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over the last decade, however, whole genome sequencing mostly relied on short-read sequencing. 
Due to the presence of repetitive sequences, the ability of short-read sequencing to resolve 
Saccharomyces genomes is limited, resulting in incomplete and fragmented de novo assemblies. Long 
sequence reads can span such repetitive regions and thereby enable the reconstruction of complete 
chromosomes. Recent advances in nanopore sequencing technology have resulted in substantial 
increases in read length and in improvements of their low sequencing accuracy. In Chapter 3, 
nanopore sequencing was applied to the S. cerevisiae strain CEN.PK113-7D, resulting in a 
near-complete chromosome-level assembly. The resulting assembly contained about 5 % previously 
unassembled genes, notably in the industrially relevant subtelomeric regions. In addition to providing 
a high-quality reference genome of one of the two parental species of S. pastorianus, availability of 
the CEN.PK113-7D sequence was of particular value to research on lager brewing hybrids, as it has 
been used to construct laboratory-made S. cerevisiae x S. eubayanus strains. In Chapter 4, nanopore 
sequencing was applied to the S. pastorianus strain CBS 1483. Added sequences relative to previous 
genome assemblies were analysed and the ability of nanopore sequencing to resolve complex 
alloaneuploid genomes was assessed. While the obtained assembly was a consensus sequence, 
structural and sequence heterogeneity could be recovered by alignment of long- and short-reads, 
respectively. The chromosome level-assembly was used to study the ancestry of S. pastorianus using 
Alpaca, a newly developed algorithm to analyse non-linear genome similarity across large datasets. 
Because our results revealed an absence of ancestry differences between Group 1 and Group 2 
strains, they support ancestry from a single hybridization event.  

The advent of RNA-programmed endonucleases such as Cas9 has revolutionized gene editing in 
Saccharomyces cerevisiae, however, such tools were not immediately transferable to S. pastorianus. 
In Chapter 5, a broad-host-range Cas9 gene-editing tool for yeast genomes was developed based on 
plasmid-based co-expression of the Streptococcus pyogenes Cas9 endonuclease and of a guide-RNA 
molecule (gRNA) that confers target-sequence specificity. To circumvent gRNA expression issues, the 
gRNA was flanked with Hammerhead and Hepatitis Delta Virus ribozymes and expressed using the 
RNA polymerase II-dependent TDH3 promoter. The newly developed editing tool was applied 
successfully to S. pastorianus and enabled simultaneous deletion of all four alleles of the SeILV6 gene 
in CBS 1483. Moreover, multiplexed gRNA expression enabled simultaneous deletion of all SeATF1 
and SeATF2 alleles in S. pastorianus strains CBS 1483 and Weihenstephan 34/70. In further 
applications of the newly developed CRISPR-Cas9 tool, low gene-editing efficiency and unwanted loss 
of heterozygosity were observed in heterozygous genomes. Chapter 6 describes how heterozygosity 
affects double-strand-break mediated gene-editing. Targeting of the S. cerevisiae-specific gene 
MAL11 in a laboratory-made S. cerevisiae x S. eubayanus hybrid invariably resulted in loss of the 
targeted S. cerevisiae chromosome arm and in its replacement with an additional copy of the 
homologous S. eubayanus chromosome arm. Cas9 targeting of homozygous and heterozygous 
targets in a diploid laboratory S. cerevisiae strain confirmed that allele-specific introduction of a 
double-strand break resulted in low gene-editing efficiency and in extensive loss of heterozygosity. 
Whole-genome sequencing of a highly heterozygous S. cerevisiae diploid after allele-specific 
targeting identified systematic loss of heterozygosity, affecting up to several hundred thousand base 
pairs. The presence of mosaic heterozygosity indicated that these mutations emerged by 
homologous recombination. As this mechanism is highly conserved in higher eukaryotes and critical 
to gene-editing, we propose that allele-specific gene editing could cause extensive loss of 
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Samenvatting 

Lagerbier, ook wel Pilsener genoemd, is de populairste alcoholische drank ter wereld, met een 
verbruik van bijna 200 miljard liter per jaar. Om lagerbier te maken, wordt gerstwort gefermenteerd 
met de gist Saccharomyces pastorianus. Dit micro-organisme zet wortsuikers om in ethanol en 
produceert belangrijke smaakstoffen in het hierbij gevormde bier. S. pastorianus is een hybride die 
ongeveer 500 jaar geleden waarschijnlijk gevormd is door spontane kruising van een 
S. cerevisiae-stam die gebruikt werd om bier te brouwen en een wilde S. eubayanus-contaminant. 

Het genoom van pilsgist is uitzonderlijk complex: het bevat niet alleen chromosomen van de twee 
oudersoorten, maar deze zijn ook vaak gerecombineerd en verschillen in het aantal kopieën, een 
situatie die wordt aangeduid als aneuploïdie. De voorouder van S. eubayanus werd pas in 2011 
ontdekt en maakte een beter begrip van het complexe genoom en de ingewikkelde evolutionaire 
geschiedenis van S. pastorianus mogelijk. Bovendien hebben recente ontwikkelingen het bepalen van 
de DNA-volgorde van complete genomen en de genetische toegankelijkheid van Saccharomyces-
genomen vergroot. Het doel van dit proefschrift is om deze ontwikkelingen te gebruiken om te 
onderzoeken hoe de genetische complexiteit van de huidige S. pastorianus-stammen tot stand 
gekomen is, hoe deze bijdraagt aan de industriële productie van lager bier, en om nieuwe methoden 
te ontwikkelen voor verbetering van brouwgisten. 

Hoofdstuk 1 schetst de stand van zaken in S. pastorianus-genetica en technieken voor 
stam-verbetering van deze gist. Na een beschrijving van de opkomst van de pilsindustrie worden 
recente inzichten in de genetica en evolutionaire oorsprong van S. pastorianus besproken. Hierbij 
wordt specifiek aandacht besteed aan de genetische verschillen tussen Groep 1 en Groep 2 
pilsstammen, en aan de nog steeds voortdurende discussie over hoe deze kunnen zijn ontstaan. 
Bovendien worden de mechanismen besproken waarmee de twee voorouderlijke subgenomen 
kunnen interageren in hybriden, evenals de manier waarop deze bijdragen aan de brouwprestaties 
van S. pastorianus. Recente vooruitgang in technieken voor DNA-sequentiebepaling en 
genmodificatie heeft de genetische toegankelijkheid van S. pastorianus vergroot, hetgeen heeft 
geresulteerd in nieuwe mogelijkheden voor stamverbetering. Onderzoek aan Saccharomyces-gisten 
heeft een groot aantal verschillende methoden opgeleverd voor het verbeteren van giststammen, 
zoals mutagenese en selectie, laboratoriumevolutie en genbewerking, die kunnen worden toegepast 
op pilsgist. Bovendien heeft recent onderzoek aangetoond dat nieuwe, in het laboratorium gemaakte 
hybriden de beperkte genetische en fenotypische diversiteit van biergisten significant kunnen 
uitbreiden. 

Om aneuploïdie en diversiteit in het aantal kopieën van chromosomen in S. pastorianus nader te 
onderzoeken, worden in Hoofdstuk 2 de oorsprong, impact en industriële relevantie van deze 
kopie- aantallen in Saccharomyces-gisten besproken. Aneuploïdie komt in industriële giststammen, 
en met name in pilsgisten, veelvuldig voor. Bovendien wordt aneuploïdie vaak aangetroffen tijdens 
laboratoriumevolutie, als aanpassing op verschillende vormen van selectiedruk. Er zijn twee 
belangrijke effecten van aneuploïdie te onderscheiden. Chromosoom-onafhankelijke effecten 
veroorzaken een algemene aneuploïdie-geassocieerde stressreactie. Daarnaast leiden 
chromosoom-specifieke effecten van het aantal kopieën tot complexe fenotypen, die resulteren van 
het cumulatieve effect van de veranderde kopie-aantallen van alle betrokkenen genen. Aneuploïdie 
en het aantal chromosoom kopieën dragen nu al bij aan veel industrieel gunstige eigenschappen van 
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Pogingen om het S. cerevisiae- specifieke gen MAL11 te modificeren in een laboratoriumhybride van 
S. cerevisiae en S. eubayanus resulteerden in verlies van de chromosoomarm waarop dit S.
cerevisiae-doelwit zich bevond en in de vervanging ervan door een extra kopie van het homologe S.
eubayanus-chromosoom. Experimenten op andere homozygote en heterozygote doelen in een
diploïde laboratoriumstam van S. cerevisiae bevestigen dat allelspecifieke introductie van een
dubbelstrengs breuk resulteert in lage efficiëntie van genmodificatie en in uitgebreid verlies van
heterozygositeit. Genoomsequentiebepaling van een sterk heterozygote S. cerevisiae-diploïde na
pogingen tot allelspecifieke genmodificatie tonen een systematisch verlies van heterozygositeit aan,
die tot honderdduizenden basenparen in het DNA beïnvloedden. De aanwezigheid van
mozaïekpatronen in de heterozygositeit van deze gebieden van het genoom laat zien dat deze
mutaties ontstaan zijn door homologe recombinatie. Omdat dit mechanisme sterk geconserveerd is
in hogere eukaryoten en cruciaal is voor genmodificatie, wordt geconcludeerd dat allelspecifieke
genmodificatie hoogstwaarschijnlijk ook uitgebreid verlies van heterozygositeit kan veroorzaken in
een breed scala van andere organismen, en dat daarom voorzichtigheid vereist is, in het bijzonder bij
menselijke gentherapie.

Laboratoriumhybriden zijn van belang voor industriële toepassingen vanwege hun brede 
fenotypische diversiteit en hun superieure prestaties ten opzichte van de oudersoorten. Met de 
ontdekking van S. eubayanus is ook het onderzoek naar laboratoriumhybriden voor het brouwen van 
pils toegenomen. Huidige methoden voor kruising van verschillende Saccharomyces-stammen en 
soorten zijn echter afhankelijk van selecteerbare fenotypen om hybriden te kunnen isoleren. 
Dergelijke fenotypen kunnen van nature bestaan of kunnen voorafgaand aan kruising worden 
geïntroduceerd via genmodificatie of via niet-GMO-werkwijzen voor het aanbrengen van 
veranderingen in het DNA. Om kruisingen tussen een breed scala van stammen mogelijk te maken, is 
in dit promotieonderzoek een methode ontwikkeld op basis van fluorescente kleuring van stammen 
en flowcytometrische sortering van dubbel gekleurde hybride cellen. Deze nieuwe methode, die 
wordt beschreven in Hoofdstuk 7, is met succes toegepast voor kruising van S. cerevisiae-haploïden 
en van S. cerevisiae- en S. eubayanus-stammen van verschillende ploïdie. 

Om de mogelijke toepasbaarheid van laboratoriumhybriden voor het brouwen van bier te evalueren 
en om de evolutionaire historie van een veronderstelde voorouderlijke S. pastorianus-hybride beter 
te kunnen interpreteren, is een allohaploïde S. cerevisiae x S. eubayanus-hybride onderworpen aan 
laboratoriumevolutie onder gesimuleerde brouwomstandigheden (Hoofdstuk 8). Na 418 generaties 
in herhaalde fermentaties op industrieel gerstwort zijn 55 isolaten fenotypisch en genotypisch 
gekarakteriseerd. Hoewel enkele voor het bierbrouwen relevante fenotypen zoals flocculatie en 
maltotriosegebruik veranderd zijn, hebben de isolaten geen grootschalige aneuploïdie ontwikkeld, 
zoals deze wel aanwezig is in S. pastorianus-stammen. In plaats hiervan vertonen de isolaten verlies 
van heterozygositeit door recombinatie tussen de beide subgenomen. De genetische veranderingen 
die verkregen zijn tijdens dit modelexperiment waren consistent met een gemeenschappelijke 
oorsprong van natuurlijk voorkomende S. pastorianus-stammen en duidden op voldoende stabiliteit 
van laboratoriumhybriden voor industriële toepassing. 

Naast hun gebruik voor het genereren van laboratoriumhybriden, zijn S. eubayanus-stammen ook al 
zelf gebruikt voor het brouwen van pils op industriële schaal. Hun onvermogen om maltotriose, een 
belangrijke suiker in wort, te vergisten resulteerde echter in hoge suiker en lage ethanol concentratie 
in het bier. In Hoofdstuk 9 wordt daarom een industriële S. eubayanus-stam onderworpen aan 
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mutagenese met ultraviolette straling en daarna aan laboratoriumevolutie in een maltotriose-
gelimiteerde chemostaatcultuur. In de maltotriose-gebruikende stammen die uit dit experiment 
voortkomen, is een recombinatie tussen drie maltose-transportergenen geïdentificeerd, waardoor 
een nieuw chimeer gen ontstaan is. Expressie van het nieuwe, recombinante MALT413-gen in de 
ongeëvolueerde stam bevestigde dat dit chimere gen codeert voor een functionele maltotriose-
transporter. De DNA-volgorde van het S. pastorianus maltotriose-transportergen MTY1 geeft aan dat 
het waarschijnlijk een vergelijkbare evolutionaire geschiedenis heeft, waarbij een recombinatie 
tussen maltosetransportergenen van S. cerevisiae, S. eubayanus en S. paradoxus betrokken is 
geweest. De opkomst van een nieuwe genfunctie na willekeurige mutagenese en een korte periode 
van laboratoriumevolutie, is een unieke illustratie van hoe recombinatie de evolutie van genen kan 
vergemakkelijken en versnellen. 
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Figure 2: Theories formulated about the emergence of Group 1 and 2 S. pastorianus strains. (A) Emergence by 
two independent hybridizations, as hypothesized by Dunn et al (27). While both groups shared a similar 
S. eubayanus ancestor, Group 1 emerged from hybridization with a haploid S. cerevisiae, while Group 2
emerged from a diploid S. cerevisiae. (B) Emergence by two successive hybridizations as hypothesized by
Okuno et al (29). S. pastorianus emerged from an initial hybridization between a haploid S. cerevisiae and a
diploid S. eubayanus. Group 1 strains evolved directly from this ancestor, while Group 2 strains emerged from a
subsequent hybridization between the S. pastorianus ancestor and a haploid S. cerevisiae strain of different
origin. (C) Emergence by a single hybridization followed by different evolutionary trajectories, as hypothesized
by Salazar et al (40). S. pastorianus emerged from the hybridization between a heterozygous diploid
S. cerevisiae and a mostly homozygous diploid S. eubayanus. Group 1 and 2 strains both evolved from this
ancestor. However, Group 1 and Group 2 strains were affected differently by loss of heterozygosity and by loss
of S. cerevisiae genome content. As a result, Group 2 strains are more heterozygous than Group 1 strains and
their S. cerevisiae subgenomes differ despite common ancestry.

Complexity of S. pastorianus genomes 
S. pastorianus genomes are alloaneuploid, with varying, strain-dependent numbers of homologous
and homeologous chromosome copies. The chromosome copy number variation referred to as
aneuploidy affects the phenotype due to two general mechanisms: (i) the general
aneuploidy-associated stress response, encompassing growth defects, genetic instability and low
sporulation efficiency, and (ii) chromosome-specific copy-number effects, resulting from the
cumulative impact of copy number effects of genes harboured by the affected chromosome. For an
overview of the relevance of aneuploidy for industrial application, we refer to our recent review (51).
In S. pastorianus, the genetic differences between the S. cerevisiae and S. eubayanus subgenomes
present an additional degree of complexity (Figure 3). During genome evolution, recombinations
between both subgenomes can create new genetic complexity, for example by creating novel, hybrid
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1 

Figure 3: Mechanisms of subgenome interactions in hybrid organisms that can contribute to synergies 
between heterozygous genetic material, a phenomenon referred to as heterosis. Components of the two 
subgenomes are shown in red and blue. (A) Generation of chimeric proteins due to recombinations within 
reading frames of (homeologous) genes from different subgenomes. (B) Interactions resulting from the 
simultaneous expression of subgenome-specific genes which were not expressed together in either parental 
genome. (C) Formation of chimeric protein complexes due to the assembly of subunits from different 
subgenomes. (D) Effects on transcription of genes from one subgenome by regulatory proteins from the other 
subgenome due to non-specificity of regulation. (E) Effects on the activity of proteins from one subgenome by 
regulatory proteins from the other subgenome due to non-specificity of regulation. (F) Functional differences 
between the homeologous genes of each subgenome, which can lead to subfunctionalization. (G) Effects due 
to differences in the relative copy number of different homeologous genes due to differences in gene 
composition of subgenomes. (H) Differences in transcription of homeologous genes, resulting in different 
contributions of each subgenome to the resulting phenotype.  

open-reading frames (Figure 3A) (38, 52, 53). Since gene complements of the two subgenomes 
differ (54, 55), interactions of genes and gene products which are not present together in either 
parental genome can result in novel, difficult to predict phenotypes when simultaneously present in 
hybrids (Figure 3B). For example, protein subunits encoded by different subgenomes can assemble 
into novel, chimeric protein complexes (Figure 3C) (56), while non-specificity of regulatory elements 
can cause regulatory cross-talk of transcription (Figure 3D) and of protein modification (Figure 3E) 
(57, 58). Moreover, functional differences between homeologous genes (Figure 3F) (59, 60), as well 
as gene dosage-effects (Figure 3G) (61, 62), can result in complex interactions. Expression levels of 
homeologous genes generally differ, resulting in stronger expression of one of the two versions 
(Figure 3H) (63, 64). Overall, understanding the complex interactions between subgenomes is critical, 
as they underlie the synergistic phenomenon of heterosis (65-67), which enables hybrids such as 
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S. pastorianus to outcompete their parental species (24, 37, 68). The importance of subgenome
interactions is consistent with the frequent loss of heterozygosity during evolution of Saccharomyces
hybrids, since it facilitates elimination of non-beneficial genome content from the least adapted
parental species (39, 69-71). The exclusive presence of mitochondrial DNA descending from
S. eubayanus in S. pastorianus strains is a further indication of the importance of loss of
heterozygosity (29, 34, 72). Indeed, the loss of S. cerevisiae mtDNA was likely instrumental in the
lager brewing domestication process, as its replacement by S. eubayanus mtDNA enables improved
growth at low temperatures (73).

Elucidation of the genetic complexity of S. pastorianus strains was initially limited by the accuracy of 
available genome assemblies (17). The first S. pastorianus genome was published in 2009 and 
consisted of 25 Mbp split over 3184 contigs (30). While many more strains were sequenced since, 
short-read sequencing invariably yielded incomplete and fragmented genome assemblies with 
hundreds of contigs at best (28, 29, 31). Indeed, short-read sequencing cannot resolve repetitive 
sequences, such as TY-transposons and paralogous genes within each subgenome, or homeologous 
gene pairs (74, 75). As a result, subtelomeric regions, which are known hotspots of genetic plasticity 
and inter-strain diversity (32, 33, 76-78) and harbour many industrially-relevant genes (79-82), were 
poorly assembled.  

Recent fast developments in long-read sequencing enabled the generation of chromosome-level 
S. pastorianus genome assemblies that include most telomeres (40). Saccharomyces genome
assemblies based on long-read sequencing typically capture up to 5 % more genes than high-quality
short-read assemblies (40, 54, 55, 83-85). Such added genes were of particular interest due to their
role in brewing-relevant traits; such as FLO genes involved in the calcium-dependent flocculation
process that causes bottom fermentation of S. pastorianus, MAL genes encoding maltose and
maltotriose transporters and hydrolases, and HXT genes encoding the uptake of glucose and other
hexose sugars (40). Despite the near-complete assembly of all chromosomes, the first long-read
S. pastorianus genome assembly captured only 23 Mbp of the 46 Mbp genome of strain CBS 1483
because assembled chromosomes were consensus sequences of all chromosomal copies, and
intra-chromosomal variation of multi-copy chromosomes was not captured. Nevertheless, alignment
of short-read and long-read sequences allowed retrieval of sequence and structural
heterozygosity (29, 40, 54).

Genome-editing techniques in S. pastorianus 
Compared to the plethora of genome-editing research in S. cerevisiae (86-89), there are only very 
few accounts of targeted genome editing using cassette integration in S. pastorianus (59, 90-93), 
supposedly due to limited homologous recombination efficiency (92). Even the complete deletion of 
a gene was, until recently, complicated by the presence of several gene copies, which required 
repeated rounds of cassette insertion and marker removal. Instead, functional characterization often 
relied on expressing S. pastorianus genes in S. cerevisiae strains (59, 94-97). While introduction of a 
double-strand break can drastically increase gene editing efficiency (98), Cas9 gene editing tools 
developed for S. cerevisiae were not directly applicable in S. pastorianus strains (87, 92, 99). 
However, polymerase-II-based expression of gRNAs flanked by self-cleaving ribozymes was successful 
in S. pastorianus, in laboratory-made S. cerevisiae x S. eubayanus hybrids and in both parental 
species (39, 55, 92). While application of genetic modification (GM) to generate industrial strains is 
limited by customer acceptance issues (100), efficient gene-editing also simplifies non-GM strain 
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Since, in the EU, food products only need to be labelled and regulated as GM if they contain more 
than 0.9 % GM biomass, removal of GM yeast by filtration could, in principle, obviate the need for 
labelling the resulting beer as a GM product (173). Moreover, already in 1990, a lager brewing strain 
engineered for dextrin utilization was approved and used to brew a low-caloric beer in the UK (100, 
174). As illustrated by the commercial failure of this GMO beer, the application of GM yeasts for beer 
brewing is precluded primarily due to customer acceptance rather than insurmountable regulatory 
hurdles (175). Recent regulatory developments have resulted in increased commercialisation foods 
based on targeted genetic modification, particularly on the US market (171, 176). For example, 
Lallemand (Montreal, Canada) is currently concluding trials with a brewing yeast engineered to 
produce lactic acid, called Sourvisiae.  

Despite the current absence of large-scale industrial application, many possible genetic engineering 
strategies for lager brewing yeasts are available, based to insights gained from laboratory studies and 
from analysis of strains obtained by classical strain improvement. Such strategies could rapidly and 
efficiently improve a vast array of yeast characteristics, including substrate utilization, general 
brewing performance, energy requirements for cooling, off-flavour and flavour profiles and, 
moreover, enable the introduction of novel flavours (Table 2). The relatively permissive legislation 
and relatively high consumer acceptance in countries such as Brazil, USA, Japan and Argentina may 
enable industrial application of GM yeast for lager beer brewing in the near future (177). 

Scope of this thesis 
The general scope of this thesis was to study the complex genomes of S. pastorianus strains and to 
facilitate strain improvement strategies for generating lager brewing yeasts with novel or superior 
brewing properties for industrial application. In response to the limited genetic accessibility of 
S. pastorianus strains, recent advances in genome mapping and gene editing were applied to
generate new tools applicable to alloaneuploid S. pastorianus strains, to its parental species
S. cerevisiae and S. eubayanus, and to laboratory-made S. cerevisiae x S. eubayanus strains. These
tools were applied to study the evolution of S. pastorianus hybrids, to study heterosis due to
subgenome interactions and to generate novel lager brewing strains.

The degree of aneuploidy of S. pastorianus genomes is unique within the Saccharomyces genus. 
Moreover, chromosome copy number differs vastly between individual isolates. Therefore, in 
Chapter 2, the industrial relevance and the impact of aneuploidy and of chromosome copy number 
variation were reviewed. 

To understand the ancestry and genomic complexity of S. pastorianus strains, it is critical to 
understand the genomes of their parental species. Therefore, in Chapter 3, recent advances in single-
molecule nanopore sequencing technologies were applied to generate a more complete and less 
fragmented genome assembly of the S. cerevisiae reference strain CEN.PK113-7D. 

In Chapter 4, nanopore sequencing technology was applied directly to S. pastorianus strain CBS 1483 
and the possibility to resolve sequence and structural heterogeneity between different chromosome 
copies was evaluated. In combination with the newly-developed Alpaca algorithm, which computes 
sequencing read similarities between different data sets, the resulting chromosome-level genome 
assembly was used to investigate the ancestry of Group 1 and Group 2 S. pastorianus strains. 
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The limited efficiency of homologous recombination and alloaneuploidy of S. pastorianus strains 
have limited their genetic accessibility. The application of the bacterial adaptive immune system 
CRISPR-Cas9 to introduce targeted double-strand breaks in DNA has revolutionized gene editing in 
S. cerevisiae. As the gene editing methods developed for S. cerevisiae did not work in S. pastorianus, 
a broad-host-range, plasmid-based Cas9 gene editing tool was developed in Chapter 5 and was 
shown to enable efficient editing in S. pastorianus. 

Chapter 6 describes the observation that, when applied to target heterozygous sequences, the 
introduction of a double-strand break by Cas9 does not result in efficient gene editing but, instead, 
causes frequent loss of heterozygosity. This loss of heterozygosity was shown to affect up to several 
hundred thousand base pairs. Since loss of heterozygosity was linked to the highly conserved 
mechanism of homologous recombination, potential implications for gene editing in higher 
eukaryotes, notably humans, were discussed. 

The generation of novel, laboratory-made Saccharomyces hybrids has been used to obtain strains 
with new or superior properties for a broad range of applications, including lager beer brewing. 
However, such interspecific mating currently relies on previously-available or introduced selectable 
phenotypes in the parental strains. In Chapter 7, a method to generate hybrids using fluorescent 
labelling of parental strains and sorting of double-stained hybrids using fluorescence-activated cell 
sorting was developed, which does not rely on any selectable phenotype and can be applied to mate 
a broad range of parental strains. 

The alloploid genomes of laboratory-made hybrids have been shown to be relatively unstable during 
evolution under industrial conditions such as wine-making and 2nd generation bioethanol production. 
To evaluate their applicability in lager brewing, Chapter 8 describes the genetic and phenotypic 
changes of laboratory-made S. cerevisiae x S. eubayanus hybrids after subjecting them to prolonged 
laboratory evolution under conditions mimicking industrial lager brewing. 

In addition to the generation of laboratory-made S. cerevisiae x S. eubayanus hybrids, S. eubayanus 
strains have also been applied directly for lager brewing. However, the inability of many S. eubayanus 
strains to utilise maltotriose limits their applicability, mainly due to lower ethanol yields and to 
residual sweetness. To address this issue and improve the industrial applicability of S. eubayanus, 
Chapter 9 describes a strain improvement approach to obtain a maltotriose-utilizing strain and a 
molecular analysis of the mechanism by which it acquired this trait.  
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Chapter 2: Industrial relevance of chromosomal copy number 
variation in Saccharomyces yeasts 

Arthur R. Gorter de Vries, Jack T. Pronk and Jean-Marc G. Daran 

Chromosomal copy number variation (CCNV) plays a key role in evolution and health of 
eukaryotes. The unicellular yeast Saccharomyces cerevisiae is an important model for 
studying the generation, physiological impact and evolutionary significance of CCNV. 
Fundamental studies on this yeast have contributed to an extensive set of methods for 
analyzing and introducing CCNV. Moreover, these studies provided insight into the balance 
between negative and positive impacts of CCNV in evolutionary contexts. A growing body of 
evidence indicates that CCNV not only frequently occurs in industrial strains of 
Saccharomyces yeasts but is also a key contributor to the diversity of industrially relevant 
traits. This notion is further supported by the frequent involvement of CCNV in industrially 
relevant traits acquired during evolutionary engineering. This review describes recent 
developments in genome-sequencing and genome-editing techniques and discusses how 
these offer opportunities to unravel contributions of CCNV in industrial Saccharomyces 
strains, as well as to rationally engineer yeast chromosomal copy numbers and karyotypes. 
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Introduction 
Saccharomyces yeasts are applied in a large and expanding number of industrial processes (1), 
ranging from traditional applications such as dough leavening (2), beer (3) and wine fermentation (4) 
to modern processes such as the production of first and second generation fuel ethanol (5, 6), other 
low-molecular-weight compounds (7) and heterologous proteins (8). Selection and improvement of 
yeast strains remain essential to meet the complex, diverse and continually changing performance 
criteria for industrial applications of Saccharomyces yeasts (9). Improving and extending yeast strain 
applications can be pursued by exploration of biodiversity, mating, interspecies hybridization, 
random mutagenesis and selection, evolutionary engineering, targeted genetic modification or a 
combination of these approaches (10).  

Understanding the genetic basis for industrial performance is invaluable for focusing and accelerating 
microbial strain improvement. In prokaryotes, genetic variation among related strains and species 
predominantly encompasses the presence or absence of protein-encoding and regulatory sequences, 
as well as mutations in these sequences. In eukaryotes, including the Saccharomyces yeasts, 
differences in ploidy, i.e. variations in copy number of chromosomes, provides an important 
additional source of genetic diversity (11).  

While most eukaryotic cells are euploid, i.e. their chromosomes all have the same copy number, 
aneuploidy is encountered in nature as well as in man-made contexts. In aneuploid cells, the copy 
number of one or more chromosomes differs from that of the remainder of the genome. Existence of 
stable aneuploidy cells implies that chromosomal copy number variation (CCNV) contributes to 
genetic and physiological diversity within eukaryotic species and, in multicellular eukaryotes, within 
organisms. The biological significance of CCNV is powerfully illustrated by its impacts on human 
health. Effects of CCNV of human X and Y chromosomes range from infertility (XXY) to mental 
retardation (XXXXY), while trisomies of other chromosomes can cause decreased lifespan, mental 
retardation and premature fetal death (12, 13). Spectacular CCNV occurs in most human cancer cell 
lines, leading to chromosome numbers of up to 90, and has been linked to the cancer hallmark of 
increased genome instability (14). Targeting of aneuploid cells is therefore considered a potential 
strategy for cancer therapy (15). Use of polyploid plants and animals in agriculture is related to their 
increased size and infertility (16, 17), while allopolyploid plants additionally combine industrially 
relevant traits from two parental genomes (18, 19). As will be discussed in this paper, CCNV is also an 
important phenomenon in industrial strains of Saccharomyces yeasts, whose history often involves 
prolonged domestication and/or industrial strain improvement. 

S. cerevisiae is an important model for studying how aneuploidy arises during mitotic and meiotic cell
division, how it affects growth and how it influences evolution of eukaryotes. These research fields
are discussed in recent specialized review papers (20-22). The present paper specifically aims to
review current knowledge on the analysis, occurrence and significance of CCNV in Saccharomyces
yeasts in industrial contexts. To this end, we review methods for analyzing CCNV in yeast strains, the
mechanisms by which CCNV can arise spontaneously or be induced in the laboratory and the
mechanisms by which CCNV can negatively affect fitness of yeast cells. Subsequently, we discuss the
occurrence and significance of CCNV for domestication and development of industrial strains of
Saccharomyces yeasts and its relevance in evolutionary engineering.
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Experimental hybridization of strains from different Saccharomyces species rapidly gains popularity 
as a strategy for strain improvement and product diversification of wine and beer yeasts (139, 148, 
149). Traits that have been improved by hybridization include fermentative vigor over wide 
temperature ranges and concentrations of minor fermentation products (150), flocculation 
capacity (151) and sugar uptake kinetics (152). Moreover, ploidy of laboratory-made hybrid strains 
correlates with fermentation rates, ethanol yield and concentrations of aromatic esters (148). In view 
of the higher tendency of alloploid and allopolyploid genomes to develop aneuploidy, CCNV is likely 
to be a key factor in the stability and further diversification of the resulting strains. 

Targeted introduction of CCNV, e.g. by using drugs that interfere with chromosome segregation, is 
rarely applied in industrial strain improvement (10). Use of the mitotic inhibitor methyl 
benzimidazole-2-yl-carbamate (MBC) to mutagenize the aneuploid bioethanol strain ZTW1 
demonstrates the potential of this approach (153). Treatment of strain ZTW1 with MBC yielded 
strains with an improved fermentative capacity under industrial high-gravity conditions (119), 
enhanced viability after drying (154) and higher final ethanol titer (124). These observations and the 
frequent appearance of CCNV in ALE suggest that such interference with chromosome segregation 
may deserve reconsideration in industrial yeast strain improvement. 

The relatively small number of cases in which molecular mechanisms by which CCNV contributes to 
industrial performance of Saccharomyces yeasts have been investigated in detail, often identified 
gene-dosage effects as a key contributor. Allelic variation of amplified genes can be an additional, as 
yet underexplored, source of industrially relevant diversity within strains that carry CCNV, especially 
in alloploid strains with a long history of domestication and/or strain improvement. Novel long-read 
DNA-sequencing approaches (e.g. nanopore MinION sequencing (41)) should enable a much faster 
identification of such allelic variations and of their correlation with industrially relevant traits, 
including subtle differences in flavor and aroma production. Recent developments in genome editing, 
including the advent of CRISPR-based techniques (155, 156) and methods for experimentally 
introducing defined, segmental aneuploidies (115, 116) will accelerate the functional analysis of 
CCNV. Moreover, these techniques will enable rapid introduction of relevant mutations into strains 
that do not contain CCNV, without the potential disadvantages of AASR. The combination of these 
developments will enable a more thorough investigation of the importance of CCNV for the 
performance of industrial strains and is likely to open the way to using CCNV induction as a tool for 
strain improvement, either by direct generation of improved strains or by identification of 
chromosome fragments or genes whose copy number affects industrial performance.  
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missing one of the telomere caps and only chromosome X was missing both telomere caps. Based on 
homology with S288C, the missing sequence was estimated not to exceed 12 kbp for each missing 
(sub)telomeric region. Furthermore, we found a total of 46 retrotransposons Ty-elements: 44 were 
from the Pseudoviridae group (30 Ty1, 12 Ty2, 1 Ty4, and 1 Ty5) and 2 from Metaviridae group (Ty3). 
The annotated nanopore assembly of CEN.PK113-7D Frankfurt is available at NCBI under the 
bioproject accession number PRJNA393501. 

Comparison of the nanopore and short-read assemblies of CEN.PK113-7D 
We compared the nanopore assembly of CEN.PK113-7D to a previously published version to quantify 
the improvements over the current state-of-the art (6). Alignment of the contigs of the short-read 
assembly to the nanopore assembly revealed 770 Kbp of previously unassembled sequence, 
including the previously unassembled mitochondrial genome (Additional file 4A). This gained 
sequence is relatively spread out over the genome (Figures 1A and 1B) and contained as much as 284 
chromosomal gene annotations (Additional file 4B). Interestingly, 69 out of 284 genes had paralogs, 
corresponding to a fraction almost twice as high as the 13 % found in the whole genome of 
S288C (43). Gene ontology analysis revealed an enrichment in the biological process of cell 
aggregation (9.30x10-4); in the molecular functions of mannose binding (P=3.90x10-4) and glucosidase 
activity (P=7.49x10-3); and in the cellular components of the cell wall (P=3.41x10-7) and the cell 
periphery component (P=5.81x10-5). Some newly-assembled genes are involved in central carbon 
metabolism, such as PDC5. In addition, many of the added genes are known to be relevant in 
industrial applications including hexose transporters such as HXT genes and sugar polymer 
hydrolases such as IMA and MALx2 genes; several genes relevant for cellular metal homeostasis, 
such as CUP1-2 (linked to copper ion tolerance) and FIT1 (linked to iron ion retention); genes relevant 
for nitrogen metabolism in medium rich or poor in specific amino acids, including amino acid 
transporters such as VBA5, amino acid catabolism genes such as ASP3-4 and LEU2 and amino-acid 
limitation response genes such as many PAU genes; several FLO genes which are responsible for 
calcium-dependent flocculation; and various genes linked to different environmental stress 
responses, such as HSP genes increasing heat shock tolerance and RIM101 increasing tolerance to 
high pH.  

To evaluate whether some previously assembled sequence was missing in the nanopore assembly, 
we aligned the nanopore contigs to the short-read assembly (6). Less than 6 Kbp of sequence of the 
short-read assembly was not present in the nanopore assembly, distributed over 13 contigs 
(Additional file 4C). Only two ORFs were missing: the genes BIO1 and BIO6 (Additional file 4D). 
Alignment of BIO1 and BIO6 sequences to the nanopore assembly showed that the right-end of the 
chromosome I contig contains the first ~500 nt of BIO1. While BIO1 and BIO6 were present in the 
nanopore sequences, they are absent in the final assembly likely due to the lack of long-enough 
reads to resolve the repetitive nature of this subtelomeric region.  

Overall an additional 770 Kbp sequence containing 284 genes was gained, while 6 Kbp containing two 
genes was not captured compared to the previous assembly. In addition, the reduction from over 
700 to only 20 contigs clearly shows that the nanopore assembly is much less fragmented than the 
short-read assembly (Table 1). 



63 

3 

Figure 1: Overview of gained and lost sequence and genes in the CEN.PK113-7D Frankfurt nanopore assembly 
relative to the short-read CEN.PK113-7D assembly and to the genome of S288C. The two unplaced 
subtelomeric contigs and the mitochondrial DNA were not included in this figure. (1A) Chromosomal location of 
sequence assembled in the nanopore assembly which was not assembled using short-read data. The sixteen 
chromosome contigs of the nanopore assembly are shown. Chromosome XII has a gap at the RDN1 locus, a 
region estimated to contain more than 1 Mbp worth of repetitive sequence (42). Centromeres are indicated by 
black ovals, gained sequence relative to the short-read assembly is indicated by black marks and 46 identified 
retrotransposon Ty-elements are indicated by blue marks. The size of all chromosomes and marks is 
proportional to their corresponding sequence size. In total 611 Kbp of sequence was added within the 
chromosomal contigs. (1B) Relative chromosome position of sequences and genes assembled on chromosome 
contigs of the nanopore assembly which were not assembled using short-read data. The positions of added 
sequence and genes were normalized to the total chromosome size. The number of genes (red) and the 
amount of sequence (cyan) over all chromosomes are shown per tenth of the relative chromosome size. (1C) 
Relative chromosome position of gene presence differences between S288C and CEN.PK113-7D. The positions 
of the 45 genes identified as unique to CEN.PK113-7D and of the 44 genes identified as unique to S288C were 
normalized to the total chromosome size. The number of genes unique to CEN.PK113-7D (red) and to S288C 
(purple) are shown per tenth of the relative chromosome position.  

Comparison of the Nanopore assembly of CEN.PK113-7D to S288C 
To identify unique and shared genes between CEN.PK113-7D and S288C, we compared annotations 
made using the same method for both genomes (Additional Files 2A and 2C). We identified a total of 
45 genes unique to CEN.PK113-7D and 44 genes unique to S288C (Additional Files 2B and 2D). Genes 
located in regions that had no assembled counterpart in the other genome were excluded; 20 for 
S288C and 27 for CEN.PK113-7D. Interestingly, the genes unique to either strain and genes present 
on different chromosomes were found mostly in the outer 10 % of the chromosomes, indicating that 
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the subtelomeric regions harbor most of the genetic differences between CEN.PK113-7D and S288C 
(Figure 1C).  

In order to validate the genes identified as unique to S288C, we compared them to genes identified 
as absent in CEN.PK113-7D in previous studies (Additional file 2D, Table 2). 25 genes of S288C were 
identified as absent in CEN.PK113-7D by array comparative genomic hybridization (aCGH) 
analysis (39) and 21 genes were identified as absent in CEN.PK113-7D based on short-read WGS (6). 
Of these genes, 19 and 10 respectively were identified as genes in S288C by our annotation pipeline 
and could be compared to the genes we identified as unique to S288C. While 19 of these 29 genes 
were also absent in the nanopore assembly, the remaining 10 genes were fully assembled and 
annotated, indicating they were erroneously identified as missing (Table 2).  

Table 2: Presence in the nanopore assembly of genes identified as absent in CEN.PK113-7D in previous 
research. For genes identified as absent in CEN.PK113-7D in two previous studies, the absence or presence in 
the nanopore assembly of CEN.PK113-7D is shown. 25 genes were identified previously by array comparative 
genome hybridisation (39) and 21 genes were identified by short-read genome assembly (6). Genes which were 
not annotated by MAKER2 in S288C could not be analysed. Genes with an alignment to genes identified as 
missing in the nanopore assembly of at least 50 % of the query length and 95 % sequence identity were 
confirmed as being absent, while those without such an alignment were identified as present. The presence of 
these genes was verified manually, which revealed the misanotation of YPL277C as YOR389W.  

Not analysed Absent in assembly Present in assembly 
Daran-Lapujade et al YAL064C-A, YAL066W, 

YAR047C, YHL046W-A, 
YIL058W, YOL013W-A 

YAL065C, YAL067C, YBR093C, 
YCR018C, YCR105W, 
YCR106W, YDR038C, 
YDR039C, YHL047C, 
YHL048W, YNR070W, 
YNR071C and YNR074C 

YAL069W, YDR036C, 
YDR037W, YJL165C, 
YNR004W, and 
YPL277C 
(misannotated as 
YOR389W) 

Nijkamp et al Q0140, YDR543C, YDR544C, 
YDR545W, YIL046W-A, 
YLR154C-H, YLR156C-A, 
YLR157C-C, YLR159C-A, 
YOR029W and YOR082C 

YBR093C, YCR040W, 
YCR041W, YDR038C, YDR039C 
and YDR040C  

YDR036C, YHL008C, 
YHR056C and 
YLR055C 

In order to determine if the genes unique to S288C have homologues elsewhere in the genome of 
CEN.PK113-7D or if they are truly unique, we aligned the ORFs of the 44 genes identified as unique in 
S288C to the ORFs in the naopore CEN.PK113-7D assembly. 26 genes were completely absent in the 
CEN.PK113-7D assembly, while the remaining 18 genes aligned to between 1 and 20 ORFs each in the 
genome of CEN.PK113-7D with more than 95 % sequence identity, indicating they may have close 
homologues or additional copies in S288C (Additional file 2D). Gene ontology analysis revealed no 
enrichment in biological process, molecular functions or cell components of the 26 genes without 
homologues in CEN.PK113-7D. Five genes without homologues were labelled as putative. However, 
there were many genes encoding proteins relevant for fitness under specific industrial conditions, 
such as PHO5 which is part of the response to phosphate scarcity, COS3 linked to salt tolerance, 
ADH7 linked to acetaldehyde tolerance, RDS1 linked to resistance to cycloheximide, PDR18 linked to 
ethanol tolerance and HXT17 which is involved in hexitol uptake (Additional file 2D). In addition, we 
confirmed the complete absence of ENA2 and ENA5 in CEN.PK113-7D which are responsible for 
lithium sensitivity of CEN.PK113-7D (44).  

Conversely, to determine if the genes unique to CEN.PK113-7D have homologues elsewhere in the 
genome of S288C or if they are truly unique, we aligned the ORFs of the 45 genes identified as 
unique in CEN.PK113-7D to the ORFs of S288C. A set of 16 genes were completely absent in S288C, 
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The obtained nanopore assembly is of vastly superior quality to the previous short-read-only 
assembly of CEN.PK113-7D that was fragmented into over 700 contigs (6). In addition to the lesser 
fragmentation, the addition of 770 Kbp of previously unassembled sequence led to the identification 
and accurate placement of 284 additional ORFs spread out over the genome. These newly assembled 
genes showed overrepresentation for cell wall and cell periphery compartmentalization and relate to 
functions such as sugar utilization, amino acid uptake, metal ion metabolism, flocculation and 
tolerance to various stresses. While many of these genes are already present in the short-read 
assembly of CEN.PK113-7D, copy number was shown to be an important factor determining the 
adaptation of strains to specific growth conditions (21). The added genes may therefore be very 
relevant for the specific physiology of CEN.PK113-7D under different industrial conditions (21). The 
ability of nanopore sequencing to distinguish genes with various similar copies is crucial in 
S. cerevisiae as homologues are frequent particularly in subtelomeric regions, and paralogues are
widespread due to a whole genome duplication in its evolutionary history (43). Besides the added
sequence, 6 Kbp of sequence of the short-read assembly was not present in the nanopore assembly,
mostly consisting of small unplaced contigs. Notably the absence of BIO1 and BIO6 in the assembly
was unexpected, as it constituted a marked difference between CEN.PK113-7D and many other
strains which enables biotin prototrophy (45). Both genes were present in the nanopore reads, but
were unassembled likely due to the lack of reads long-enough to resolve this subtelomeric region
(a fragment of BIO1 is located at the right-end of chromosome I). Targeted long-read sequencing in
known gaps of a draft assembly followed by manual curation could provide an interesting tool to
obtain complete genome assemblies (46). Alternatively, a more complete assembly could be
obtained by maximizing read length. The importance of read length is illustrated by the higher
fragmentation of the CEN.PK113-7D Delft assembly compared to the Frankfurt one, which was based
on reads with lower length distribution despite higher coverage and similar error rate (Table 1,
Supplementary Figures S1 and S5). Read-length distribution in nanopore sequencing is highly
influenced by the DNA extraction method and library preparation (Supplementary Figure S1). The
mitochondrial genome was completely assembled, which is not always possible with nanopore
sequencing (22, 23, 25). Even with identical DNA extraction and assembly methods, the
mitochondrial genome cannot always be assembled, as illustrated by its absence in the assembly of
CEN.PK113-7D Delft. Overall, the gained sequence in the nanopore assembly far outweighs the lost
sequence relative to the previous assembly, and the reduction in number of contigs presents an
important advantage.

The use of long read sequencing enabled the discovery of a translocation between chromosomes III 
and VIII, which led to the misidentification of a fourth MAL locus on chromosome XI of 
CEN.PK113-7D (6). Identification of this translocation required reads to span at least 12 Kbp due to 
the large repetitive elements surrounding the translocation breakpoints, explaining why it was 
previously undetected. While the translocation did not disrupt any coding sequence and is unlikely to 
cause phenotypical changes (47), there may be decreased spore viability upon mating with other 
CEN.PK strains. Our ability to detect structural heterogeneity within a culture shows that nanopore 
sequencing could also be valuable in detecting structural variation within a genome between 
different chromosome copies, which occurs frequently in aneuploid yeast genomes (48). These 
results highlight the importance of minimal propagation of laboratory microorganisms to warrant 
genome stability and avoid heterogeneity which could at worst have an impact on phenotype and 
interpretation of experimental results. 
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Chapter 4: Nanopore sequencing and comparative genome analysis 
confirm lager-brewing yeasts originated from a single hybridization 

Alex N. Salazar #, Arthur R. Gorter de Vries #, Marcel van den Broek, Nick Brouwers, Pilar de 
la Torre Cortés, Niels G. A Kuijpers, Jean-Marc G. Daran and Thomas Abeel 

# These authors contributed equally to this publication and should be considered co-first 
authors. 

Background: The lager brewing yeast, S. pastorianus, is a hybrid between S. cerevisiae and 
S. eubayanus with extensive chromosome aneuploidy. S. pastorianus is subdivided into
Group 1 and Group 2 strains, where Group 2 strains have higher copy number and a larger
degree of heterozygosity for S. cerevisiae chromosomes. As a result, Group 2 strains were
hypothesized to have emerged from a hybridization event distinct from Group 1 strains.
Current genome assemblies of S. pastorianus strains are incomplete and highly fragmented,
limiting our ability to investigate their evolutionary history.

Results: To fill this gap, we generated a chromosome-level genome assembly of the 
S. pastorianus strain CBS 1483 using MinION sequencing and analysed the newly assembled
subtelomeric regions and chromosome heterozygosity. To analyse the evolutionary history
of S. pastorianus strains, we developed Alpaca: a method to compute sequence similarity
between genomes without assuming linear evolution. Alpaca revealed high similarities
between the S. cerevisiae subgenomes of Group 1 and 2 strains, and marked differences
from sequenced S. cerevisiae strains.

Conclusions: Our findings suggest that Group 1 and Group 2 strains originated from a single 
hybridization involving a heterozygous S. cerevisiae strain, followed by different evolutionary 
trajectories. The clear differences between both groups may originate from a severe 
population bottleneck caused by the isolation of the first pure cultures. Alpaca provides a 
computationally inexpensive method to analyse evolutionary relationships while considering 
non-linear evolution such as horizontal gene transfer and sexual reproduction, providing a 
complementary viewpoint beyond traditional phylogenetic approaches. 
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strains were composed of sequences highly similar to Group 1 genomes an of sequences from a 
different S. cerevisiae genome with a 0.5 % lower sequence identity. As a result, the authors 
formulated two hypotheses to explain the emergence of Group 1 and Group 2 strains from a shared 
ancestral hybrid: (i) the ancestral hybrid had a heterozygous S. cerevisiae sub-genome, and Group 1 
strains underwent a massive reduction of the S. cerevisiae genome content while Group 2 did not, 
or (ii) the ancestral hybrid had a homozygous Group 1-like genome and Group 2 strains were formed 
by a subsequent hybridization event of such a Group 1-like strain with another S. cerevisiae strain, 
resulting in a mixed S. cerevisiae genome content in Group 2 strains.  

Since the exact S. cerevisiae and S. eubayanus ancestors of S. pastorianus are not available, the 
evolutionary history of S. pastorianus has so far been based on the sequence analysis using available 
S. cerevisiae and S. eubayanus reference genomes (5, 11). However, these reference genomes are
not necessarily representative of the original parental genomes of S. pastorianus. Although
S. pastorianus genomes are available, they were sequenced with short-read sequencing
technology (10-13) preventing assembly of large repetitive stretches of several thousand base pairs,
such as TY-elements or paralogous genes often found in Saccharomyces genomes (21). The resulting
S. pastorianus genomes assemblies are thus incomplete and fragmented into several hundred or
thousand contigs (10-13).

Single-molecule sequencing technologies can generate reads of several thousand base pairs and span 
entire repetitive regions, enabling near complete chromosome-level genome assemblies of 
Saccharomyces yeasts (22-27). In addition to the lesser fragmentation, the assembly of regions 
containing repetitive sequences reveals large numbers of previously unassembled open reading 
frames, particularly in the sub-telomeric regions of chromosomes (24, 25, 27). Sub-telomeric regions 
are relatively unstable (28), and therefore contain much of the genetic diversity between different 
strains (29, 30). In S. pastorianus, notable differences were found between the sub-telomeric regions 
of Group 1 and Group 2 strains (15, 16), which could be used to understand their origin. Moreover, 
repetitive regions are enriched for genes with functions determining the cell's interaction with its 
environment, such as nutrient uptake, sugar utilization, inhibitor tolerance and flocculation (31-34). 
As a result, the completeness of sub-telomeric regions is critical for understanding genetic variation 
and evolutionary relationships between strains, as well as for understanding their performance in 
industrial applications (24, 29, 30). 

Here, we used nanopore sequencing to obtain a chromosome-level assembly of the Group 2 
S. pastorianus strain CBS 1483 and analysed the importance of new-found sequences relative to
previous genome assemblies, with particular focus on industrially-relevant subtelomeric gene
families. As the CBS 1483 genome contains multiple non-identical copies for many chromosomes, we
analysed structural and sequence-level heterozygosity using short- and long-read data. Moreover, we
developed a method to investigate the evolutionary origin of S. pastorianus by evaluating the
genome similarity of several Group 1 and Group 2 S. pastorianus strains relative to a large dataset of
S. cerevisiae and S. eubayanus genomes, including an isolate of the Heineken A-yeast lineage which
was isolated by dr. Elion in 1886 and is still used in beer production today.
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Figure 2. Overview of Nanopore-only de novo genome assembly of the S. pastorianus strain, CBS 1483. For 
each chromosome, all copies are represented. Genomic material originating from S. cerevisiae (blue) and from 
S. eubayanus (red) are shown, and the position of the centromere is indicated. Heterozygous SNP calls are
represented as vertical, black lines and are drawn with transparency to depict the density of SNP calls in a given
region. Underlying chromosome copy number data and the list of heterozygous SNPs is available in Figure S2
and Additional File 1F.
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published partial and complete LgFLO1 sequences did not confirm the presence of a similar ORF in 
CBS 1483. Moreover, the annotated FLO genes had higher identity with S. eubayanus and 
S. cerevisiae FLO genes, than with LgFLO1. Therefore, flocculation is likely to rely on one or several of
the identified FLO genes from S. cerevisiae or S. eubayanus (Table 2).

Table 2. Tandem repeat analysis in FLO genes. We found seven repeat sequences when analysing flocculation 
genes FLO1, FLO5, FLO9, FLO10, and FLO11 in S. cerevisiae (S288C) and S. eubayanus (CBS 12357) genomes. 
These sequences are referred to as sequence A (135 nt), B (15 nt), C (189 nt), D (45 nt), E (132 nt), F (156 nt), 
and G (30 nt). We used these sequences to analyse the copy numbers of each repeat within all FLO genes in our 
ONT-only assembly of CBS 1483 using the ONT-only S288C assembly as a control. Their respective copy 
numbers are shown below. Repeat sequences are indicated in Additional File 1H. 

Species (Sub)genome Gene Gene size (nt) A B C D E F G 
S. cerevisiae

S288C 
FLO1 4614 18.0 9.4 - - - - - 
FLO5 3228 8.0 9.6 - - - - - 
FLO9 3969 13.0 8.3 - - - - - 

FLO10 3510 - 3.8 4.4 - - - - 
FLO11 4104 - - - 38.7 6.6 - - 

S288C (ONT) 
FLO1 4615 18.0 9.4 - - - - - 
FLO5 3228 8.0 9.6 - - - - - 
FLO9 3978 13.0 8.3 - - - - - 

FLO10 3508 - 3.8 4.4 - - - - 
FLO11 4104 - - - 38.7 6.6 - - 

CBS 1483 
FLO1 (ScVI) 1038 - - - - - - - 
FLO5 (ScI) 2603 1.0 11.1 - - - - - 
FLO9 (ScI) 2967 5.0 15.4 - - - - - 

FLO11 (ScIX) 2787 - - - 14.1 5.6 - - 
S. eubayanus

CBS 12357 
FLO1 5517 - - - - - 24.7 2.8 
FLO5 1325 - - - - - - - 

FLO9 (SeI) 4752 - - - - - 8.3 45.9 
FLO9 (SeVI) 3480 - - - - - - - 
FLO9 (SeX) 4041 - - - - - 7.4 20.1 

FLO9 (SeXII) 3321 - - - - - - 10.2 
FLO10 (SeXI) 4128 - - - - - - - 
FLO11 (SeIX) 4149 - - - - - - - 

CBS 1483 
FLO5 (SeI) 1945 - - - - - 4.9 2.8 
FLO5 (SeI) 391 - - - - - - - 

FLO5 (SeVI) 3765 - - - - - - - 
FLO5 (SeXI) 2582 - - - - - 4.9 2.8 
FLO9 (SeI) 2100 - - - - - 3.0 3.8 

FLO9 (SeXII) 2892 - - - - - - 6.3 
FLO10 (SeVI) 3378 - - - - - - - 
FLO11 (SeIX) 3909 - - - - - - - 

Sequence heterogeneity in CBS 1483 
As other Group 2 S. pastorianus strains, CBS 1483 displays heterozygosity between different copies of 
its S. cerevisiae subgenome (11). We therefore systematically identified heterozygous nucleotides in 
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its genome and investigated the ORFs with allelic variation. Using 156x coverage of paired-end 
Illumina library of CBS 1483, we found a total of 6,367 heterozygous SNPs across the 
genome (Additional File 1F). Although the heterozygous SNPs are present across the whole genome, 
they affect primarily the S. cerevisiae sub-genome, with the majority clustered around 
centromeres (Figure 2). Of these positions, 58 % were located within ORFs, resulting in 896 ORFs with 
allelic variation consisting of 1 to 30 heterozygous nucleotides. A total of 685 ORFs showed 
heterozygosity which would result in amino acid sequence changes, including 16 premature stop 
codons, 4 lost stop codons and 1566 amino acid substitutions (Additional File 1F). Gene ontology 
analysis of the ORFs affected by heterozygous calls revealed no significant enrichment in processes, 
functions of compartments. However, it should be noted that several industrially-relevant genes 
encoded more than one protein version, such as: the BDH1 and BDH2 genes, encoding butane-diol 
dehydrogenases involved in reduction of the off flavour compound diacetyl (52), the FLO5 and FLO9 
genes encoding flocculins (49), and the OAF1 gene encoding a regulator of ethyl-ester production 
pathway (53). 

Structural heterogeneity in CBS 1483 chromosomes 
We investigated whether information about structural heterogeneity between chromosome copies 
could be recovered despite the fact that current assembly algorithms reduce genome assemblies to 
consensus sequences. Information about structural and sequence variation between different 
chromosome haplotypes is not captured by consensus assemblies. However, raw read data contains 
information for each chromosome copy. To identify structural heterogeneity, we identified ORFs 
whose predicted copy number deviated from that of the surrounding region in the chromosome 
based on read coverage analysis (Figure S3). We found 213 ORFs with deviating copy 
number (Additional File 1G). While no enrichment was found by gene ontology analysis, many of 
these ORFs are located in subtelomeric regions (29). Nevertheless, a few regions contained adjacent 
ORFs with deviating copy number, indicating larger structural variation between chromosome copies. 
For example, 21 consecutive ORFs in the right-end of the ScXV appear to have been deleted in 2 of 
the 3 chromosome copies (Figure S3). UIP3, one of the genes with deviating copy number, was 
located on the right arm of chromosome ScI. This region was previously identified as having an 
additional copy in CBS 1483, although it could not be localized based on short read data (10). The 
assembly graph showed two possible structures for ScI, which were collapsed into a single contig in 
the final assembly (Figure 1A). Sequence alignment, gene annotations and sequencing coverage 
indicated two versions of the ScI contigs: one with and one without the gene UIP3 (Figure 1B). 
Sequence alignments of raw-ONT reads revealed five reads (from 20.6 to 36.7 Kbp) linking the right 
arm of ScI to the left arm of ScXIV at position ~561 Kbp (Figure 1C). This location corresponded to a 
Ty-2 repetitive element; known to mediate recombination within Saccharomyces genomes (21). In 
addition to the increased coverage of the right arm of ScI, the left arm of ScXIV showed decreased 
sequencing coverage up until the ~561 Kbp position. Together, these results suggest that the left arm 
of one copy of ScXIV was replaced with an additional copy of the right arm of ScI (Figure 1D). As no 
reads covered both the recombination locus and the UIP3 locus, it remained unclear if UIP3 is 
present in the ScI copy translocated to chromosome ScXIV. The resolution of two alternative 
chromosome architectures of ScI and ScXIV illustrates the ability of long-read alignment to resolve 
structural heterozygosity. 
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the Qiagen 100/G kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and 
quantified using a Qubit® Fluorometer 2.0 (ThermoFisher Scientific, Waltham, MA). 

Short-read Illumina sequencing 
Genomic DNA of CBS 1483 and CDFM21L.1 was sequenced on a HiSeq2500 sequencer (Illumina, San 
Diego, CA) with 125 bp paired-end reads with an insert size of 550 bp using PCR-free library 
preparation by Keygene (Wageningen, The Netherlands). Genomic DNA of the Heineken A-Yeast 
isolate Hei-A was sequenced in house on a MiSeq sequencer (Illumina) with 300 bp paired-end reads 
using PCR-free library preparation. All Illumina sequencing data are available at NCBI 
(https://www.ncbi.nlm.nih.gov/) under the bioproject accession number PRJNA522669. 

MinION sequencing and basecalling 
A total of four MinION genomic libraries of CBS 1483 were created using different chemistries and 
flow cells: one library using 2D-ligation (Sequencing Kit SQK-MAP006) with a R7.3 chemistry flow cell 
(FLO-MIN103); two libraries using 2D-ligation (Sequencing Kit SQK-NSK007) with two R9 chemistry 
flow cells (FLO-MIN105); and one library using 1D-ligation (Sequencing Kit SQK-LASK108) with a R9 
chemistry flow cell (FLO-MIN106). All libraries were constructed using the same settings as previously 
described (24) and reads were uploaded and basecalled using the Metrichor desktop 
agent (https://metrichor.com/s/). All nanopore sequencing data are available at 
NCBI (https://www.ncbi.nlm.nih.gov/) under the bioproject accession number PRJNA522669. 

Table 3: Saccharomyces strains used in this study. For strains of the reference dataset, please refer to their 
original publication (61, 62). 

Name Species Description Reference 
CBS 1483 S. pastorianus  Group 2 (10) 
CBS 2156 S. pastorianus Group 2 (11) 
WS 34/70 S. pastorianus Group 2 (12) 
Heineken A-Yeast S. pastorianus Group 2 This study 
CBS 1503 S. pastorianus Group 1 (11) 
CBS 1513 S. pastorianus Group 1 (13) 
CBS 1538 S. pastorianus Group 1 (11) 
S288C S. cerevisiae Laboratory strain (102) 
CEN.PK113-7D S. cerevisiae Laboratory strain (24) 
CBS 7539 S. cerevisiae Ale brewing strain (55) 
CBS 1463 S. cerevisiae Ale brewing strain (55) 
A81062 S. cerevisiae Ale brewing strain (18) 
CBS 1171 S. cerevisiae Ale brewing strain (55) 
CBS 6308 S. cerevisiae Ale brewing strain (55) 
CBS 1487 S. cerevisiae Ale brewing strain (55) 
CBS 12357 S. eubayanus Patagonian Isolate (4) 
CDFM21L.1 S. eubayanus Tibetan isolate (64) 

De novo genome assembly 
The genome of CBS 1483 was assembled de novo using only the ONT sequencing data generated in 
this study. The assembly was generated using Canu (91), polished using Pilon (35) and annotated 
using MAKER2 (92), as previously described (24) with some modifications: Pilon (version 1.22) was 
only used to polish sequencing errors in the ONT-only de novo assembly, and Minimap2 (93) 
(version 2.7) was used as the long-read aligner to identify potential misassemblies and heterozygous 
structural variants, which were visualized using Ribbon (94). The resulting assembly was manually 
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Chapter 5: CRISPR-Cas9 mediated gene deletions in lager yeast 
Saccharomyces pastorianus  

Arthur R. Gorter de Vries #, Philip A. de Groot #, Marcel van den Broek, Jean-Marc G. Daran 

# These authors contributed equally to this publication and should be considered co-first 
authors. 

Background: The ease of use of CRISPR-Cas9 reprogramming, its high efficacy, and its 
multiplexing capabilities have brought this technology at the forefront of genome editing 
techniques. Saccharomyces pastorianus is an aneuploid interspecific hybrid of 
Saccharomyces cerevisiae and Saccharomyces eubayanus that has been domesticated for 
centuries and is used for the industrial fermentation of lager beer. For yet uncharacterised 
reasons, this hybrid yeast is far more resilient to genetic alteration than its ancestor 
S. cerevisiae.

Results: This study reports a new CRISPR-Cas9 method for accurate gene deletion in 
S. pastorianus. This method combined the Streptococcus pyogenes cas9 gene expressed
from either a chromosomal locus or from a mobile genetic element in combination with a
plasmid-borne gRNA expression cassette. While the well-established gRNA expression
system using the RNA polymerase III dependent SNR52 promoter failed, expression of a
gRNA flanked with Hammerhead and Hepatitis Delta Virus ribozymes using the RNA
polymerase II dependent TDH3 promoter successfully led to accurate deletion of all four
alleles of the SeILV6 gene in strain CBS 1483. Furthermore the expression of two ribozyme-
flanked gRNAs separated by a 10-bp linker in a polycistronic array successfully led to the
simultaneous deletion of SeATF1 and SeATF2, genes located on two separate chromosomes.
The expression of this array resulted in the precise deletion of all five and four alleles
mediated by homologous recombination in the strains CBS 1483 and Weihenstephan 34/70
respectively, demonstrating the multiplexing abilities of this gRNA expression design.

Conclusion: These results firmly established that CRISPR-Cas9 is significantly facilitating and 
accelerating genome editing in S. pastorianus. 
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SeURA3). All transformants either derived from the transformation with or without supply of a repair 
DNA produced a band with a size compatible with the wild type allele (Figure 5B). The Sanger 
sequencing results of the amplified fragments showed no indels at the site of the anticipated cut. 
With the exception of clone #10 that showed an unresolved purine (R), all URA3 sequences were 
identical to that of the reference IMX1187, confirming the absence of editing (Figure 5C). Therefore, 
to exclude defective expression of the gRNA, pUDR107 (gRNAURA3) was also transformed in 
S. cerevisiae IMX585 (cas9) (15) together with the ScURA3 120bp repair DNA. Out of the couple of 
dozens transformants, ten were randomly picked and diagnosed with by PCR. All transformants 
exhibited a band at 1440bp characteristic of the URA3 deletion. The same PCR from the 
untransformed CEN.PK113-7D yielded a fragment of 2244 bp (Figure 5D). This result established that 
pUDR107 enabled functional Cas9-mediated gene editing in S. cerevisiae IMX585, but not in 
S. pastorianus IMX1187.  

 
Figure 5: Deletion of ScURA3 in IMX1187 and IMX585 using RNA III polymerase dependent (SNR52p) gRNA 
expression. A-representation of the native and deleted ScURA3. The plasmid pUDR107 carried a gRNA under 
the control of the SNR52p. Primers used for validation of the deletion are indicated. B- Validation of 
transformants of the S. pastorianus IMX1187 strain with pUDR107 in presence or not of a 120 bp repair DNA. 
The PCR reactions were performed with the primers 9314 and 4728. All lanes (1 to 20) showed a PCR product 
of 1698 bp corresponding to the wildtype allele. The lane labelled with L designated the position of the DNA 
ladder (Gene ruler DNA ladder Mix (ThermoFischer Scientific #SM0332)). C- Sanger sequencing results of 
purified PCR fragments of ten transformants derived from the transformation of IMX1187 with pUD107 
(gRNAURA3). The gRNA spacer used to direct Cas9 is indicated in bold and the PAM sequence is underlined. 
D- Validation of transformants of the S. cerevisiae IMX585 strain with pUDR107 in presence or not of a 120 bp 
repair DNA. The PCR reactions were performed with the primers 4727 and 4728. The lanes (1 to 10) 
corresponding to transformants obtained with repair DNA showed a PCR product of 1440 bp corresponding to 
the deleted allele. The control lane labelled CEN.PK113-7D showed the wild type fragment at 2244bp. The lane 
labelled with L designated the position of the DNA ladder. 
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Plasmid-based co-expression of Cas9 and gRNA in S. pastorianus 
Given the notoriously low efficiency of gene insertion by homologous recombination in the genome 
of S. pastorianus, a plasmid was designed for co-expression of cas9 together with the gRNA, which 
would render cas9 expression more reproducible and facilitate genome editing in different 
S. pastorianus strains. The plasmid pUDP004 combined the cas9 expression cassette previously
integrated in IMX1187 and the different elements of pUDP003 including the RNA Polymerase II
dependent gRNA expression cassette (Figure 2). To assess the efficacy of the pUDP004 system
relative to the chromosome borne cas9 together with the pUDP003 system, gRNASeILV6 was inserted
in pUDP004 and the resulting plasmid pUDP012 was used to transform CBS 1483. In absence of a
120-bp repair DNA, a total of 14 transformants were obtained, while the number of transformants
increased by 63-fold reaching a total of 884 transformants when the repair fragment was
co-transformed. Diagnostic PCR using primers 9310 and 9313 confirmed successful deletion of SeILV6
in for all tested colonies and one colony producing a fragment corresponding to effective deletion of
SeILV6 was stocked as IMK771. To eliminate any doubt, the IMK771 genome was resequenced using
Illumina sequencing technology. The 150-bp pair-end reads were mapped on the CBS 1483 reference
genome sequence (4) and as expected no reads mapped to the region targeted for deletion,
indicating complete deletion of all four alleles of SeILV6. These results demonstrated that the
plasmid-based co-expression of cas9 and a gRNA was functional and could be used for effective
genome editing in S. pastorianus.

Multiplexing gene targeting by expression of double ribozyme flanked gRNAs array 
Despite the preexisting good genetic accessibility of S. cerevisiae strains, CRISPR-Cas9 mediated 
editing greatly simplified genome engineering approaches. In particular, the ability to multiplex 
editing events (15, 18, 50). Therefore, the possibility of multiplexed gRNA expression was 
investigated in the pUDP expression system. Conveniently, the self-cleaving properties of the 
ribozymes might be compatible with the construction of adjacent HH-gRNA-HDV linked in a 
polycistronic array. 

Encouraged by the successful SeILV6 deletion using pUDP004 based gRNA expression, a tandem array 
of [HH-gRNA-HDV] targeting SeATF1 and SeATF2 in S. pastorianus was designed. The two 
HH-gRNA-HDV were spaced with a 10-bp linker. The synthesized array was placed under the control 
of the ScTDH3 promoter in pUDP004 as described earlier for the SeILV6 gene. The recombinant 
plasmid pUDP044 (amdS cas9 TDH3p-HH-gRNASeATF1-HDV-HH-gRNASeATF2-HDV-CYC1t) was then used 
to transform two S. pastorianus strains: CBS 1483 and Weihenstephan 34/70. (Figure 7A). CBS 1483 
harboured one and three copies of SeATF1 and SeATF2 respectively, while Weihenstephan 34/70 
missed one SeATF2 allele relative to CBS 1483. Co-transformation of CBS 1483 and 
Weihenstephan 34/70 with pUPD044 and the corresponding repair fragments yielded 43 and 189 
transformants per plate respectively. In the absence of repair fragments, 15 and 44 colonies were 
obtained in CBS 1483 and Weihenstephan 34/70, respectively. A randomly picked set of seven 
colonies transformed with repair fragment were verified by PCR, which confirmed that all copies of 
SeATF1 and SeATF2 were deleted. One of the CBS 1483 transformants exhibiting the correct double 
SeATF1/SeAFT2 deletion was named IMK786 and similarly a Weihenstephan transformant was 
named IMK813 (Figure 7). The designed gRNAs were also confirmed to be specific to the 
S. eubayanus genes as the ScATF1 and ScATF2 genes were not affected (Figure 7C). To the best of our
knowledge, this represents the first application of polycistronic ribozyme flanked gRNA, as well as the
first demonstration of a successful double deletion in S. pastorianus.
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Discussion 
S. pastorianus is not genetically amendable
The results reported in this study firmly established that CRISPR-Cas9 improves the performance of
homology-directed recombination in S. pastorianus. In contrast to S. cerevisiae, a species amenable
to genetic modification, the interspecific hybrid S. pastorianus has shown higher resilience to
targeted genetic alterations. This was exemplified by the attempt to integrate the cas9 gene at a
specific chromosomal site using traditional double cross over. The size of the cassette complicated
the genotype characterisation, but the presence of the endonuclease gene was confirmed and
although whole genome resequencing of the strain IMX1187 did not completely resolve the structure
of the recombined locus, it strongly suggested that a single crossover integration event occurred,
resulting in integration of cas9 next to SPR3 instead of replacing SPR3 as intended. Several literature
reports corroborated our unfortunate experience (7, 8). In different microbial systems, the efficiency
of integration by homologous recombination was improved by impairing the Non-Homologous
End-Joining (NHEJ) function (51-53). This approach, though successful, was often accompanied by
side effects such as an exacerbated sensitivity to environmental stresses. In S. cerevisiae, inactivation
of Ku70 and Ku80, two proteins involved in NHEJ, resulted in severe alterations of telomere
maintenance and function as well as in deregulation of the cell cycle (54-58), which might explain
why this strategy has never been attempted in S. pastorianus. Furthermore, the absence of
improvement of the S. pastorianus genetic accessibility is not so surprising after all, since the brewing
industry as most industries involved in fermentation of products intended for human consumption,
has been reluctant to apply genetically modified organisms by fear of consumers group opinion (59),
and has privileged classical strain improvement programmes.

Eventually, the results reported in this study demonstrated that the introduction of a DSB, which 
stimulates occurrence of homologous recombination, would represent an efficient solution to 
circumvent the natural resilience to targeted genetic modification in S. pastorianus.  

gRNA expression in S. pastorianus 
Editing systems developed for S. cerevisiae could not be directly transfered to S. pastorianus. 
Although convoluted, the functionality of Cas9 in S. pastorianus was eventually demonstrated. In 
contrast to the situation in S. cerevisiae, the expression of the gRNA from the SNR52 promoter was 
unsuccessful. While the objectives of the study were not to fully understand the origin of the lack of 
functionality of the SNR52 driven gRNA expression, we could hypothesize that this problem might 
arise from the hybrid genome composition of S. pastorianus. Their alloaneuploid genome is a source 
of genetic innovations, e. g. increased chromosome copy number has facilitated introduction of 
allelic variations and cohabitation of the two parental genomes might have stimulated the 
adjustment of transcription circuits which together have contributed to adaptation of lager yeast to 
the intensified brewing environment (4, 60, 61). Furthermore, many cellular functions are controlled 
by protein complexes which in hybrid strains may be formed by assemblies of subunits originating 
from both parental sub-genomes, thereby creating another source of variation (62). The RNA 
polymerase III is a complex formed of six different subunits (TFC1, 3, 4, 6, 7 and 8) and the strain 
CBS 1483 retained both parental gene sets (4). Thus, the absence of editing might reflect a 
modification of the RNA polymerase III transcriptional control in S. pastorianus relative to 
S. cerevisiae. This could also be associated with promoter sequence variations between the parents
and the hybrid. The inspection of the SNR52 promoter sequences of the S. cerevisiae and
S. eubayanus parents revealed nucleotide variations with S. pastorianus promoters (Figure 8). The
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Conclusion 
The gRNA and Cas9 expression system developed in this study enabled CRISPR-Cas9 engineering in 
S. pastorianus. The system was applied successfully for the deletion of all alleles of SeILV6 and could
be multiplexed successfully to obtain the simultaneous deletion of all alleles of SeATF1 and SeATF2.
While the system was only tested for gene deletion in this study, functional CRISPR-Cas9 engineering
in S. pastorianus should also facilitate approaches such as gene insertions and directed mutagenesis.
As S. pastorianus is notoriously resilient to genetic modification, these developments significantly
improve its genetic accessibility and facilitate future research into the complex allo-aneuploid
genome of S. pastorianus.

Acknowledgements 
The authors would like to thank Hannes Jürgens (Delft University of Technology) and Veronica Gast 
(Delft University of Technology) for their contributions to the pUDP plasmid modification system. We 
also would like to thank Xavier Hakkaart for kindly providing pUDR107. We are thankful to Prof. Jack 
T. Pronk (Delft University of Technology) and dr. Niels Kuijpers (HEINEKEN Supply Chain B.V.) for
their support during this project and their critical reading of the manuscript.

References 
1. Libkind D, et al. (2011) Microbe domestication and the identification of the wild genetic stock of lager-brewing

yeast. Proc. Natl. Acad. Sci. U. S. A. 108(35):14539-14544.
2. Nakao Y, et al. (2009) Genome Sequence of the Lager Brewing Yeast, an Interspecies Hybrid. DNA Res. 16(2):115-

129.
3. Okuno M, et al. (2016) Next-generation sequencing analysis of lager brewing yeast strains reveals the evolutionary

history of interspecies hybridization. DNA Res. 23(1):67-80.
4. van den Broek M, et al. (2015) Chromosomal Copy Number Variation in Saccharomyces pastorianus Is Evidence 

for Extensive Genome Dynamics in Industrial Lager Brewing Strains. Appl. Environ. Microbiol. 81(18):6253-6267.
5. Walther A, Hesselbart A, & Wendland J (2014) Genome sequence of Saccharomyces carlsbergensis, the world's 

first pure culture lager yeast. G3 (Bethesda) 4(5):783-793. 
6. Hewitt SK, Donaldson IJ, Lovell SC, & Delneri D (2014) Sequencing and characterisation of rearrangements in three

S. pastorianus strains reveals the presence of chimeric genes and gives evidence of breakpoint reuse. PLoS One
9(3):e92203.

7. Duong CT, et al. (2011) Identification of Sc-type ILV6 as a target to reduce diacetyl formation in lager brewers'
yeast. Metab. Eng. 13(6):638-647.

8. Bolat I, Romagnoli G, Zhu F, Pronk JT, & Daran JM (2013) Functional analysis and transcriptional regulation of two 
orthologs of ARO10, encoding broad-substrate-specificity 2-oxo-acid decarboxylases, in the brewing yeast
Saccharomyces pastorianus CBS1483. FEMS Yeast Res 13(6):505-517.

9. Murakami N, et al. (2012) Construction of a URA3 deletion strain from the allotetraploid bottom-fermenting yeast
Saccharomyces pastorianus. Yeast 29(5):155-165.

10. Bollag RJ, Waldman AS, & Liskay RM (1989) Homologous recombination in mammalian cells. Annu Rev Genet 
23:199-225.

11. Choulika A, Perrin A, Dujon B, & Nicolas JF (1995) Induction of homologous recombination in mammalian 
chromosomes by using the I-SceI system of Saccharomyces cerevisiae. Mol Cell Biol 15(4):1968-1973.

12. Kuijpers NGA, et al. (2013) A versatile, efficient strategy for assembly of multi-fragment expression vectors in 
Saccharomyces cerevisiae using 60 bp synthetic recombination sequences. Microb. Cell Fact. 12.

13. Jinek M, et al. (2012) A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity.
Science 337(6096):816-821. 

14. Cong L, et al. (2013) Multiplex genome engineering using CRISPR/Cas systems. Science 339(6121):819-823.
15. Mans R, et al. (2015) CRISPR/Cas9: a molecular Swiss army knife for simultaneous introduction of multiple genetic 

modifications in Saccharomyces cerevisiae. FEMS Yeast Res. 15(2):fov004. 
16. DiCarlo JE, et al. (2013) Genome engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic Acids

Res. 41(7):4336-4343. 
17. Jakociunas T, et al. (2015) CasEMBLR: Cas9-Facilitated Multiloci Genomic Integration of in Vivo Assembled DNA

Parts in Saccharomyces cerevisiae. ACS Synth Biol 4(11):1226-1234.
18. Horwitz AA, et al. (2015) Efficient Multiplexed Integration of Synergistic Alleles and Metabolic Pathways in Yeasts 

via CRISPR-Cas. Cell Syst 1(1):88-96.



120 

19. Ryan OW & Cate JHD (2014) Multiplex Engineering of Industrial Yeast Genomes Using CRISPRm. Method Enzymol
546:473-489.

20. Turowski TW & Tollervey D (2016) Transcription by RNA polymerase III: insights into mechanism and regulation.
Biochem Soc Trans 44(5):1367-1375.

21. Gao Y & Zhao Y (2014) Self-processing of ribozyme-flanked RNAs into guide RNAs in vitro and in vivo for CRISPR-
mediated genome editing. J Int Plant Biol 56(4):343-349. 

22. Mali P, et al. (2013) RNA-guided human genome engineering via Cas9. Science 339(6121):823-826.
23. Li W, Teng F, Li T, & Zhou Q (2013) Simultaneous generation and germline transmission of multiple gene

mutations in rat using CRISPR-Cas systems. Nat Biotechnol 31(8):684-686.
24. Hwang WY, et al. (2013) Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat Biotechnol

31(3):227-229.
25. Friedland AE, et al. (2013) Heritable genome editing in C. elegans via a CRISPR-Cas9 system. Nat Methods

10(8):741-743.
26. Waaijers S, et al. (2013) CRISPR/Cas9-targeted mutagenesis in Caenorhabditis elegans. Genetics 195(3):1187-

1191.
27. Gratz SJ, et al. (2013) Genome engineering of Drosophila with the CRISPR RNA-guided Cas9 nuclease. Genetics 

194(4):1029-1035.
28. Schwartz CM, Hussain MS, Blenner M, & Wheeldon I (2016) Synthetic RNA Polymerase III Promoters Facilitate

High-Efficiency CRISPR-Cas9-Mediated Genome Editing in Yarrowia lipolytica. ACS Synth Biol 5(4):356-359.
29. Weninger A, Hatzl AM, Schmid C, Vogl T, & Glieder A (2016) Combinatorial optimization of CRISPR/Cas9 

expression enables precision genome engineering in the methylotrophic yeast Pichia pastoris. J Biotechnol
235:139-149.

30. Feng Z, et al. (2013) Efficient genome editing in plants using a CRISPR/Cas system. Cell Res 23(10):1229-1232.
31. Zhang B, Yang X, Yang CP, Li MY, & Guo YL (2016) Exploiting the CRISPR/Cas9 System for Targeted Genome

Mutagenesis in Petunia. Sci Rep 6.
32. Miao J, et al. (2013) Targeted mutagenesis in rice using CRISPR-Cas system. Cell Res 23(10):1233-1236.
33. Verduyn C, Postma E, Scheffers WA, & Vandijken JP (1992) Effect of Benzoic-Acid on Metabolic Fluxes in Yeasts - a

Continuous-Culture Study on the Regulation of Respiration and Alcoholic Fermentation. Yeast 8(7):501-517.
34. Solis-Escalante D, et al. (2013) amdSYM, a new dominant recyclable marker cassette for Saccharomyces 

cerevisiae. FEMS Yeast Res. 13(1):126-139.
35. Thompson JR, Register E, Curotto J, Kurtz M, & Kelly R (1998) An improved protocol for the preparation of yeast

cells for transformation by electroporation. Yeast 14(6):565-571. 
36. Bao ZH, et al. (2015) Homology-Integrated CRISPR-Cas (HI-CRISPR) System for One-Step Multigene Disruption in 

Saccharomyces cerevisiae. ACS Synth Biol 4(5):585-594. 
37. Yanisch-Perron C, Vieira J, & Messing J (1985) Improved M13 phage cloning vectors and host strains: nucleotide

sequences of the M13mp18 and pUC19 vectors. Gene 33(1):103-119.
38. de Kok S, et al. (2014) Rapid and reliable DNA assembly via ligase cycling reaction. ACS Synth Biol 3(2):97-106.
39. Gibson DG, et al. (2009) Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat Methods

6(5):343-345.
40. Liachko I & Dunham MJ (2014) An autonomously replicating sequence for use in a wide range of budding yeasts.

FEMS Yeast Res. 14(2):364-367.
41. Li H & Durbin R (2010) Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics

26(5):589-595.
42. Li H, et al. (2009) The Sequence Alignment/Map format and SAMtools. Bioinformatics 25(16):2078-2079.
43. Robinson JT, et al. (2011) Integrative genomics viewer. Nat Biotechnol 29(1):24-26. 
44. Wartmann T, et al. (2003) High-level production and secretion of recombinant proteins by Arxula adeninivorans. 

Yeast 20:S326-S326.
45. Goldstein AL & McCusker JH (1999) Three new dominant drug resistance cassettes for gene disruption in 

Saccharomyces cerevisiae. Yeast 15(14):1541-1553.
46. Bankevich A, et al. (2012) SPAdes: a new genome assembly algorithm and its applications to single-cell 

sequencing. J Comput Biol 19(5):455-477.
47. Generoso WC, Gottardi M, Oreb M, & Boles E (2016) Simplified CRISPR-Cas genome editing for Saccharomyces 

cerevisiae. J Microbiol Methods 127:203-205.
48. Guffanti E, et al. (2006) A minimal promoter for TFIIIC-dependent in vitro transcription of snoRNA and tRNA genes 

by RNA polymerase III. J Biol Chem 281(33):23945-23957.
49. Harismendy O, et al. (2003) Genome-wide location of yeast RNA polymerase III transcription machinery. EMBO J

22(18):4738-4747.
50. Ronda C, et al. (2015) CrEdit: CRISPR mediated multi-loci gene integration in Saccharomyces cerevisiae. Microb.

Cell Fact. 14.
51. Krappmann S, Sasse C, & Braus GH (2006) Gene targeting in Aspergillus fumigatus by homologous recombination 

is facilitated in a nonhomologous end- joining-deficient genetic background. Eukaryot Cell 5(1):212-215.
52. Ninomiya Y, Suzuki K, Ishii C, & Inoue H (2004) Highly efficient gene replacements in Neurospora strains deficient

for nonhomologous end-joining. Proc Natl Acad Sci USA 101(33):12248-12253.



121 

5 

53. Kooistra R, Hooykaas PJ, & Steensma HY (2004) Efficient gene targeting in Kluyveromyces lactis. Yeast 21(9):781-
792.

54. Boulton SJ & Jackson SP (1996) Saccharomyces cerevisiae Ku70 potentiates illegitimate DNA double-strand break
repair and serves as a barrier to error-prone DNA repair pathways. EMBO J 15(18):5093-5103. 

55. Polotnianka RM, Li J, & Lustig AJ (1998) The yeast Ku heterodimer is essential for protection of the telomere
against nucleolytic and recombinational activities. Curr Biol 8(14):831-834.

56. Laroche T, et al. (1998) Mutation of yeast Ku genes disrupts the subnuclear organization of telomeres. Curr Biol
8(11):653-656.

57. Gravel S, Larrivee M, Labrecque P, & Wellinger RJ (1998) Yeast Ku as a regulator of chromosomal DNA end 
structure. Science 280(5364):741-744.

58. Barnes G & Rio D (1997) DNA double-strand-break sensitivity, DNA replication, and cell cycle arrest phenotypes of
Ku-deficient Saccharomyces cerevisiae. Proc Natl Acad Sci USA 94(3):867-872.

59. Varzakas TH, Arvanitoyannis IS, & Baltas H (2007) The politics and science behind GMO acceptance. Crit. Rev. Food
Sci. Nutr. 47(4):335-361. 

60. Gibson B & Liti G (2015) Saccharomyces pastorianus: genomic insights inspiring innovation for industry. Yeast 
32(1):17-27.

61. Gorter de Vries AR, Pronk JT, & Daran JG (2017) Industrial relevance of chromosomal copy number variation in 
Saccharomyces yeasts. Appl. Environ. Microbiol. 83:e03206-03216.

62. Piatkowska EM, Naseeb S, Knight D, & Delneri D (2013) Chimeric protein complexes in hybrid species generate
novel phenotypes. PLoS Genet 9(10):e1003836.

63. Nissim L, Perli SD, Fridkin A, Perez-Pinera P, & Lu TK (2014) Multiplexed and programmable regulation of gene
networks with an integrated RNA and CRISPR/Cas toolkit in human cells. Mol Cell 54(4):698-710.

64. Nodvig CS, Nielsen JB, Kogle ME, & Mortensen UH (2015) A CRISPR-Cas9 System for Genetic Engineering of 
Filamentous Fungi. PloS One 10(7):e0133085.

65. Weber J, et al. (2017) Functional Reconstitution of a Fungal Natural Product Gene Cluster by Advanced Genome
Editing. ACS Synth Biol 6(1):62-68.

66. Bolat I, Walsh MC, & Turtoi M (2008) Isolation and characterization of two new lager yeast strains from the 
WS34/70 population. Roum Biotechnol Lett 6:62-73.

67. Nijkamp JF, et al. (2012) De novo sequencing, assembly and analysis of the genome of the laboratory strain 
Saccharomyces cerevisiae CEN.PK113-7D, a model for modern industrial biotechnology. Microb. Cell Fact. 11.

68. Norrander J, Kempe T, & Messing J (1983) Construction of improved M13 vectors using oligodeoxynucleotide-
directed mutagenesis. Gene 26(1):101-106.

69. Larkin MA, et al. (2007) Clustal W and Clustal X version 2.0. Bioinformatics 23(21):2947-2948.





123 

6 

Chapter 6: Allele-specific genome editing using CRISPR-Cas9 is 
associated with loss of heterozygosity in diploid yeast 

Arthur R. Gorter de Vries, Lucas G. F. Couwenberg, Marcel van den Broek, Pilar de la Torre 
Cortés, Jolanda ter Horst, Jack T. Pronk and Jean-Marc G. Daran 

Targeted DNA double-strand breaks (DSBs) with CRISPR-Cas9 have revolutionized genetic 
modification by enabling efficient genome editing in a broad range of eukaryotic systems. 
Accurate gene editing is possible with near-perfect efficiency in haploid or (predominantly) 
homozygous genomes. However, genomes exhibiting polyploidy and/or high degrees of 
heterozygosity are less amenable to genetic modification. Here, we report an up to 99-fold 
lower gene editing efficiency when editing individual heterozygous loci in the yeast genome. 
Moreover, Cas9-mediated introduction of a DSB resulted in large scale loss of heterozygosity 
affecting DNA regions up to 360 kb and up to 1700 heterozygous nucleotides, due to 
replacement of sequences on the targeted chromosome by corresponding sequences from 
its non-targeted homolog. The observed patterns of loss of heterozygosity were consistent 
with homology directed repair. The extent and frequency of loss of heterozygosity represent 
a novel mutagenic side-effect of Cas9-mediated genome editing, which would have to be 
taken into account in eukaryotic gene editing. In addition to contributing to the limited 
genetic amenability of heterozygous yeasts, Cas9-mediated loss of heterozygosity could be 
particularly deleterious for human gene therapy, as loss of heterozygous functional copies of 
anti-proliferative and pro-apoptotic genes is a known path to cancer.  
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