). 

Sporulation efficiency was determined according to following formula:  

𝑆𝑝𝑜𝑟𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)  =  
(𝑇𝑒𝑡𝑟𝑎𝑑𝑠 +  𝑇𝑟𝑖𝑎𝑑𝑠 +  𝐷𝑦𝑎𝑑𝑠) 

 (𝑇𝑒𝑡𝑟𝑎𝑑𝑠 +  𝑇𝑟𝑖𝑎𝑑𝑠 +  𝐷𝑦𝑎𝑑 +  "𝑂𝑡ℎ𝑒𝑟𝑠")
 ∗  100 

Occasionally cells appeared to be a single spore in an ascus. However, as identification 

of these single spores was not clearly possible, they were considered as other type 

cells in the final analysis. At least 100 cells were counted per image. 

For each karyotype condition, sporulation efficiency was assessed in at least three 

repeats, prepared on different days. Typically, both clones of all karyotype conditions 

were measured, including both marker conditions for trisomies. Exceptions were 

strains labelled for chromosomes 9 and 10, which were repeated only twice, due to 

initial difficulties in the generation of the strains. For each karyotype condition mean 

values were calculated per measurement day. To compare individual aneuploidies, 

means of trisomies and tetrasomies were normalized to the mean of the disomic 

controls, labelled on the same chromosome and prepared on the same day.  

Data obtained from this procedure clearly indicated differences for individual aneuploid 

chromosomes. Mean sporulation efficiency (indicated as bar in fig. 5A) for most 

aneuploidies was below the control value. Further, the defect increases with the 

number of additional copies. A very prominent effect was visible for chromosome 4 and 

5 tetrasomy, as sporulation was completely absent.  
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Significant effects were identified using multiple t-tests on absolute sporulation 

efficiency (Fig. S1). For trisomies a significant decrease in sporulation was identified 

only for chromosome 5 in the comparison to disomies. Tetrasomies of chromosomes 

2, 4, 5, 10, 12 and 16 had significantly decreased sporulation efficiency compared to 

individual disomic control strains. However, in some cases interpretation was difficult 

due to variations within the repetitions, such as indicated by the error bars for 

chromosome 7 trisomy and chromosome 14 tetrasomy. One major outlier for 

chromosome 3 was excluded from all data sets. Differences between the individual 

data sets are also visualised in supplementary figure S1. For all aneuploidies the effect 

was either neutral or inhibiting on sporulation. An exception was chromosome 14, for 

which additional copies seemed to increase sporulation. However, this increase was 

not significant comparing to control values (Fig. S1).  

Further, mean values for all trisomies and all tetrasomies have been compared in a t-

test to all control strains, as we wanted to test if there is a general trend of sporulation 

defects worsening with the number of additional chromosomes (Fig. 5B). We found 

that tetrasomies show a significant decrease in sporulation compared to disomies and 

trisomies. However, although some trisomies seem to be impacted in sporulation, 

decrease was not significant for trisomies in general. Considering individual values, it 

should be mentioned that there was already a broad range for the control strains. 

Values for the euploid strain were reaching from 9% to 15% of sporulation, resulting in 

a mean of 11%.  

Overall measurements indicate a significant decrease in sporulation of aneuploids. 

However, the effect seems chromosome specific, not affecting all the chromosomes. 

In one case we conclude an increase in sporulation, which was not proven to be 

significant in the T-test.  Other chromosomes seem not to be affected at all. Therefore, 

we conclude that effects are chromosome specific and copy number dependent.  
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Figure 5: Results of sporulation efficiency measurements. A) Mean values of trisomies and tetrasomies normalised 
to individual control strains. Dotted line indicates sporulation of control strains. Bars correspond to mean values 
with error bar showing standard deviation. B) Dots correspond to mean sporulation efficiency per karyotype or 
labelled chromosome (in case of disomic control strains). Mean value of tetrasomies was significantly different from 
disomies and trisomies (P<0.005).  

3.4 Growth defect is less severe in trisomies 

As aneuploidy usually leads to a grow defect, relative to the number of open reading 

frames on the chromosome, we next wanted to test if the sporulation defect comes 

from the general fitness impact of aneuploidy.  

Therefore, doubling time has been measured and compared between all diploid strains 

generated in this study (Fig. 6A). A mean doubling time of 68.5 min was calculated for 

all disomic controls. Measurements were very consistent (SD = 1.1) and therefore no 

influence from the manipulated centromeres and the auxotrophic markers was 

detectable. For trisomies, a higher variance was found due to aneuploidy dependent 

growth impairment. Several strains showed an elongated doubling time, leading to a 

mean doubling time of 71.0 min. As expected, the highest variability was found for the 

tetrasomies, which were significantly delayed in their cell cycle with a mean doubling 

time of 80 min. However, while some aneuploidies, such as chromosome 3 or 

chromosome 11, showed no effect on growth, two additional copies of chromosome 4 

and 14 led to an increase of 22.7 min in doubling time over euploid strains.  

Next, we compared the obtained results to data of haploid aneuploid strains from 

previous experiments in our lab. Therefore, we normalised the aneuploid data to the 

disomic mean and compared to growth data which was obtained through integrated 

density measurements and normalised to euploid as well. Due to equal ratios of 

aneuploid to euploid chromosomes we expected a better fit of tetrasomics to our 

haploid data. Fitting to a linear regression line indeed showed a better correlation 
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between haploid and diploid aneuploid strains for tetrasomies (Fig. 6B, R2=0.5427), 

than for trisomies (Fig. S2, R2=0.1042). We also tried to fit our data to the number of 

ORFs on the aneuploid chromosome, as the growth defect has been suspected to 

unbalanced proteins. Linear fit to the number of ORFs was not as good as in the 

comparison to haploid growth (Fig. S3). This might be due to higher robustness against 

certain imbalances in diploids. Further we compared the relative increase of doubling 

time in tetrasomies to that in trisomies (Fig. S5). Only aneuploidies which showed a 

difference in doubling time were included. Results showed that two additional copies 

of a chromosome in a diploid increase doubling time more than twofold compared to 

one additional copy. In tetrasomies increases in doubling time went up to nearly sixfold 

compared to trisomies but varied between chromosomes. It seems that the smaller 

ratio of aneuploid to euploid chromosomes in diploid trisomies buffers the effects of 

aneuploidy drastically. A milder effect through increase of ploidy has already been 

described previously (Beach et al., 2017; Torres et al., 2007). So overall trisomies 

showed only a mild growth defect, while tetrasomic cells were clearly impacted in 

growth in a chromosome dependent manner, similar as seen for disomies in haploid 

condition.  

 

Figure 6: Doubling time of diploid strains. A) Mean values for doubling times of trisomes and tetrasomies were 
significantly different over control strains. The strongest variation was observed for tetrasomies, having the biggest 
ratio between aneuploid and euploid chromosomes. The strongest growth defects in tetrasomies were detected for 
chromosome 4 and 14, while aneuploidy of chromosome 3 and 11 does not seem to affect growth. B) Doubling time 
of tetrasomies showed a good linear fit in the comparison to previously obtained growth data in haploid chromosome 

gains.  
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3.5 Strong sporulation phenotypes are independent of growth 

defect 

After confirming the reliability of our growth data with previously obtained data, we 

wanted to determine if sporulation efficiency is dependent on growth. This was done 

for tetrasomies, as only these showed significant differences for sporulation rates. 

Therefore, we plotted the doubling time, normalised to the disomic mean, against the 

normalised sporulation efficiency. Fitting the data points to a linear regression line did 

not show a correlation (R2=0.03148, Fig. 7). Particularly some rather extreme values 

of nearly no sporulation or absence of sporulation for chromosome 2, 5 and 12 as well 

as improved sporulation for chromosome 14 did not correlate with their growth 

phenotype. It cannot be excluded, that sporulation efficiency phenotypes might be 

dependent on growth and cell cycle duration to some extent. However, the strongest 

phenotypes which have been reproduced in independent repeats of the experiment 

were clearly not dependent on growth defects.  

 

Figure 7: Sporulation efficiency compared to doubling time of tetrasomic strains. Both parameters have been 

normalised to disomic controls. Fitting to a linear regression line did not show a correlation.  
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3.6 Spore viability is unaffected by aneuploidy of parent strains 

Further, we wanted to test if aneuploidy effects spore viability. On one hand it is likely 

that aneuploidies which impact sporulation efficiency might also influence the viability 

of the spores. On the other hand, decreased spore viability could be an indication on 

increased missegregation during meiosis. This could result in spores without a copy of 

a certain chromosome, or even more complex aneuploidy, which would not be viable. 

Also, 50% of spores from trisomies and all spores from tetrasomies are expected to be 

disomic for the aneuploid chromosome in the parent strain, which could impact viability 

as well. Therefore, we tested if certain aneuploidies in the parent generation might 

increase inviability of the spores.  

We did this by inducing sporulation as mentioned above. Between 3rd and 5th day 

spores were enzymatically treated to remove the ascus wall, then transferred to a YPD 

plate, where tetrads were dissected using a micromanipulator. Typically, 13 tetrads 

were dissected per plate. After incubation for 48 h, plates were imaged. Viable spores 

were identified by colony growth and manually counted (Fig. 8A). Each strain from the 

collection was prepared in individual duplicates. For chromosome 9 and 10 each strain 

was measured only once. Spore viability was calculated according to following formula: 

𝑆𝑝𝑜𝑟𝑒 𝑣𝑖𝑎𝑏𝑖𝑙𝑡𝑦(%)  =  
𝑉𝑖𝑎𝑏𝑙𝑒 𝑠𝑝𝑜𝑟𝑒𝑠

 𝑇𝑜𝑡𝑎𝑙 𝑠𝑝𝑜𝑟𝑒𝑠
 ∗  100 

It should be noted that spore death was also observed for the euploid control strains 

resulting in a baseline spore viability of 96.7%. Most of the mean values for trisomies 

and tetrasomies did not deviate a lot from this baseline. Mean viability values of 95.2% 

for trisomies and 93.8% for tetrasomies mostly result from some individual exceptions 

(Fig. 8B and 8C). For trisomies spore viability clearly seems to be impacted only for 

chromosome 4, while tetrasomies of chromosome 2 and 12 seem to have an effect on 

spore viability (Fig. 8B and 8C). However, it should be mentioned that we do not have 

spore viability measurements for tetrasomies of chromosome 4 or 5, as there were no 

spores present that could have been monitored. Overall, spore viability was mostly 

unnaffected by aneuploidy of the parent strain. 
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Figure 8: Spore viability: A) Workflow to determine spore viability. B) Mean values for spore viability of euploid 
control strains (disomies), trisomies and tetrasomies C) Individual mean values per labelled chromosome and 
karyotype condition from 2 individual sporulation repeats per strain. Values for Chromosomes 9 and 10 were 
determined only once. Spore viability for chromosome 4 and 5 tetrasomy could not be determined, due to the lack 
of sporulation in these strains. Dotted line indicates mean spore viability of all control strains (96.7%). 
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3.7 Segregation patterns can be identified on selective media 

Finally, we wanted to determine if aneuploidy influences chromosome segregation 

during meiosis by monitoring the segregation of the labelled chromosomes in the 

spores. Certain missegregation events could thereby increase variability of the 

karyotypes within the spores and lead to haploid spores without a copy of a particular 

chromosome or even 3 copies of one chromosome in some cases. However, we would 

expect that this increases inviability, which seemed not to be strongly impacted. Still, 

we were curious whether missegregation during meiosis is increased in those cells or 

whether the proper karyotype is restored. Therefore, we identified spore phenotypes 

regarding auxotrophic markers from our tetrad dissection plates, that have already 

been used for analysis of spore viability. We first created a model for possible 

segregation patterns of expected segregation, meiosis I (M1 ms) or II missegregation 

(M2 ms) and premature sisterchromatid separation during meiosis I (SC ms). Our 

model is depicted in figure 9. Colours thereby represent different selection markers. As 

we do not know about any pairing preferences, colours for the first meiotic division are 

thus interchangeable. Figure 9 shows the segregation possibilities of the labelled 

homologs during both divisions for all 3 tested karyotype conditions. Number patterns 

below the visualisation of marker segregation into four spores (labelled as Meiosis 2) 

indicate the number of distinguishable selection markers per spore. For facilitation of 

comparison these are always ordered starting from the smallest number.  

Some patterns might require further explanation: For disomic control strains it is not 

possible to distinguish a random death event from M2 missegregation only by patterns. 

Trisomy patterns for expected segregation and premature sisterchromatid separation 

look very similar. This case can only be distinguished by comparing individual markers, 

as for the expected segregation pattern two spores would resemble the same marker 

combinations of the other two spores, while for SC ms combinations for each spore 

would vary. For trisomics and tetrasomics a dead spore could lead either to confusion 

between a random death event in a proper segregation case and M2 missegregation, 

or premature sisterchromatid separation and M2 missegregation. These cases could 

only be distinguished by qPCR or sometimes by smaller colony size resulting from 

aneuploidy. Further it should be mentioned that spores inheriting chromosomes in a 

trisomic condition might not always be recognisable. Depending on the chromosome, 

having two extra copies in haploid condition could lead to inviability.  
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Figure 9: Modelled missegregation patterns for euploid, trisomic and tetrasomic strains. M1 ms - Meiosis 1 
missegregation; M2 ms - Meiosis 2 missegregation; SC – premature sisterchromatid separation during Meiosis 1. 
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3.8 Meiotic missegregation is elevated in trisomics 

On basis of the established model, we wanted to determine actual missegregation 

patterns for all dissected tetrads. We replica plated grown spore colonies to selective 

plates lacking the individual auxotrophic selection markers of the parent strains. After 

one day of growth, we imaged the selective plates to identify auxotrophic marker genes 

in the F1 generation. With this method we wanted to identify underlying segregation 

patterns. Identified phenotypes were analysed according to the patterns. Additionally, 

colony sizes of the original tetrad dissection plate were compared. As some 

aneuploidies lead to a sever growth defect, aneuploid spores can also be detected by 

a smaller colony size as seen for the examples in figure 10. A few selected colonies 

have further been tested by qPCR to confirm the used method. Only those events were 

counted, which clearly showed the expected patterns depicted in figure 9. Ambiguous 

patterns, such as 0-1-2-2 pattern for M2 ms in a trisomic strain were only counted, if a 

clear aneuploidy dependent size difference was observed for the colony which had 

only one marker, or after qPCR testing. Indistinguishable events between M2 and SC 

ms were counted as a separate category. Uninterpretable patterns were counted 

separately, but not distinguished from proper segregation in the final analysis (Figure 

S8). This was the case for tetrads with more than one dead spore or presence of 

markers in more spores than expected. 

Missegregation frequency was therefore determined according to following formula:  

𝑀𝑖𝑠𝑠𝑒𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦(%)  =  
(𝑀1 𝑚𝑠 +  𝑀2 𝑚𝑠 +  𝑆𝐶 𝑚𝑠)

 𝑡𝑜𝑡𝑎𝑙 𝑡𝑒𝑡𝑟𝑎𝑑𝑠 𝑑𝑖𝑠𝑠𝑒𝑐𝑡𝑒𝑑
 ∗  100 

Analysing individual aneuploidies shows the highest missegregation rate for 

chromosome 4 trisomy with 13.14% of dissected tetrads in this category. The only M1 

ms case which has been identified was found for chromosome 7 tetrasomy (Fig. 10). 

For every trisomic strain missegregation events have been identified, with the lowest 

abundance of 0.96% for chromosome 9. For tetrasomies missegregtion events have 

only been seen for chromosome 1,3,7,10 and 12 (Fig. 11A). However, it should be 

mentioned that analysis of chromosome 4 and 5 tetrasomy was not possible, due to 

the absence of sporulation.  
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In the comparison between individual missegregation types (Fig. 11B), most cases 

have been identified as indistinguishable between M2 and SC missegeregation (1.15% 

of all dissected tetrads). M2 has been identified in 1.08% of all tetrads and SC has 

been found in 0.91% of the dissected tetrads. M1 missegregation has been identified 

only in 1 out of 2873 tetrads, which corresponds 0.03%.  

For trisomies M2 ms, SC and indistinguishable events between M2 ms and SC have 

been observed with very similar abundance, while M1 has never been confirmed. In 

tetrasomies M2 has been found in 0.5% of tetrads, while 0.3% of segregation events 

were identified as SC. The single identified case of M1 corresponded 0.16% of tetrads 

derived from tetrasomic parent strains.  

This analysis clearly indicates that trisomies lead to an increase in nondisjunction 

events during meiosis. A T-test confirmed a strong significant effect in trisomies over 

control strains and tetrasomies (Fig. 11C).  

As size of the aneuploid chromosomes might play a role in pairing, number of crossing 

overs and hence segregation fidelity, we wanted to test for a correlation between 

missegregation frequency of trisomies and size of the additional chromosome. 

However, we did not find any correlation there (Fig. 11D).  

 

Figure 10: Workflow for missegregation determination of labelled chromosomes. Grown spore colonies were replica 
plated from YPD plates to individual selective plates to trace the segregation of labelled chromosomes and identify 
missegregation events. Examples from Chromosome 4 trisomy for expected segregation pattern, M2 
missegregation, and premature sisterchromatid separation. The only case of confirmed M1 missegregation was 
observed for chromosome 7 tetrasomy.  
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Figure 11: Missegregation frequency. A) Missegregation frequency per karyotype, with individual missegregation 
events shown in different colours. Disomic control strains are not included, as they never showed a confirmed case 
of missegregation. B) Missegregation frequency per number of additional chromosome copies and overall 
missegregation frequency (N=2378) C) Missegregation frequency in trisomies is significantly enhanced over control 
condition (P<0.0001) and tetrasomies (P<0.0001). D) Missegregation frequency does not correlate with size of the 

aneuploid chromosome. 
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3.9 Effect depends on ratio of chromosomes 

The absence of sporulation for tetrasomic chromosome 4 and 5 was clearly the 

strongest meiotic phenotype that has been identified in this study. Previously it has 

been shown that most of aneuploidy phenotypes are caused by imbalances between 

genes on euploid chromosomes and additional genes from the aneuploid 

chromosome. We suspected that this might be also the case for the lack of sporulation. 

To test whether the phenotype is indeed caused by imbalances in the genome and not 

by an increase in genes or chromosomes we engineered tetraploid control strains. 

These tetraploid strains carry markers on either chromosome 4 or 12 for monitoring 

segregation phenotypes. These chromosomes were chosen, as they were also the 

ones for which we first noticed the sporulation phenotype. 

Sporulation efficiency measurements clearly indicated that tetraploid strains are 

capable of sporulation on average 50% as efficient as disomic control strains (Fig. 12). 

This was significantly improved over strains tetrasomic for chromosome 4 and 12. 

However, variations in results for tetraploids labelled on chromosome 4 made 

determination of a final sporulation efficiency for tetraploids difficult. Still, sporulation in 

tetraploids was clearly improved over corresponding tetrasomies.  

Tetraploids further did not differ significantly in viability of the spores from the euploid 

control strains, although in one out of four preparations spore viability reached only 

80% (Fig. S6). No missegregation of the labelled chromosomes was observed in 

tetraploid strains. 

 

Figure 12: Tetraploid sporulation efficiency. Sporulation efficiency for strains tetrasomic for chromosome 4 or 12 and 
tetraploid (4N) strains labelled on the same chromosome were normalised to euploid control strains as done 

previously for tetrasomies and trisomies. Sporulation efficiency in tetraploids is clearly improved over tetrasomies.  
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4 Discussion 

Although associations of aneuploidy with fitness and growth are mainly negative, 

specific aneuploidies can provide a benefit for cells under certain selective pressures. 

Aneuploidy has further been linked to poor sporulation or human infertility, which has 

led to the idea that aneuploidy might spread mainly over mitotic cell division but might 

be a hindrance during meiosis. Therefore, we investigated in impacts of aneuploidy on 

meiosis and underlying mechanisms. A collection of 112 diploid yeast strains has been 

generated including trisomies and tetrasomies for various chromosomes. Sporulation 

efficiency, spore viability and missegregation frequency of these strains have been 

analysed to determine aneuploidy dependent meiotic phenotypes.  

4.1 Aneuploidy affects meiosis but does not prevent it completely 

Our analysis shows that most of the tested aneuploid strains are capable of completing 

meiosis. This observation indicates that the presence of additional chromosomes does 

not entirely block meiotic progression in yeast, such as suggested for human sperm 

cells of individuals with Down’s Syndrome or sex chromosome aneuploidies (Hall et 

al., 2006; Johannisson et al., 1983; Parizot et al., 2019; Stefanidis et al., 2011). 

However, a complete absence of sporulation was not expected as previous studies 

analysed spores from aneuploid yeast, though these works primarily focused on 

chromosome synapsis rather than sporulation efficiency (Duck & James, 1976; Koller 

et al., 1996). 

While meiosis is not fully inhibited, clear defects were observed. Effects thereby were 

chromosome specific and scaled with the number of additional chromosomes. Notably, 

tetrasomy of chromosomes 4 and 5 resulted in a complete absence of sporulation. 

DAPI staining of these strains further showed a single nucleus in most unsporulated 

cells, indicating that meiotic divisions had not occurred (Fig. S7). This suggests that 

the sporulation defect was not caused by defects in spore wall formation, but rather an 

earlier meiotic block. Overall, our findings suggest that certain aneuploidies indeed 

provide a hindrance on meiosis. 
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4.2 Uneven number of homologs increases missegregation 

To explore how additional chromosomes affect chromosome segregation during 

meiosis, we monitored spore viability and the distribution of the aneuploid chromosome 

in the resulting spores. As our system does not allow to track the segregation of all 

chromosomes simultaneously, spore viability served as an indicator of catastrophic 

missegregation events, which can lead to complex aneuploidies. However, spore 

inviability can also arise from simpler missegregation outcomes, such as haploid 

spores lacking a chromosome, trisomy, or random spore death. Although it is not 

possible to confidently distinguish between these events, spore viability did not deviate 

significantly from our controls, suggesting that neither of the mentioned events 

provides a significant issue in aneuploid meiosis. We did observe slightly enhanced 

spore inviability in three cases: trisomy of chromosome 4 and tetrasomy of 

chromosomes 2 and 12. These strains, which also exhibited strong sporulation defects, 

may indicate that the defects in meiosis are severe enough to impair spore 

proliferation, even in cells that completed meiosis. Further, it should be mentioned that 

haploid cells disomic for chromosomes 4 and 12 display the strongest fitness defects 

and spore death could therefore be the result from the general burden of these 

aneuploidies. However, this does not explain the phenotype observed for chromosome 

5.  

Additionally, we analyzed the segregation patterns of aneuploid chromosomes and 

identified missegregation as a rare, but significant, event. The highest missegregation 

rate (13%) was observed in chromosome 4 trisomy. As chromosome 4 aneuploidy also 

caused a severe sporulation defect, it can be concluded that additional copies of this 

chromosome have the greatest impact on meiosis among the tested strains. 

Overall, we identified a significant increase of missegregation in trisomies. This aligns 

with our expectation, as homolog pairing, synapsis and further segregation can be 

problematic, if homolog copies are present in an uneven number (Loidl, 1995).  

Unexpectedly, we observed more frequent missegregation in meiosis II (M2), where 

sister chromatids are segregated, despite our assumption that an extra homolog 

should not significantly affect this process, as homologs are separated during meiosis 

I. Further, a high rate of sisterchromatid segregation during meiosis I was detected. 

Premature sisterchromatid separation should be prevented, as the connection usually 
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is protected until meiosis II. However, as we do not know about the nature of 

microtubule attachments in case of a multivalent pairing, probably tension is applied 

on the additional chromosome in a way that leads to premature disruption of the 

connection between sisterchromatids 

In meiosis I (M1), where homologous chromosomes are separated, missegregation 

events were surprisingly rare. We considered a bias in the method, as M1 

missegregation, would result in multiple dead spores, making the patterns difficult to 

interpret. Spores with an uninterpretable pattern were observed quite frequently (Fig. 

S8). However, the occurrence of M1 missegregation in tetrasomy of chromosome 7 

demonstrates that it is a possible and detectable event. 

For variations between trisomies we considered size, which also affects recombination 

rates (Kaback et al., 1992) as the influencing parameter, but found no correlation 

between chromosome size and missegregation frequency. Though, trisomy of 

chromosome 1, the smallest yeast chromosome, exhibited the second highest rate of 

missegregation, suggesting that other factors may contribute to segregation fidelity 

such as individual genes encoded on that chromosome. 

We identified an increased missegregation rate in trisomies, although the overall 

frequency remained relatively low. While missegregation due to aneuploidy does not 

appear to be a major issue during meiosis, there are limitations to our methods. 

Problematic is the high frequency of uninterpretable patterns and the inability to 

genotype dead spores. A very high rate of uninterpretable patterns was particularly 

observed for chromosome 4 and 5 trisomy, where available tetrads for dissection were 

limited. It is possible, that some of the uninterpretable patterns result from spores that 

were considered a tetrad, but not part of the same tetrad in the first place. Further, 

qPCR genotyping could improve confidence in some patterns, however, testing every 

spore colony was not possible due to the large number of strains. 

Overall, our current findings suggest that the presence of an uneven number of 

homologs impairs chromosome segregation accuracy during meiosis, but why meiosis 

II is affected in half of the missegregation cases remains unresolved so far.  
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4.3 Effects mainly come from gene imbalances  

In addition to identifying the effects of aneuploidy on meiosis, our aim was to uncover 

the underlying mechanisms. We proposed three potential mechanisms by which 

aneuploidy could interfere with meiosis (Fig. 1): 

I) General fitness defects and delayed cell cycle progression. Aneuploidy could inhibit 

or delay onset of meiosis due the same fitness defects observed in proliferating cells. 

Aneuploid cells often require more energy resources (Torres et al., 2007), which could 

limit energy available for sporulation. Since meiosis is conducted in absence of a 

fermentable carbon source, the cell relies on previously stored resources for spore 

formation (Taxis et al., 2005). An increased energy consumption for basic cellular 

processes could thereby hinder sporulation.  

II) Meiotic gene expression imbalances. Additional copies of a chromosome lead to 

imbalances of meiotic genes between aneuploid and euploid chromosomes. Gene 

expression typically scales with chromosome copy number, which can result in an 

imbalance in protein levels and disrupt complex formation, as demonstrated in the case 

of tubulin proteins encoded on chromosomes 6 and 13 (Anders et al., 2009). Another 

potential mechanism is shown in figure 2II. It involves a meiotic suppressor protein 

encoded on the aneuploid chromosome, which may be sequestered by a protein 

encoded on the euploid chromosome. An excess of the suppressor protein from the 

aneuploid chromosome could lead to suppression of meiosis. 

III) Additional chromosomes might cause problems during synapsis and chromosome 

segregation. Extra homologs may cause synapsis problems during prophase I (Mu et 

al., 2020) potentially leading to temporary pachytene arrest and prolonged meiosis. 

Additionally, multivalent pairings or chromosomes without pairing partners could impair 

the segregation machinery. Improper attachments of spindle fibres to kinetochores 

could lead to missegregation.  

Although we observed some missegregation events, we do not consider the third 

mechanism to be the primary cause of meiotic inhibition. Missegregation was mostly 

detected in trisomies, in which sporulation was less affected. Additionally, general 

fitness defects do not seem to be the main contributor, as strains with tetrasomy of 

chromosome 5 showed complete absence of sporulation, while those with 

chromosome 14 tetrasomy had high sporulation rates, not correlating with the growth 
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phenotype. These results suggest that individual genes or gene combinations are 

responsible for the observed sporulation defects, supporting the hypothesis of meiotic 

gene imbalance. This theory is further supported by the increased severity of the effect 

with higher chromosome copy numbers. 

A method to identify loci responsible for aneuploidy-dependent drug resistance through 

sequential arm deletions was successfully implemented by a Phd student in our lab 

(Koller, unpublished). This approach was also used to study sporulation defects linked 

to chromosomes 4 and 5 (Stockhammer, unpublished; Student lab course 3A - SS 

2024). Both experiments independently showed that left arm deletion of the additional 

chromosome 5 rescues to wild type sporulation, while multiple regions on both arms of 

chromosome 4 seem to contribute to the phenotype, indicating that responsible genes 

are located in these regions on the chromosomes. If chromosome 14 gain turns out to 

significantly affect sporulation, a promising region for further investigation using this 

method would be the left arm, which has been shown to carry a locus affecting 

sporulation (Ben-Ari et al., 2006). 

For less extreme phenotypes, it is debatable whether the effect comes from the overall 

burden of aneuploidy on growth and fitness, or a combination of meiotic genes located 

on the aneuploid chromosomes. Fitting sporulation efficiency to the number of meiotic 

genes on the aneuploid chromosome may provide insights. An initial analysis using a 

list of meiotic genes, published by Neiman (2005), did not show significant correlations 

(Figure S13), but more recent data should be considered. 

Imbalances in individual genes involved in chromosome segregation could also explain 

differences in the missegregation rates among individual chromosomes.  

4.4 Sporulation proficient strain will provide further insights on 

affected stages 

Yeast strains from S288c background have been a reliable system for studying 

aneuploidy due to an established protocol for inducing missegregation of a specific 

chromosome and selection for resulting aneuploid cells. It was obvious to make use of 

our library of engineered strains for an initial screening of meiotic aneuploidy 

phenotypes. However, S288c strains are not ideal for studying meiosis, as its overall 

sporulation efficiency is low. This led to difficulties in assessing sporulation efficiency, 

as even small variations in sporulation rates resulted in substantial differences in the 
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final comparison. (For instance, a sporulation efficiency of 12%, compared to a wild-

type rate of 15% represents a 20% decrease.) Switching to a different sporulation 

protocol did not resolve the issue and instead led to even greater fluctuations in results 

(Fig. S11). 

Given these challenges, we turned to the SK1 yeast strain background, which is 

preferred for meiotic studies due to its near 100% sporulation efficiency and its ability 

to be synchronized for meiosis. We aimed to reproduce our results in this background 

to ensure their reproducibility and to investigate in specific meiotic stages affected by 

aneuploidy.  

Repeating our experiments for trisomy and tetrasomy of chromosome 12 in SK1 

background confirmed our earlier findings of decreased sporulation due to additional 

copies of individual chromosomes. Sporulation was 58% reduced in the tetrasomic 

strain (Figure S14). However, our system for aneuploidy induction seems to work less 

efficient in this strain background, as attempts to generate chromosome gains for 

chromosomes 4 and 8 were unsuccessful. Most likely, the galactose induction system 

is less effective in this strain, therefore we will try to replace the gal2 gene. Although 

other labs have used this system successfully (Mu et al., 2020), its efficiency may vary 

by strain background. 

Reengineering chromosome gains in SK1 strains could improve significance in results, 

due to the high sporulation activity. Additionally, it would allow us to monitor various 

meiotic stages, including meiotic entry and DNA replication, sites of double-strand 

breaks, completion of meiotic divisions, and spindle pole body dynamics. This 

approach could also help us to determine the synapsis and pairing preferences of 

additional chromosomes. 
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4.5 Significance and further outlook 

Overall, our findings indicate that meiosis in yeast is neither unaffected nor entirely 

prevented by aneuploidy. The effects of aneuploidy on meiosis seem to result from a 

combination of different mechanisms, with gene imbalances playing a key role. While 

certain aneuploidies can be a burden on meiotic progression, others may even offer 

potential benefits. This suggests that meiosis and aneuploidy both can contribute to 

increase genetic variability and do not to exclude each other as drivers of adaptation.  

To enhance the significance and draw clear conclusions on overall effects of 

aneuploidy on yeast meiosis, our experiments should be reproduced in a different 

strain background. Thereby it could be helpful to implement high throughput 

techniques, such as automatised spore counting or measuring sporulation efficiency 

via flow cytometry, as done by De Chiara et al., (2022). Further, segregation patterns 

could be monitored by fluorescent markers on homologous chromosomes, as 

demonstrated by Thacker et al. (2011) and Rogers et al., (2018). However, 

implementing this method for more than two homologous chromosomes provides 

technical challenges and would require modifications.  

Further research using aneuploid strains from the SK1 background could help to 

identify the affected meiotic stages, as mentioned in the previous section. Investigating 

these stages may reveal the underlying mechanisms driving meiotic defects in 

aneuploid cells. 

Exploring the effects of combined chromosome gains on sporulation would also be 

valuable. Our lab's previous work on growth and drug resistance phenotypes in various 

aneuploid combinations showed that the combined phenotypes did not always reflect 

a simple additive effect. Testing the combined impact of chromosomes that produce 

the strongest sporulation phenotypes could provide new insights on chromosome copy 

number interactions. Additionally, sequential arm deletions and homozygous knockout 

experiments should be continued to identify responsible genes for meiotic phenotypes. 

Further research into the effects of aneuploidy on meiosis will improve our 

understanding of aneuploidy as adaptative mechanism and its contribution to the 

development of pathogenic traits in certain strains and the diversification of industrially 

used yeast. Furthermore, it will help to understand general principles of aneuploidy and 
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the mechanisms that ensure fidelity during meiotic processes and chromosome 

segregation.  
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6 Supplement 

6.1 Supplementary methods 

6.1.1 Liquid sporulation 

As euploid control strains show a very low baseline sporulation, different sporulation 

techniques were tested to potentially increase differences between control strains and 

test strains. 

A liquid sporulation protocol was tested. After thawing the cells and growing them on 

selective plates for 2-3 day, they were inoculated in 2 ml YPAD. An 18 h overnight 

culture was grown at a shallow angle, shaking at 30°C. Then the culture was 

centrifuged, and cells were resuspended in YEPA medium. Samples were incubated 

for 8 more hours. Medium was removed, samples were washed with sterile H2O and 

resuspended in 500 µl 2% KAc. Samples were fixed and sporulation efficiency was 

assessed as mentioned above.  

6.1.2 Plate sporulation 

6.1.2.1 Sporulation from liquid overnight culture 

Additional to the standard plate sporulation method it was tested to grow the samples 

in a liquid overnight culture before the transfer to the SPM plate. The intention was to 

improve nutrient conditions and aeration before glucose and nitrogen starvation. 

Samples were washed twice with sterile H2O to remove leftover glucose. This method 

showed promising results in a different experiment and therefore was tested to 

increase sporulation for chromosome 4 and 5 trisomics to have enough material for 

tetrad dissection. However, it seemed to make genotyping results more unreliable, as 

most of the tetrads that have been dissected showed uninterpretable segregation 

patterns.  

6.1.2.2 Supplementation of amino acids.  

Also, the supplementation of amino acids seemed promising to improve sporulation. 

Therefore, it was tested if addition of amino acids to the SPM plate induces sporulation 

for the otherwise non sporulating tetrasomies of chromosome 4 and 5. Also this method 

failed to induce sporulation for chromosome 4 and 5 tetrasomies.  
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6.1.3 Engineering of tetraploids 

Diploid control strains, labelled for chromosomes 4 or 12 were selected on -URA plates 

to remove the HIS marker and then transformed with a PCR product of the G418 gene, 

flanked by homology regions to the genome to disrupt the Mat a locus. This procedure 

was also repeated on -LYS to remove the LEU marker and disrupt the Mat α locus. 

Through this procedure a homozygous mating type locus was obtained in diploid 

strains. These strains were competent for mating to create tetraploid strains, labelled 

on the chromosome of interest.  

6.1.4 Engineering of SK1 strains with conditional centromere 

6.1.4.1 Polymerase chain reaction (PCR) 

All PCR reactions for genome manipulation were performed using a Phusion 

polymerase. Reactions were set up as follows: 1x HF reaction buffer, 0.02 mM of dNTP 

mix, 200 nM of each primer, 0.2 U/µl Phusion DNA polymerase and 1µl of template 

DNA, filled up with ddH2O to a final reaction volume of 50µl. PCR reactions were 

performed in a Biometra T1 or Biorad T100 Thermocycler under following cycle 

conditions: 98°C initial denaturation for 3 min, for each cycle 98°C denaturation for 30 

sec, an annealing step for 30 sec (temperature according to the primer), 72°C 

elongation with time adjusted to the expected product (1 min/ kb), 34 cycles followed 

by a final elongation step for 5 min at 72°C.  

6.1.4.2 Gel Electrophoresis 

Gel electrophoresis for checking PCR products was performed using 0.8% agarose 

gel in 1x TAE buffer. Gels were stained with peqGreen dye for visualisation of DNA 

bands under UV light. OrangeG was used as sample buffer and 1 kb Plus ladder was 

included on each gel to identify fragment sizes. Gels were run for 30 min at 90 Volt 

before imaging with a Gel DocTM XR+. 

6.1.4.3 Plasmid digestion 

All plasmids used are part of the Campbell lab plasmid (pCC) collection and indicated 

in the supplementary table. Plasmids were digested using 0.5 µl 10x CutSmart buffer, 

0.1 µl restriction enzyme (Stock 10U/µl) and 1 µl plasmid, filled up with dd H2O to 20µl. 

Digestions were performed according to the instructions of the enzyme manufacturer 

on 37°C. 
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6.1.4.4 Transformation 

Transformations were performed according to the “Short LiAc Yeast Transformation” 

protocol. 250 µl of a saturated overnight culture was diluted in 10 ml fresh medium in 

50 ml falcons. After 4.5 h of growth, cells were harvested by centrifugation (2000 g, 3 

min) and the pellet was washed in 1 ml sterile water and centrifuged at the same 

settings. After decanting the supernatant, 1 ml 100 mM LiAC was added and 

centrifuged at max speed for 15 sec. Most of the supernatant was carefully removed 

and cells were resuspended in the remaining liquid by briefly vortexing. Transformation 

mixes were set up as follows: 100 ng-1 µg DNA, 10 µl carrier DNA (salmon sperm; 

preboiled at 96°C for 5 min and stored on ice until use), 50 µl competent yeast cells, 

250 µl LiAC/TE/PEG buffer. The reaction was incubated for 40 min in a water bath at 

42°C. After incubation the mixture was centrifuged at 3000 rpm for 2 min and 

supernatant was removed carefully. The cells were carefully resuspended in 80 µl SOS 

solution, plated on the appropriate selective plate using spread beads and incubated 

at 30°C.  

6.1.4.5 Confirmation PCR 

DNA extraction for confirmation PCR was either performed using NaOH lysis (as 

indicated in the qPCR section) or for larger PCR products and strains from SK1 

background with the Wizard Genomic Purification Kit (Promega). Cell lysis was 

performed by resuspending a clump of cells in 298 μl EDTA (50mM) and mixed with 2 

µl Lyticase (30U/µl, Sigma Aldrich). The mix was incubated at 37°C for about 40 min. 

All other steps were performed according to the instructions of the Kit. Half of the 

indicated volumes was used for all reagents.  

All diagnostic PCRs were performed using Phire green Polymerase.  
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6.2 Supplemental figures 

 

 

Figure S 1: Sporulation efficiency for all tested karyotype conditions and euploid control conditions. Symbols indicate 
mean values per measurement day. Values indicated by triangles were obtained in the first set of measurements 
which had some variations in the experimental setup. Thick line indicates mean values and error bars indicate 
standard deviation. Asterisks indicate significant change in sporulation efficiency over control values (P<0.05). The 

mean value for sporulation efficiency of all controls is marked by the dotted line. 
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Figure S 2: Comparison of doubling time results. Diploid aneuploids were compared to growth measurements of 
haploid chromosome gains previously obtained in our lab as depicted in figure 6B including trisomies.  
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Figure S 3: Comparison of measured doubling time for diploid aneuploids to number of open reading frames (ORFs) 
on the aneuploid chromosome.  
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Figure S 4: Doubling time comparison to colony size. Comparison of doubling time results for trisomies to previously 
obtained growth data by Beach et al. (2017). 
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Figure S 5: Relative increase in doubling time of tetrasomies over trisomes. Increase in doubling time compared to 
euploid was calculated for trisomies and tetrasomies. The relative increase in doubling time of tetrasomies over 
trisomies was determined. Aneuploidies, that did not increase the doubling time were excluded. Dotted line at y=1 

indicates trisomic doubling time.  
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Figure S 6: Spore viability of tetraploids. Spore viability from individual measurements in tetraploids is compared to 
previously shown data form aneuploid strains and control strains. Spore viability of tetraploids did not differ 
significantly from control strains, with exception of one outlier for a tetraploid strain, labelled on chromosome 4.  
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Figure S 7: DAPI staining in sporulating cells. Diploid cells with chromosome 4 or 5 tetrasomy were deficient of 
spores after sporulation induction. DAPI staining visualized a single nucleus in most cells, indicating that meiotic 
divisions did not occur. Green arrowheads point to cells with more than one distinct focus. Orange arrowheads point 
to cells with potentially more than one focus, but the foci appeared blurry and did not allow for a clear distinction. 
Left image shows maximum intensity projection of DAPI foci. Right image shows overlay of maximum intensity 
projection of DAPI foci and a DIC image of the cells. A) Chromosome 4 tetrasomy. B) Chromosome 5 tetrasomy. 

 

 

Figure S 8: Missegregation frequency per karyotype alteration including uninterpretable tetrads.  
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Figure S 9: Doubling time comparison trisomy markers. Comparison of doubling time in trisomies labelled with 
different markers to identify a marker bias.  
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Figure S 10: Sporulation efficiency comparison trisomy markers Comparison of sporulation efficiency in trisomies 

labelled with different markers to identify a marker bias.  



60 
 

 

Figure S 11: Comparison of sporulation methods. Graph shows values obtained from individual sporulation 
efficiency measurements for control strains labelled on chromosome 3 or 8. Higher variability was observed for 

liquid sporulation, whereas more consistency was obtained with plate sporulation.   

 

 

Figure S 12: Tetrasomic sporulation liquid compared to plate. Normalised sporulation efficiency of tetrasomies from 
liquid sporulation shows a good linear fit to plate sporulation efficiency, although sporulation was sometimes absent 
in liquid medium.  
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Figure S 13: Comparison of sporulation to number of meiotic genes. Comparison of sporulation efficiency in 
tetrasomies to number of meiotic genes encoded on the aneuploid chromosome. Our data did not show a good 
correlation in a linear fit. Numbers of meiotic genes per chromosome were obtained from the published list of meiotic 

genes by Neiman (2005). 
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Figure S 14: Sporulation efficiency of chromosome 12 aneuploidy in SK1 background. Normalised sporulation 
efficiency for chromosome 12 trisomy and tetrasomy in SK1 strain background shows similar effect as observed in 
S288c strain background. The sporulation defect intensifies with increasing ratio of the aneuploid to euploid 
chromosomes. Values were obtained from one measurement with two biological replicates per condition. 

Sporulation was performed on SPM plates after selection for respiration competent cells on YPG.  
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6.5 List of Abbreviations 

CCY ......... yeast collection 

CEN ......... centromere 

CPC ......... Chromosomal Passenger Complex 

CT ............ cycle treshold 

DAPI ........ 4′,6-Diamidin-2-phenylindol 

ddH2O ...... double destilled water 

dNTP ........ Deoxynucleotide Triphosphate 

DS ............ Down’s syndrome 

DSBs ........ double strand breaks 

EDTA ....... Ethylenediaminetetraacetic acid 

EtOH ........ Ethanol 

HIS ........... Histidin 

KAc .......... Potassium acetate 

LEU .......... Leucin 

LiAc .......... Lithium acetate 

LYS .......... Lysin 

M1 ms ...... Meiosis I missegregation 

M2 ms ...... Meiosis II missegregation 

Mat ........... Mating type 

NaOH ....... Sodium Hydroxide  

ORF ......... Open reading frame 

PBS Phosphate buffered saline 

pCC plasmid collection 

PCR polymerase chain reaction 

pGal galactose promoter 

qPCR quantitative polymerase chain 
reaction 

rpm rounds per minute 

SAC Spindle assembly checkpoint 

SC ms premature sisterchromatid 
separation during meiosis I 

SC synaptonemal complex 

SPM sporulation medium 

TAE Tris-Acetate EDTA 

URA Uracil 

YEPA Yeast extract peptone acetate 

YPA Yeast peptone adenine medium 

YPAD Yeast peptone adenine glucose 
medium 

YPAGR Yeast peptone adenine galactose 
raffinose medium 

YPAR Yeast peptone adenine raffinose 

medium
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6.6 List of yeast strains  

CCY 
No. 

Chr MAT Genotype Haploid/ 
diploid 

euploid/ 
aneuploid 

S288c strain background 
2556 1 a his3D1; leu2D0; lys2D0; ura3D2; pGal-

CEN1::URA3::pCC631::HIS3 
haploid euploid 

2165 1 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN1::LYS2::pCC644::LEU2 

haploid euploid 

6156 
6157 

1 a his3D1; leu2D0; lys2D0; ura3D2; pGalCEN1::URA3::HIS3 
(pCC631) 

haploid disomic 

6236 
6237 

1 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN1::LYS2::pCC644::LEU2; 
pGalCEN1::URA3::HIS3 (pCC631) 

diploid euploid 

6230 
6231 

1 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN1::LYS2::pCC644::LEU2; 
pGalCEN1::URA3::HIS3 (pCC631) 

diploid trisomic 

6234 
6235 

1 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN1::LYS2::pCC644::LEU2; 
pGalCEN1::URA3::HIS3 (pCC631) 

diploid trisomic 

6232 
6233 

1 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN1::LYS2::pCC644::LEU2; 
pGalCEN1::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6158 
6159 

2 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN2::LYS2::pCC644::LEU2 

haploid disomic 

6244 
6245 

2 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN2::LYS2::pCC644::LEU2; 
pGalCEN1::URA3::HIS3 (pCC631) 

diploid euploid 

6238 
6239 

2 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN1::LYS2::pCC644::LEU2; 
pGalCEN1::URA3::HIS3 (pCC631) 

diploid trisomic 

6242 
6243 

2 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN2::LYS2::pCC644::LEU2; 
pGalCEN2::URA3::HIS3 (pCC631) 

diploid trisomic 

6240 
6241 

2 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN2::LYS2::pCC644::LEU2; 
pGalCEN1::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6032 
6033 

3 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN3::LYS2::pCC644::LEU2; 
pGalCEN3::URA3::HIS3 (pCC631) 

diploid euploid 

6026 
6027 

3 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN3::LYS2::pCC644::LEU2; 
pGalCEN3::URA3::HIS3 (pCC631) 

diploid trisomic 

6030 
6448 

3 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN3::LYS2::pCC644::LEU2; 
pGalCEN3::URA3::HIS3 (pCC631) 

diploid trisomic 

6028 
6029 

3 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN3::LYS2::pCC644::LEU2; 
pGalCEN3::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6144 
6145 

4 a his3D1; leu2D0; lys2D0; ura3D2; pGalCEN4::URA3::HIS3 
(pCC631) 

haploid disomic 

6154 
6155 

4 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN4::LYS2::pCC644::LEU2; 
pGalCEN4::URA3::HIS3 (pCC631) 

diploid euploid 

6148 
6149 

4 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN4::LYS2::pCC644::LEU2; 
pGalCEN4::URA3::HIS3 (pCC631) 

diploid trisomic 
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6152 
6153 

4 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN4::LYS2::pCC644::LEU2; 
pGalCEN4::URA3::HIS3 (pCC631) 

diploid trisomic 

6150 
6151 

4 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN4::LYS2::pCC644::LEU2; 
pGalCEN4::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6269 
6270 
6271 
6272 

4 a/α his3D1/his3D1/his3D1/his3D1; 
leu2D0/leu2D0/leu2D0/leu2D0; 
lys2D0/lys2D0/lys2D0/lys2D0; 
ura3D2/ura3D2/ura3D2/ura3D2; 
pGalCEN4::lys2::pCC644::LEU2/pGalCEN4::LYS2/pGalCE
N4::ura3::HIS3(pCC631)/pGalCEN4::URA3; 
MATa/mataD::G418; MATα/matαD::G418 

tetraploid   

6177 
6178 

5 a his3D1; leu2D0; lys2D0; ura3D2; pGalCEN5::URA3::HIS3 
(pCC631) 

haploid disomic 

6190 
6191 

5 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN5::LYS2::pCC644::LEU2; 
pGalCEN5::URA3::HIS3 (pCC631) 

diploid euploid 

6184 
6185 

5 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN5::LYS2::pCC644::LEU2; 
pGalCEN5::URA3::HIS3 (pCC631) 

diploid trisomic 

6188 
6189 

5 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN5::LYS2::pCC644::LEU2; 
pGalCEN5::URA3::HIS3 (pCC631) 

diploid trisomic 

6186 
6187 

5 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN5::LYS2::pCC644::LEU2; 
pGalCEN5::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6312 
6313 

7 a his3D1; leu2D0; lys2D0; ura3D2; pGalCEN7::URA3::HIS3 
(pCC631) 

haploid disomic 

6314 
6315 

7 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN7::LYS2::pCC644::LEU2 

haploid disomic 

6325 
6326 

7 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN7::LYS2::pCC644::LEU2; 
pGalCEN7::URA3::HIS3 (pCC631) 

diploid euploid 

6319 
6320 

7 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN7::LYS2::pCC644::LEU2; 
pGalCEN7::URA3::HIS3 (pCC631) 

diploid trisomic 

6323 
6324 

7 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN7::LYS2::pCC644::LEU2; 
pGalCEN7::URA3::HIS3 (pCC631) 

diploid trisomic 

6321 
6322 

7 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN7::LYS2::pCC644::LEU2; 
pGalCEN7::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6024 
6025 

8 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN8::LYS2::pCC644::LEU2; 
pGalCEN8::URA3::HIS3 (pCC631) 

diploid euploid 

6018 
6019 

8 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN8::LYS2::pCC644::LEU2; 
pGalCEN8::URA3::HIS3 (pCC631) 

diploid trisomic 

6022 
6023 

8 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN8::LYS2::pCC644::LEU2; 
pGalCEN8::URA3::HIS3 (pCC631) 

diploid trisomic 

6020 
6021 

8 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN8::LYS2::pCC644::LEU2; 
pGalCEN8::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6694 
6695 

9 a his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN9::URA3::pCC631::HIS3 

haploid euploid 
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2169 
2171 

9 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN9::LYS2::pCC644::LEU2 

haploid euploid 

6769 
6852 

9 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN9::LYS2::pCC644::LEU2; 
pGalCEN9::URA3::HIS3 (pCC631) 

diploid euploid 

6763 
6764 

9 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN9::LYS2::pCC644::LEU2; 
pGalCEN9::URA3::HIS3 (pCC631) 

diploid trisomic 

6767 
6768 

9 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN9::LYS2::pCC644::LEU2; 
pGalCEN9::URA3::HIS3 (pCC631) 

diploid trisomic 

6765 
6766 

9 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN9::LYS2::pCC644::LEU2; 
pGalCEN9::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6040 
6041 

10 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN10::LYS2::pCC644::LEU2; 
pGalCEN10::URA3::HIS3 (pCC631) 

diploid euploid 

6034 
6035 

10 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN10::LYS2::pCC644::LEU2; 
pGalCEN10::URA3::HIS3 (pCC631) 

diploid trisomic 

6329 
6330 

10 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN10::LYS2::pCC644::LEU2; 
pGalCEN10::URA3::HIS3 (pCC631) 

diploid trisomic 

6327 
6328 

10 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN7::LYS2::pCC644::LEU2; 
pGalCEN10::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6223 
6224 

11 a his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN11::URA3::HIS3 (pCC631) 

haploid disomic 

6225 
6226 

11 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN11::LYS2::pCC644::LEU2 

haploid disomic 

6301 
6302 

11 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN11::LYS2::pCC644::LEU2; 
pGalCEN11::URA3::HIS3 (pCC631) 

diploid euploid 

6295 
6296 

11 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN11::LYS2::pCC644::LEU2; 
pGalCEN11::URA3::HIS3 (pCC631) 

diploid trisomic 

6299 
6300 

11 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN11::LYS2::pCC644::LEU2; 
pGalCEN11::URA3::HIS3 (pCC631) 

diploid trisomic 

6297 
6298 

11 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN11::LYS2::pCC644::LEU2; 
pGalCEN11::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6107 
6137 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid euploid 

6104 
6134 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid trisomic 

6106 
6136 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid trisomic 

6105 
6135 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid tetrasomic 
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6265 
6266 
6267 
6268 

12 a/α his3D1/his3D1/his3D1/his3D1; 
leu2D0/leu2D0/leu2D0/leu2D0; 
lys2D0/lys2D0/lys2D0/lys2D0; 
ura3D2/ura3D2/ura3D2/ura3D2; 
pGalCEN12::lys2::pCC644::LEU2/pGalCEN12::LYS2/pGal
CEN12::ura3::HIS3(pCC631)/pGalCEN12::URA3; 
MATa/mataD::G418; MATα/matαD::G418 

tetraploid   

6317 
6318 

13 a his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN13::URA3::HIS3 (pCC631) 

haploid disomic 

6146 
6147 

13 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN13::LYS2::pCC644::LEU2 

haploid disomic 

6337 
6338 

13 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN13::LYS2::pCC644::LEU2; 
pGalCEN13::URA3::HIS3 (pCC631) 

diploid euploid 

6331 
6332 

13 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN13::LYS2::pCC644::LEU2; 
pGalCEN13::URA3::HIS3 (pCC631) 

diploid trisomic 

6336 
6716 

13 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN13::LYS2::pCC644::LEU2; 
pGalCEN13::URA3::HIS3 (pCC631) 

diploid trisomic 

6334 
6446 

13 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN13::LYS2::pCC644::LEU2; 
pGalCEN13::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6180 
6181 

14 a his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN14::URA3::HIS3 (pCC631) 

haploid disomic 

6182 
6183 

14 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN14::LYS2::pCC644::LEU2 

haploid disomic 

6199 
6718 

14 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN16::LYS2::pCC644::LEU2; 
pGalCEN16::URA3::HIS3 (pCC631) 

diploid euploid 

6192 
6193 

14 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN14::LYS2::pCC644::LEU2; 
pGalCEN14::URA3::HIS3 (pCC631) 

diploid trisomic 

6196 
6197 

14 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN14::LYS2::pCC644::LEU2; 
pGalCEN14::URA3::HIS3 (pCC631) 

diploid trisomic 

6195 
6717 

14 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN14::LYS2::pCC644::LEU2; 
pGalCEN14::URA3::HIS3 (pCC631) 

diploid tetrasomic 

6160 
6161 

16 a his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN16::URA3::HIS3 (pCC631) 

haploid disomic 

6162 
6163 

16 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN16::LYS2::pCC644::LEU2 

haploid disomic 

6170 
6171 

16 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN16::LYS2::pCC644::LEU2; 
pGalCEN16::URA3::HIS3 (pCC631) 

diploid euploid 

6164 
6165 

16 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN16::LYS2::pCC644::LEU2; 
pGalCEN16::URA3::HIS3 (pCC631) 

diploid trisomic 

6168 
6169 

16 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN16::LYS2::pCC644::LEU2; 
pGalCEN16::URA3::HIS3 (pCC631) 

diploid trisomic 

6166 
6167 

16 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN16::LYS2::pCC644::LEU2; 
pGalCEN16::URA3::HIS3 (pCC631) 

diploid tetrasomic 
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SK1 strain background 

6017   a Mat a ho:: LYS2, lys2, ura3, leu2::hisG, trp1::hisG, his3:: 
hisG 

haploid euploid 

6488   a Mat a ho:: G418, lys2, ura3, leu2:: hisG, trp1:: hisG, 
his3:: hisG ; 

haploid euploid 

6016   α Mat alpha ho:: LYS2, lys2, ura3, leu2:: hisG, trp1:: hisG, 
his3:: hisG 

haploid euploid 

6487   α Mat alpha ho:: G418, lys2, ura3, leu2:: hisG, trp1:: hisG, 
his3:: hisG ; 

haploid euploid 

6504 12 a Mat a ho:: G418, lys2, ura3, leu2:: hisG, trp1:: hisG, 
his3:: hisG ; CEN12 replaced by GalCEN + URA 

haploid euploid 

6541 12 a his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN12::URA3::pCC631::HIS3 

haploid euploid 

6509 12 α Mat alpha ho:: G418, lys2, ura3, leu2:: hisG, trp1:: hisG, 
his3:: hisG ; CEN12 replaced by GalCEN + LYS 

haploid euploid 

6528 12 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN12::LYS2::pCC644::LEU2 

haploid euploid 

6546 12 a his3D1; leu2D0; lys2D0; ura3D2; pGalCEN4::URA3::HIS3 
(pCC631) 

haploid disomic 

6538 12 α his3D1; leu2D0; lys2D0; ura3D2; 
pGalCEN12::LYS2::pCC644::LEU2 

haploid disomic 

6702 
6703 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid euploid 

6696 
6697 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid trisomic 

6700 
6701 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid trisomic 

6698 
6699 

12 a/α his3D1/his3D1; leu2D0/leu2D0; lys2D0/lys2D0; 
ura3D2/ura3D2; pGalCEN12::LYS2::pCC644::LEU2; 
pGalCEN12::URA3::HIS3 (pCC631) 

diploid tetrasomic 

Table 1: List of yeast strains 

Column “Chr” indicates the chromosome on which the centromere was replaced. 
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6.7 List of primers 

OCC 
no. 

Sequence Purpose Tm length 

qPCR primer 

919 ACAGCTTCTAAACGTTCCGTGTGC  ChrI Left arm (Forward) 72 25 

920 GCGGTGTGTGGATGATGGTTTCAT  ChrI Left arm (Reverse) 72 25 

921 GCACTTGATCCATGTAGCCATACTCG  ChrI Right arm (Forward) 78 27 

922 TTCGGGTGACCCTTATGGCATTCT  ChrI Right arm (Reverse) 72 25 

923 TTTCAGGATCACGAGCGCCATCTA  ChrII Left arm (Forward) 72 25 

924 CGGCAAGTGTCTCACTGTTGCATT  ChrII Left arm (Reverse) 72 25 

925 ACGGTTGCACCGTTGTTCTTTCTG  ChrII Right arm (Forward) 72 25 

926 CTGCGTGTGTTTCTGCGCGTTAAA  ChrII Right arm (Reverse) 72 25 

927 TTGTTTCTGTCCTTGCCACAGCTC  ChrIII Left arm (Forward) 72 25 

928 AGCGCCTTTACCTCAACCTACCAT  ChrIII Left arm (Reverse) 72 25 

929 ATCCAGCCCGCACAAATGAATACC  ChrIII Right arm (Forward) 72 25 

930 AGAATGGAACACTCCTCACCACGA  ChrIII Right arm (Reverse) 72 25 

931 AGCCCTAGTTGCAGATCATCGTGT  ChrIV Left arm (Forward) 72 25 

932 AGAATATACGGCAACAGTGCCCGA  ChrIV Left arm (Reverse) 72 25 

933 GGCCAACAAATCTTGTACCTCGCT  ChrIV Right arm (Forward) 72 25 

934 GTTACCGAAGAAGGCCACCAATCT  ChrIV Right arm (Reverse) 72 25 

935 TCCGCCGGCAACTGTAACTGTAAA  ChrV Left arm (Forward) 72 25 

936 ATAGTAACCAACGAGAGCGCGCAA  ChrV Left arm (Reverse) 72 25 

1465 CAAGCCACTGTTGGCGTTTCAACT  ChrV Right arm (Forward) 72 25 

1466 TTTATGTGCGGCTTTGTCAGCAGG  ChrV Right arm (Reverse) 72 25 

941 TGTGCGTCTTCCCTAAAGCAGCTA  ChrVII Left arm (Forward) 72 25 

942 GCATTGGATGCGATGAGATGGCAA  ChrVII Left arm (Reverse) 72 25 

943 TTACGAGCCTTTCAGACCTGCGTA  ChrVII Right arm (Forward) 72 25 

944 GTGAAATACGGCCGCTAAGCATCT  ChrVII Right arm (Reverse) 72 25 

945 TTGTCGGTCTAGCCGAAAGGTGTT  ChrVIII Left arm (Forward) 72 25 

946 AGTTCTGCGGCAGTAATGTAGGGT  ChrVIII Left arm (Reverse) 72 25 

947 TGGAAAGGGCCTCGAAAGACGTTA  ChrVIII Right arm 
(Forward) 

72 25 

948 TCGGGACTCCACCTGGAATATTGT  ChrVIII Right arm (Reverse) 72 25 

949 AAAGTTGGCGCTGGGTACTTTGAG  ChrIX Left arm (Forward) 72 25 

950 AGAACTGATGGCATTTGATGGCCG  ChrIX Left arm (Reverse) 72 25 

1469 TCTGTAGCAGAAAGAGTCTCCCGA  ChrIX Right arm (Forward) 72 25 

1470 GGTACTCTGTGGTTTGCCCTTTGT  ChrIX Right arm (Reverse) 72 25 

951 ATTTACCGGTTAGTGTCAGCGCCA  ChrX Left arm (Forward) 72 25 

952 CGACAGAGTAGTTTATGCCGAGGGTT  ChrX Left arm (Reverse) 78 27 

953 AGGCGAGTACCCTTAGCATTTCCT  ChrX Right arm (Forward) 72 25 

954 ACGAGGCAAGTGTAGGTCCTTTGT  ChrX Right arm (Reverse) 72 25 

955 AGCTGGTGATGAGCCAAATGTCGT  ChrXI Left arm (Forward) 72 25 

956 TTTAGAGCAAGCGCCTTTGTGAGC  ChrXI Left arm (Reverse) 72 25 

1471 TAGGCTTCCGGAACCACACAAGAT  ChrXI Right arm (Forward) 72 25 

1472 AGAGGCAGCTTCCCTTCTGA TTCT  ChrXI Right arm (Reverse) 72 26 

957 TGGAGATGAAGGGTTGTCGTTGGT  ChrXII Left arm (Forward) 72 25 

958 ACGTGTAGCGTTTCTGCTGGTCTT  ChrXII Left arm (Reverse) 72 25 

1473 ATGGCAGGCAGGTGAATGAGATGA  ChrXII Right arm (Forward) 72 25 
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1474 AGAGTAGACCATGGGACGTCGTTT  ChrXII Right arm (Reverse) 72 25 

959 AACCGTCTTTCGAGCAGTTGAAGG  ChrXIII Left arm (Forward) 72 25 

960 ACAACAGCGGGAACTAAGTGCAGA  ChrXIII Left arm (Reverse) 72 25 

1475 TCACTCTTCCAATGGGCACCTGTA  ChrXIII Right arm 
(Forward) 

72 25 

1476 TGGGATGATAACCTGTCGCTTCCT  ChrXIII Right arm (Reverse) 72 25 

961 GGGATTAACAATACGGTAAAGGGACG  ChrXIV Left arm (Forward) 76 27 

962 CAACCACTGTCAGCACAAACTCCT  ChrXIV Left arm (Reverse) 72 25 

963 TCGCTCAGAACATCAGCGAGAGTT  ChrXIV Right arm 
(Forward) 

72 25 

964 GTTTCTGCGAAGGCCCTTTGTTCT  ChrXIV Right arm (Reverse) 72 25 

967 AAGAGCCTTGAACTTCTCGGGTGA  ChrXVI Left arm (Forward) 72 25 

968 TGATGTTCCTCTCGTTTGGCACTC  ChrXVI Left arm (Reverse) 72 25 

1479 ACATGTGGAGCATAGCAGGCTCTT  ChrXVI Right arm 
(Forward) 

72 25 

1480 ATTACCTCTTTCCCACAACCGGCA  ChrXVI Right arm (Reverse) 72 25 

For SK1 engineering 

180 GTGTTGAAGAAACATGAAATT 60 bp upstream of Ura3 
start  --> 

54 21 

181 TTCCCGGGTAATAACTGATA 60 bp downstream of Ura3 
stop  <-- 

56 20 

3849 TTCAGTGAAAAACTGCTAATTATAGAGAGATATCACAGAG
TTACTCACTACGTACGCTGCAGGTCGAC 

LYS2 S1 61 68 

3850 TAATGCTCAACCTTAAGCTGCTGCGGAGCTTCCACGAGCA
CCAGCACCTGATCGATGAATTCGAGCTCG 

LYS2 S2 (slightly internal) 56 69 

3861 ACGTACCAGGTTCACGAAAACT upstream HO locus 59 22 

3862 TGCGGCCATCAAAATGTATG G418 internal for 
integration check rv 

56 20 

1392 CATACATATATTACACGAGCCAGAAATAGTAACTTTTGCC
TAAATCACAAATTGCCCCCTTCCGCTTATAGTACAG 

Amplify GalCen plasmid to 
replace CEN4 F 

21
0 

76 

1393 TCGGCATTTTGGCCGCTCCTAGGTAGTGCTTTTTTTCCAA
GGACAAAACAGTTTCCGAGTACAACACCCGATCCT 

Amplify GalCen plasmid to 
replace CEN4 R 

22
2 

75 

1394 GTGCTAAATTGGCTAGTGC CEN4 Check F 56 19 

1395 GCTTATCTCATAGTTAACTGGC CEN4 Check R 62 22 

1135 ACACAAGTTAAAAAGTAGATAAGAAGAACTCCAACAATTA
CACATCCACAAAACGCCCCTTCCGCTTATAGTACAG 

Amplify GalCen plasmid to 
replace CEN8 F 

21
0 

76 

1136 AAATTCTTTGTTGACAAAACTCTCCCTTAGTGCTTGTGAA
ATAAACATCAATAATCGAGTACAACACCCGATCCT 

Amplify GalCen plasmid to 
replace CEN8 R 

20
4 

75 

1137 GCATTACATTCCTTACCTTG Check replacement of 
CEN8 F 

56 20 

1138 GATTTGGGCTTGAGGAAG Check replacement of 
CEN8 R 

54 18 

1408 TTATAAGGAGAAAACTTGTAGTACGAGGTTAACATAAGAA
AGAAAGAGAATGATGCCCCTTCCGCTTATAGTACAG 

Amplify GalCen plasmid to 
replace CEN12 F 

20
8 

76 

1409 TGAAGTACACACCCGCGTAAAGAGTTTTTACCCCGAAAAC
AAATTTTTATGCTTGCGAGTACAACACCCGATCCT 

Amplify GalCen plasmid to 
replace CEN12 R 

21
4 

75 

1410 GCGTCTTGCCGTTAACAA CEN12 Check F 54 18 

1411 TTATCTTCTGCGCCTTTCC CEN12 Check R 56 19 

3867 ATTGGAGGGGCGACAAAAGA CEN4 Check F_2 in SK1 58 20 

3868 GGTGCTTGCATTCCACCAAT CEN4 Check R _2 in SK1 58 20 

3891 GCTCACAGACATTTACTCCCC CEN4 Check F_3  
(for SK1 and S288C) 

56 21 

3892 GGTTTTGGATGGGTCAATGCC CEN4 Check R _3  
(for SK1 and S288C) 

58 21 
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3869 ACAGCAACAGTGCCCGAAGTAAA ChrIV Left arm (Reverse) 
for SK1 (qPCR with 
OCC931) 

61 23 

3870 CACCGTAGAGTAGACCATGGGGC ChrXII Right arm (Reverse) 
for SK1 (qPCR with 
OCC1473) 

63 23 

Table 2: List of primers 

6.8 List of plasmids 

Plasmid no. Purpose 

pCC 237 G418 for replacement of LYS at ho region 

pCC 658 pGalCEN + LYS2 for replacement of CEN 

pCC 632 pGalCEN + URA3 for replacement of CEN 

pCC 644 LEU2 for integration into LYS2; NruI cut site 

pCC 631 HIS3 for integration into URA3; StuI cut site 

Table 3: List of plasmids 
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6.9 List of media 

Medium Abbreviation Contents 

Sporulation 
medium 

SPM H2O; 20 g/l Bacto Agar; 20 g/l KAc 

Presporulation 
medium 

YEPA H2O; 10 g/l yeast extract; 20 g/l Bacto peptone; 10g/l KAc 

Standard growth 
medium 
(Glucose) 

YPAD H2O; 10 g/l yeast extract; 20 g/l Bacto peptone; 20 g/l Agar; 20 g/l 
Glucose; 55 mg/l Adenine 

Raffinose 
medium 

YPAR See YPAD 
+ 20 g/l Raffinose instead of Glucose 

Galactose + 
Raffinose 
medium 

YPAGR See YPAD + 10 g/l Raffinose and 10 g/l Galactose instead of Glucose 

-LEU/-HIS/-URA/-
LYS (-All 4) 
medium 

 
H2O, 1.7 g/l Bacto-yeast nitrogen base without amino acids and 
without ammonium sulfate; 5 g/l Ammonium sulfate; 20 g/l Agar, 55 
mg/l Tyrosine, 55 mg/l Adenine; 20 g/l Glucose; Amino Acid Dropout 
solution (0.1 g/l Arg, 1.5 g/l Ile, 0.1 g/l Met, 0.25 g/ Phe, 2 g/l Ser, 1 g/l 
Thr, 0.3 g/l Trp, 0.7 g/l Val) 

–HIS medium 
 

+ 55 mg/l Uracil ; 0.4 g/l Leu and 0.2 g/l Lys in Amino Acid Dropout 
solution 

–LEU medium 
 

+ 0.1 g/l His; 55 mg/l Uracil and 0.2 g/l Lys in Amino Acid Dropout 
solution 

–URA medium 
 

+ 0.1 g/l His, 0.4 g/l Leu and 0.2 g/l Lys in Amino Acid Dropout solution 

–LYS medium 
 

+ 0.1 g/l His; 55 mg/l Uracil and 0.4 g/l Leu in Amino Acid Dropout 
solution 

SOS medium 
 

H2O; 300 ml/l YPAD (see YPAD); 6mM CaCl2 

Table 4: List of media 

6.10 List of buffers 

Reaction Buffer Contents 

Yeast 
transformation 

PEG/LicAc/TE Buffer 40 % PEG 4000, 100 mM LiAc, 10 mM Tris, 
1 mM EDTA, pH 7.5 

Dilution series, 
Agarpads 

Phosphate-buffered saline 
(PBS) 

137 mM NaCl2.7, mM KCl, 10 mM Na2HPO, 41.8 mM 
KH2PO4 

Agarose gels TAE (50x) 242g TRIS, 57,1mL Hac, 100mL 0,5M EDTA pH=8 

Table 5: List of buffers 
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6.11 List of reagents and equipment 

Name Company 

5X Phusion HF Reaction Buffer Thermo Fisher 

Agarose GERBU 

Axio Imager Z2 Microscope Zeiss 

Biorender Biorender 

Breath easy optical clear foil Diversified Biotech 

Canon EOS DIGITAL REBEL XSi Canon 

Cover glass VWR 

Cuvettes SARSTEDT AG & Co. KG 

Deoxynucleotide (dNTP) Solution Mix New England BioLabs Inc. 

DS-11 Spectrophotometer/Fluorometer Denovix 

EDTA AppliChem 

EZ plateTM beads Sunrise Science Product 

Fisherbrand TM Standard Minicentrifuge Thermo Fisher Scientific 

Gel DocTM XR+ BIO RAD 

Glass Beads, acid washed Sigma Aldrich 

GraphPad Prism 7 GraphPad Software 

Image J National Institute of Health 

Lithium Acetate dihydrate Merck 

Luna Universal qPCR Master Mix New England BioLabs Inc. 

Lyticase from Arthrobacter Luteus Sigma Aldrich 

Mastercycler realplex4 epgradient S Eppendorf 

Megafuge 1.0 R Thermo Fischer Scientific 

Microplate 96 well, PS, F-BOTTOM, CLEAR Greiner bio-one 

Microscope Slides Ground Edges VWR 

Microsoft Excel Microsoft 

MSM 400 Micromanipulator/Tetrad dissector Singer Instruments 

Orange G AppliChem 

PCR 8-tube strips, with separate domed cap strips VWR 

PeqGreen VWR 

Phusion High-Fidelity DNA Polymerase Thermo fisher 

Polyethylenglycol 4,000 (PEG 4,000) AppliChem 

Quick-Load® Purple 1 kb DNA Ladder New England Biolabs 

Synergy™ H1 Hybrid Multi-Mode Microplate Reader Biotek 

Thermocycler T1 Biometra 

Thermocycler T100 Biorad 

Twin.tec real-time PCR Plate, 96, skirted Eppendorf 

Wizard Genomic Purification Kit Promega 

Zymolyase Zymo Research 

Table 6: List of reagents and equipment 


