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Summary

The hybrid yeast Saccharomyces pastorianus is the microbial ‘workhorse’ responsible
for production of lager beer. With an annual production of 1.9 billion hectolitres, this
type of beeris the most popular alcoholic beverage worldwide. S. pastorianus ferments
sugars present in wort to ethanol and a variety of flavour molecules that contribute
to the taste and perception of the beverage. This yeast has emerged from a natural
hybridization event in a human-caused environment, which probably occurred in late
medieval times, between the mesophilic ale yeast Saccharomyces cerevisiae and the
cryotolerant yeast Saccharomyces eubayanus. As a consequence, S. pastorianus strains
harbour chromosomes from both these parental species. In addition, prolonged
domestication in lager brewing processes has led to many additional changes in
S. pastorianus: individual chromosomes underwent extensive recombination and
occur in different copy numbers that, moreover, vary between strains. The advent of
whole genome sequencing technologies has contributed to insights into the complex
genomic ‘blueprints’ of S. pastorianus strains.

The allo-aneupolyploid genomes of currently used brewing yeast strains were shapedin
centuries of evolution, with industrial brewing conditions providing selective pressure.
Today, targeted genetic engineering enables researchers to alter or add traits beyond
what is achievable by solely applying selective pressure. The rapid development
of CRISPR-Cas-based tools for genome editing have, particularly in baker’s yeast
S. cerevisiae and to a lesser extent in non-conventional yeast species, greatly
accelerated strain development. However, applying these tools in heterozygous allo-
aneupolyploid contexts such as those in S. pastorianus poses substantial technological
challenges.

The aim of the research described in this thesis was to develop novel genome
editing strategies for yeasts, improving the genetic accessibility of hybrid yeasts and
subsequently applying these methodologies to generate novel lager brewing strains
with enhanced brewing characteristics.

Modern genome editing approaches, including CRISPR-Cas, typically exploit cellular
pathways responsible for repair of DNA damage. Two main mechanisms participate
in the repair of double-strand DNA breaks (DSB): non-homologous end joining (NHEJ)
and homology-directed repair (HDR). The error-prone NHEJ system directly ligates the
strand ends, with accompanying nucleotide insertions or deletions. In contrast, HDR
repairs DSBs by using the genetic information from a DNA donor template. When the
CRISPR-Cas endonuclease is targeted to a DNA sequence of interest by a specifically
designed CRISPR RNA, a DSB is introduced, which activates the HDR machinery
to repair the break by recombination with a naturally available DNA template or
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a template provided by the researcher. Recent intensive research had led to the
discovery of a variety of Cas endonucleases, among which the single effector proteins
Cas9 and Cas12a, belonging to Class 2. To date, the most studied endonucleases are
type-ll Streptococcus pyogenes Cas9 (SpyCas9) and type-V-A Francisella novicida Cas12a
(FnCas12a) (previously known as (Cpf1).

Several CRISPR-Cas methods have been validated for fast and highly efficient single
gene editing events in S. cerevisiae. Moreover, diverse multiplex genome editing
approaches have been developed for both Cas9 and Cast2a endonucleases and
their associated guide RNAs (gRNAs), which target these endonucleases to specific
genomic locations. Typically, the gRNAs used to guide a Cas endonuclease to the
editing site are expressed from plasmid-borne expression cassettes under control
of native RNA polymerases Il or Ill. However, the gRNA-expression plasmids are
often suboptimal and their construction requires time-consuming cloning steps. In
Chapter 2, the potential of expressing gRNA from linear DNA fragments using T7 RNA
polymerase, both for single and multiplex editing, was investigated in S. cerevisiae.
Transforming short, linear DNA fragments encoding gRNAs in yeast strains expressing
a T7 RNA polymerase was shown to be adequate to direct the FnCas12a endonuclease
to the site of action, resulting in highly efficient single and multiplexed gene editing. By
introducing a T7 RNA polymerase and gDNA oligonucleotide, this approach decouples
gRNA productionfromthe host polymerase and plasmid templates, thereby completely
eliminating these obstacles. The DNA fragments used in this new approach can be
custom-ordered, which makes it highly suitable for automated, high-throughput yeast
strain construction.

The deeply investigated and widely applied hallmark endonuclease SpyCas9 is
associated with a complex patent landscape and its targeting requirements, such
as the requirement for a GC-rich PAM sequence and complex structural elements
required for gRNAs, can restrict its applicability in some contexts. Chapter 3
investigates application of a recently discovered Cas12a endonuclease for genome
editing in S. cerevisiae, originating from Eubacterium rectale. Cas12 possesses attractive
fundamental characteristics and its application is not coupled to reach-through royalty
claims. Methods to improve the efficiency of Eubacterium rectale Cas12a (ErCas12a)
editing were investigated by adjusting the length of the direct repeats and spacers as
well as by testing different crRNA expression systems. The optimal design parameters
for genome editing were defined as a 21 nucleotide spacer flanked by 19 nucleotide
direct repeats expressed from either RNA polymerase Il or Ill promoters. Applying
these guidelines to single editing events resulted in near 100% editing efficiencies.
Moreover, the ability of ErCas12a to process a multi-spacer crRNA array using its
innate RNA processing capability allowed for the simultaneous editing of multiple
chromosomal locations.



Summary

Both di- and polyploid heterozygous and hybrid yeast strains experience unpredictable
lossofheterozygosity whenintroducingtargeted DSBswith CRISPR-Casinheterozygous
chromosomes. In such scenarios, the intact homolog or homoeologous chromosome
is often preferred as template for homology-directed repair, thus preventing the
targeted introduction of the desired repair construct. This loss of heterozygosity
undermines targeted genetic editing and drastically reduces genome editing efficiency
in these yeasts. Chapter 4 outlines how the extraordinarily complex hybrid genome of
the lager yeast S. pastorianus can be edited with high efficiency by targeting Cas9 to
carefully selected genomic ‘landing sites’. The uniqueness of the chimeric SeScCHRIII
chromosome in the applied strain CBS 1483 was crucial for it to serve a such as safe
platform for CRISPR-Casg editing. Integration sites on this chromosome were selected
and evaluated based on i) absence of loss of heterozygosity upon CRISPR-editing,
ii) efficiency of the gRNA, and iii) absence of effect on strain physiology. Successful
examples of highly efficient single and double gene integration illustrate that genome
editing can be applied in hybrid yeasts, thereby opening up new avenues for lager
yeast strain development. Genome-wide analysis of different S. pastorianus strains
showed that a chimeric SeScCHRIII chromosome was nearly always present as sole
CHRIII or in combination with either a SeCHRIII or ScCHRIII version. This observation
indicates that our results should be applicable to other S. pastorianus strains and
interspecific hybrids and, thereby, can contribute to a rapidly intensifying field of
research on improving and expanding performance of brewing yeasts by introduction
of expression cassettes for non-native genes or gene versions. An example of such an
application was investigated in detail in Chapter 5.

In Chapter 5, the landing sites on SeScCHRIl were used for metabolic engineering
of S. pastorianus to enhance the biosynthesis of ethyl esters (ethyl hexanoate, ethyl
octanoate and ethyl decanoate), which, even in trace amounts, are crucial flavour
compounds in lager beer. Ethyl esters, known for imparting fruity and floral taste notes
to beer, are synthesized from cytotoxic medium-chain acyl-CoA intermediates released
by the fatty acid synthase complex during the fatty acid biosynthesis. Increasing the
supply of medium-chain acyl-CoA precursors was identified as the prime target for
increasing the ethyl ester levels. Through Cas9-based genetic engineering, specific
mutations were introduced in domains of the fatty acid synthase complex encoded
by FAS1 and FAS2 genes. The resulting variants were then overexpressed individually
or in combination by integration of expression cassettes at the genomic ‘landing
sites’ identified in Chapter 4. Overexpression of SCFAS13°¢* and ScFAS2%%% significantly
improved ethyl hexanoate production while ScFAS1*®4 boosted ethyl octanoate
production. Combined overexpression of FAST and FAS2 genes carrying these specific
mutations also increased final ethyl ester concentrations in cultures grown on full
malt wort. Additional overexpression of the esterase gene ScEEB1 increased the
conversion of the increased pools of medium-chain fatty acids into the corresponding
ethyl esters. Brewing tests with these genetically engineered S. pastorianus strains
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confirmed significant alterations in the flavour profiles of the produced beers. This
chapter highlights the potential of metabolic and genetic engineering in S. pastorianus
for producing alternative flavour palettes in beer.



Samenvatting

De hybride gist Saccharomyces pastorianus is het microbiéle ‘werkpaard’ dat
verantwoordelijk is voor de productie van pilsbier. Met een jaarlijkse productie van
1,9 miljard hectoliter is dit type bier wereldwijd de populairste alcoholische drank.
S. pastorianus fermenteert suikers die in wort aanwezig zijn tot ethanol en een
verscheidenheid aan smaakmoleculen die bijdragen aan de smaak en perceptie van
de drank. Deze gist is voortgekomen uit een natuurlijke hybridisatiegebeurtenis
tussen de mesofiele biergist Saccharomyces cerevisiae en de cryotolerante gist
Saccharomyces eubayanus. Deze hybridisatie vond hoogstwaarschijnlijk plaats in de
late middeleeuwen in een door de mens veroorzaakte omgeving. Als gevolg van deze
genetische oorsprong herbergen de S. pastorianus-stammen chromosomen van beide
oudersoorten. Bovendien heeft langdurige domesticatie in brouwprocessen geleid
tot veel extra veranderingen in S. pastorianus: individuele chromosomen ondergingen
uitgebreide recombinatie enkomenvoorinverschillende kopie-aantallen die bovendien
variéren tussen stammen. De komst van technieken waarmee de DNA-volgorde van
complete genomen kan worden bepaald heeft in belangrijke mate bijgedragen aan het
verkrijgen van inzicht in de complexe genetische ‘blauwdrukken’ van S. pastorianus-
stammen.

De allo-aneupolyploide genomen van de momenteel gebruikte brouwgiststammen zijn
het resultaat van eeuwen van evolutie waarvoor industriéle brouwomstandigheden
de selectiedruk leverden. Tegenwoordig stelt gerichte genetische manipulatie
onderzoekers in staat om eigenschappen te veranderen of toe te voegen die verder
gaan dan wat haalbaar is door alleen selectieve druk uit te oefenen. De snelle
ontwikkeling van op CRISPR-Cas gebaseerde hulpmiddelen voor genoombewerking
(‘genome editing’, ofwel het herschrijven van delen van het genoom) heeft, met name
in bakkersgist S. cerevisiae en in mindere mate in niet-conventionele gistsoorten, de
ontwikkeling van stammen sterk versneld. Het toepassen van deze hulpmiddelen in
complexe heterozygote en allo-aneupolyploide contexten zoals die in S. pastorianus,
brengt echter nog steeds aanzienlijke technologische uitdagingen met zich mee.

Het doel van het onderzoek dat in dit proefschrift wordt beschreven, was het
ontwikkelen van nieuwe genoombewerkingsstrategieén voor gisten, het verbeteren
van de genetische toegankelijkheid van hybride gisten en vervolgens het toepassenvan
deze methodologieén om nieuwe pilsbrouwstammen te genereren met verbeterde
brouweigenschappen.

Moderne benaderingen voor genoombewerking, waaronder CRISPR-Cas, maken
meestal gebruik van cellulaire routes die verantwoordelijk zijn voor het herstel
van DNA-schade. Twee belangrijke mechanismen nemen deel aan het herstel
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van dubbelstrengs DNA-breuken (DSB): ‘non-homologous end joining’ (NHEJ)
en ‘homology directed repair’ (HDR). Het foutgevoelige NHEJ-systeem ligeert de
uiteinden van de strengen rechtstreeks, waarbij vaak nucleotide-inserties of -deleties
optreden. HDR daarentegen repareert DSB’s door de genetische informatie van
een DNA-donorsjabloon te gebruiken. Wanneer de CRISPR-Cas-endonuclease wordt
gericht op een bepaalde DNA-sequentie door een specifiek ontworpen CRISPR-RNA,
wordt een DSB geintroduceerd. De DNA-breuk activeert de HDR mechanisme om de
breuk te repareren door middel van recombinatie met een natuurlijk beschikbaar of
door de onderzoeker aangeleverd DNA-sjabloon. Recent intensief onderzoek heeft
geleid tot de ontdekking van een verscheidenheid aan Cas-endonucleases, waaronder
de eiwitten Cas9 en Cas12a die tot klasse 2 behoren. Tot op heden zijn de meest
bestudeerde endonucleases type-Il Streptococcus pyogenes Casg (SpyCas9) en type-
V-A Francisella novicida Cas12a (FnCas12a) (voorheen bekend als Cpf1).

Verschillende CRISPR-Cas-methoden zijn gevalideerd voor snelle en efficiénte van
enkelvoudige genetische modificatiesinS. cerevisiae. Bovendienzijn er diverse multiplex
genoombewerkingsbenaderingen (ingrepen waarbij tegelijkertijd verschillende
genetische modificaties worden aangebracht) ontwikkeld voor zowel Casg- als
Cas12a-endonucleases en hun bijbehorende gids-RNA’s (SRNA’s). Deze gRNA's zorgen
ervoor dat de endonucleases worden gericht op specifieke locaties in het genoom.
Doorgaans worden de gRNA’s die worden gebruikt om een Cas-endonuclease naar
de bewerkingsplaats te leiden, tot expressie gebracht vanaf expressiecassettes die
op plasmiden worden aangeboden en waarbij de expressie wordt gecontroleerd
door natieve RNA-polymerases Il of IlI. De plasmiden met gRNA-expressie zijn echter
vaak suboptimaal en hun constructie vereist tijdrovende kloneringsstappen. In
hoofdstuk 2 werd daarom een alternatieve methode onderzocht. Hierbij werd
het gRNA in S. cerevisiae afgelezen van lineaire DNA-fragmenten met behulp van
T7 RNA-polymerase, zowel voor enkelvoudige als multiplex genoombewerking.
Het transformeren van korte, lineaire DNA-fragmenten die coderen voor gRNA’s in
giststammen die een T7 RNA-polymerase tot expressie brengen, bleek voldoende te
zijn om de FnCas12a-endonuclease naar de plaats van actie te leiden, wat resulteerde
in zeer efficiénte enkelvoudige en multiplex genbewerking. Door een T7 RNA-
polymerase en gDNA-oligonucleotide te introduceren, omzeilt deze methode volledig
de noodzaak voor het gebruik van een gistpolymerase en voor plasmideconstructie.
De DNA-fragmenten die in deze nieuwe aanpak worden gebruikt, kunnen op maat
worden besteld, waardoor deze methode zeer geschikt is voor geautomatiseerde
‘high-throughput’ constructie van giststammen.

De grondig onderzochte en op grote schaal toegepaste endonuclease SpyCas9
is geassocieerd met een complex octrooilandschap. Bovendien stelt dit nuclease
specifieke eisen voor het correct sturen van het gRNA, zoals een GC-rijke PAM-
sequentie en complexe structurele elementen in het gRNA. Deze eisen kunnen de
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toepasbaarheid van SpyCasg in sommige contexten beperken. Hoofdstuk 3 onderzoekt
de toepassing van een recent ontdekte Cas12a-endonuclease voor genoombewerking
in S. cerevisiae, afkomstig uit Eubacterium rectale. Eubacterium rectale Cas12a (ErCas12)
bezit aantrekkelijke fundamentele kenmerken en de toepassing ervanis niet gekoppeld
aan ‘reach-through’ claims voor betaling van royalties. Methoden om de efficiéntie
van ErCas12a-bewerking te verbeteren werden onderzocht door de lengte van ‘direct
repeats’ en spacers aan te passen en door verschillende gRNA-expressiesystemen
te testen. De optimale ontwerpparameters voor genoombewerking werden
gedefinieerd als een spacer met 21 nucleotiden geflankeerd door ‘direct repeats’ van
19 nucleotiden die tot expressie worden gebracht door RNA-polymerase II- of llI-
promoters. Het toepassen van deze richtlijnen op één genoomaanpassing resulteerde
in bijna 100% bewerkingsefficiéntie. Bovendien maakte het vermogen van ErCasi2a
om een multi-spacer crRNA-array te verwerken met behulp van zijn inherente RNA-
verwerkingscapaciteit gelijktijdige modificaties op meerdere plekken in het genoom
mogelijk.

Zowel di- als polyploide heterozygote en hybride giststammen ondergaan een
onvoorspelbaar verlies van heterozygotie bij het introduceren van gerichte
dubbelstrengs-breuken met CRISPR-Cas in heterozygote chromosomen. In dergelijke
scenario’s blijkt vaak een intact homoloog of homeoloog chromosoom als sjabloon
voor de DNA reparatie met HDR te worden gebruikt, waardoor de gerichte introductie
van het door de onderzoeker ontworpen reparatieconstruct niet optreedt. Het
resulterende verlies van heterozygotie ondermijnt gerichte genetische bewerking en
vermindert de efficiéntie van het bewerken van het genoom in deze gisten drastisch.
Hoofdstuk 4 beschrijft hoe het buitengewoon complexe hybride genoom van de
pilsbiergist S. pastorianus met hoge efficiéntie kan worden bewerkt door Casg terichten
op zorgvuldig geselecteerde genomische ‘landingsplaatsen’. Het unieke karakter van
het chimeer SeScCHRIII-chromosoom in de hierbij gebruikte stam CBS 1483 was cruciaal
om zo’n veilig platform te bieden voor CRISPR-Cas9-bewerking. Integratieplaatsen op
dit chromosoom werden geselecteerd en geévalueerd op basis van i) afwezigheid
van verlies van heterozygotie bij CRISPR-bewerking, ii) efficiéntie van het gRNA, en
i) afwezigheid van effect op de fysiologie van de stam. Succesvolle voorbeelden
van zeer efficiénte enkele en dubbele integratie van genen demonstreerden dat
deze strategie voor genoombewerking kan worden toegepast in hybride gisten,
waardoor nieuwe wegen worden geopend voor de ontwikkeling van pilsgiststammen.
Genoombrede analyse van verschillende S. pastorianus-stammen toonde aan dat een
chimeer SeScCHRIIl-chromosoom bijna altijd aanwezig was, ofwel als enig CHRIII,
ofwel in combinatie met een SeCHRIIIl- of ScCHRIIl-versie. Deze waarneming geeft
aan dat onze resultaten toepasbaar zouden moeten zijn op andere S. pastorianus-
stammen en hybriden en daardoor kunnen bijdragen aan een snelle intensivering van
het onderzoek naar het verbeteren en uitbreiden van de prestaties van biergisten
door de introductie van expressiecassettes voor (versies van) genen die van nature
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niet in deze gisten voorkomen. Een voorbeeld van een dergelijke toepassing is in
hoofdstuk 5 uitvoerig onderzocht.

In hoofdstuk 5 werden de “landingsplaatsen” op SeScCHRIII gebruikt voor genetische
modificatie van S. pastorianus met het doel om de biosynthese van ethylesters
(ethylhexanoaat, ethyloctanoaat en ethyldecanoaat) te verbeteren. Deze verbindingen
zijn zelfs in sporenhoeveelheden cruciale smaakstoffen in pilsbier. Ethylesters,
die fruitige en bloemige smaaktonen geven in bier, worden gesynthetiseerd uit
cytotoxische middellange-keten acyl-CoA-tussenproducten die vrijkomen tijdens
de biosynthese van vetzuren door het vetzuursynthasecomplex. Het verhogen
van het aanbod van middellangeketen-acyl-CoA-precursoren werd aangemerkt als
een belangrijk doelwit voor het verhogen van de ethylesterniveaus. Door middel
van genetische modificatie met Cas9 werden specifieke mutaties geintroduceerd
in domeinen van het vetzuursynthasecomplex dat wordt gecodeerd door de FAS1-
en FAS2-genen. De resulterende varianten werden vervolgens afzonderlijk of in
combinatie tot overexpressie gebracht door integratie van expressiecassettes op de
in hoofdstuk 4 geidentificeerde ‘landingsplaatsen’. Overexpressie van ScFAS13°* en
ScFAS2¢5% verbeterde de productie van ethylhexanoaat aanzienlijk, terwijl SCFAS1R1834K
de productie van ethyloctanoaat verhoogde. De gecombineerde overexpressie van
FAS1- en FAS2-genen met deze specifieke mutaties verhoogde ook de uiteindelijke
ethylesterconcentraties in culturen die op wort werden gekweekt. De combinatie
van FAS1- en FAS2-overexpressie met overexpressie van het esterase-gen ScEEB1
verhoogde de conversie van de verhoogd beschikbare middellange ketenvetzuren in
de overeenkomstige ethylesters. Brouwproeven met deze genetisch gemanipuleerde
S. pastorianus-stammen bevestigden significante veranderingen in de smaakprofielen
van de geproduceerde bieren. Dit hoofdstuk belicht het potentieel van metabole
en genetische manipulatie in S. pastorianus voor het produceren van alternatieve
smaakpaletten in bier.
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Introduction



Chapter 1

1.1. From traditional lagers to exploring the potential of alternative beers

Archaeological evidence traces the origins of brewing back to between 13000 and
4000 BCE (Michel et al., 1992, Liu et al., 2018). The Sumerians of Mesopotamia are
among the first humans to have recorded their beer brewing activities (Hornsey, 2012).
Ancient brewing processes were probably quite simple and based on spontaneous
fermentation of grains in water. The Egyptian, Greek and Roman civilizations
contributed to the technological development and spread of beer brewing. A further
development of beer brewing occurred in medieval European monasteries. Monks
not only brewed beer for their own consumption, but also shared their expertise with
local communities. The use of hops as a flavouring and preservative agent, popularized
in the gth and 10th centuries, revolutionized the brewing process and contributed to
development of the beer types we know today.

The emergence of the lager beer can be traced back to 16™-century Bavaria, where
regulations were implemented to standardize the brewing process and improve
product quality. The ‘Reinheitsgebot’ (or Purity Law, 1516) restricted the ingredients
usedin brewing to water, barley and hops and contributed to amore consistent product
quality (Hornsey, 2003). Although not explicitly mentioned in the Reinheitsgebot,
yeast played an essential role during fermentation. Despite instatement of the
Reinheitsgebot, beer brewed in summer often exhibited a high degree of sourness. In
1533, anadditional decree prohibited brewing from the Feast of Saint George (April 23t")
to Michaelmas (September 29'). This decree effectively moved brewing activities to
the colder season. Consequently, brewing yeasts were exposed to lower temperatures
and, over time, bottom-fermenting yeasts (lager yeasts) became dominant. Bottom
fermentation is done at lower temperature (5-10 °C), than top fermentations (18-25
°C) with ale yeasts. Due to the lower temperature, fermentation and carbon dioxide
production in lager brewing processes are slower and yeast cells are able to form flocs
that sediment to the bottom of the fermentation tank at the end of the fermentation
process. The German word ‘lagern’ (to store) originated from the practice of storing
winter-brewed beers during summer (Meussdoerffer, 2009).

The discoveries of Pasteur (Pasteur, 1858, Pasteur, 1876) and Hansen (Hansen, 1883)
attributed alcoholic fermentation to the activity of yeast cells and led to the isolation
of pure cultures of brewing yeasts. This development revolutionized the brewing
process by improving consistency and quality of the produced beer. Technological
advancements such as steam power and refrigeration further improved and intensified
production and distribution of beer in the 19™ and 20 centuries (Poelmans & Swinnen,
201, Hutzler et al., 2023). Large-scale breweries allowed for mass production and
wider availability of beer to the growing urban populations. Today lager beer is by far
the most popular beer type worldwide and, with a global consumption of 1.9 billion
hectolitres in 2022, accounted for over 90% of total beer consumption (Kirin-Holdings,
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2022). Except for a slight decline in 2020 due to the impact of the COVID-19 pandemic,
the global lager beer market has experienced consistent growth and is predicted to
reach over one trillion USD by 2030 (Fortune-Business-Insights, 2023).

In recent decades, the brewing industry has experienced significant transformations
due to changing consumer preferences. A notable recent trend is the rise of craft
brewing, which focuses on producing distinctive and innovative beers with an
emphasis on quality and unique flavour profiles. By incorporating an array of additives,
including fruits, spices, herbs, and various grains, non-conventional beer styles have
been developed that cater for the diverse preferences of today’s consumers. The
market value for craft brewing is expected to double from 2020 to 2028 (Fortune-
Business-Insights, 2023). Another significant trend, driven by more health- and safety-
conscious consumers, is an increasing demand for low-alcohol and non-alcoholic
beers. Brewers respond to this trend by developing beers with reduced alcohol
content, while minimizing compromises on aroma and taste. Furthermore, the
brewing industry actively seeks to reduce environmental impact of brewing by water
conservation measures, implementation of more energy-efficient brewing processes
and elimination of energy-intensive steps in production and transport (https://www.
carlsberggroup.com/ and https://www.theheinekencompany.com/).

1.2. The importance of the Saccharomyces genus for industrial
biotechnology and fundamental research

Among the nearly 2000 yeast genera identified, the Saccharomyces (Greek for ‘sugar
fungus’) genus, belonging to the Ascomycota phylum, comprises a diverse group of
species with impacts in various biological fields (Rainieri et al., 2003) (Figure 1.1). The
best known and most intensively investigated species in the Saccharomyces genus
is Saccharomyces cerevisiae. Commonly known as baker’s yeast, this yeast plays an
indispensable role in human civilization (Legras et al., 2007). First described in 1837
(Schwann, 1837, Donalies et al., 2008), S. cerevisiae is a widely used industrial host
for biotechnological processes due to its efficient metabolism for the conversion of
sugars during alcoholic fermentation (Verstrepen et al., 2006, Donalies et al., 2008).
This capability is not only crucial for the production of alcoholic beverages, but also for
leavening bread, sustainable bioethanol production as alternative for petroleum-based
fuels, and serving as host strain in various applications within the pharma-, agriculture-,
and environmental biotechnology sectors.

S. cerevisiae is not only a versatile industrial microorganism but, as a eukaryotic model
organism, also provides valuable insights into fundamental cellular processes in
eukaryotes. Inthelatterrole, S. cerevisiae has been at the forefront of molecular biology
for five decades and played key roles in many cell biological and biotechnological
breakthroughs, including discoveries in DNA replication, cell cycle regulation (Culotti &
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Hartwell, 1971, Hartwell, 1971a, Hartwell, 1971b) (Nobel prize 2001, Leland H. Hartwell,
Tim Hunt and Sir Paul M. Nurse), transcription (Lue & Kornberg, 1987) (Nobel prize 2006,
Roger Kornberg) and telomere structure (Shampay et al., 1984) (Nobel Prize 2009,
Jack Szostak, Elizabeth Blackburn, and Carol Greider). The remarkably high genetic
conservation of basic cellular processes in human cells and yeasts became apparent
in 1987, when a human gene was shown to complement a mutation in yeast (Lee &
Nurse, 1987). This observation opened the way to functionally analyse human genes
and processes in the experimentally better accessible microorganism S. cerevisiae
(Boonekamp et al., 2022). S. cerevisiae boasts several firsts in fundamental and applied
biology: the first eukaryote to have its genome fully sequenced (Goffeau et al., 1996),
the first genetically modified organism approved for food applications (Aldhous, 1990)
and the first eukaryote carrying a fully synthetic chromosome (Annaluru et al., 2014).
Thorough study of this microorganism has led to an abundance of freely available
datasets covering its transcriptome (Lashkari et al., 1997, Cho et al., 1998, Daran-
Lapujade et al., 2009), proteome (Zhu et al., 2001) and metabolome (Jewison et al.,
2012) for a wide variety of genetic and environmental contexts. Moreover, a collection
of S. cerevisiae deletion mutants (Winzeler et al., 1999, Giaever et al., 2002), genome-
wide overexpression libraries (Jones et al., 2008), and libraries of fluorescent-protein
tagged yeast strains (Ghaemmaghamiet al., 2003, Huh et al., 2003) are available (Cherry
etal., 20m).

Alongside Saccharomyces cerevisiae, the Saccharomyces genus includes the species
S.uvarum (Pulvirentietal., 2000, Nguyen & Gaillardin, 2005), S. paradoxus, S. kudriavzevii
(Sampaio & Gongalves, 2008), S. mikatae (Naumov et dl., 2000), S. arboricola (Wang
& Bai, 2008), S. eubayanus (Libkind et al., 2011), the newest member of this genus,
S. jurei (Dujon & Louis, 2017, Naseeb et al., 2017), and interspecific hybrids designated
S. pastorianus and S. bayanus, each with their own genotypic and phenotypic
characteristics (Figure 1.1).

— S. cerevisiae

— S. paradoxus

S. mikatae
S. kudriavzevii

S. arboricola wine and cider hybrids

— S. eubayanus S. bayanus

-—— S. uvarum

Figure 1.1. Phylogeny of the Saccharomyces genus based on genome sequencing data. Interspe-
cific hybridizations resulting in S. pastorianus and S. bayanus species, as well as other hybrids
found in wine, beer and cider fermentations are highlighted.
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1.3. The emergence of lager brewing yeasts

S. cerevisiae is responsible for conversion of sugars into alcohol and flavours during the
production of ale beers. Throughout the domestication of ale yeasts, variants were
selected in which mutations conferred adaptations to changes in the brewing process.
When brewing in the cold seasons was adopted and lager beer was developed, strong
evolutionary pressures on the yeast drove a hybridization event between different
Saccharomyces species. Hybridization is a natural mechanism that occurs upon
mating between species (interspecific mating) and which leads to the combination
of genomes of different species into a single cell. Thereby, hybridization allows the
inheritance of phenotypic traits from both parental species but also can lead to hybrid
vigour (heterosis), which encompasses the outperformance by the hybrid of both its
parents (Gibson & Liti, 2015, Hebly et al., 2015, Krogerus et al., 2015). The interspecific
hybrid yeast now referred to as Saccharomyces pastorianus is a hybrid of an
S. cerevisiae ale-brewing yeast and the cold-tolerant species S. eubayanus. This hybrid
proved more resilient to the fermentation conditions during lager brewing than either
of its parental species (Nilsson-Tillgren et al., 1981, Holmberg, 1982, Martini & Kurtzman,
1985, Martini & Martini, 1987, Tamai et al., 1998, Yamagishi & Ogata, 1999). Other hybrid
yeast species, such as hybrids of S. cerevisiae and either S. kudriavzevii, S. uvarum or the
hybrid S. bayanus and even triple hybrids of S. uvarum, S. cerevisiae and S. kudriavzevii,
have been identified mostly in wine, beer and cider fermentation contexts (Masneuf
etal.,, 1998, Naumov et al., 2000, Naumova et al., 2005, Querol & Bond, 2009, Libkind et
al., 2011) (Figure 1.1).

As a result of the domestication and identification of favourable fermentation traits,
distinct pure culture lineages of the lager-brewing yeast were isolated, characterized
and classified (Gallone et al., 2016). Taxonomically, these hybrid, bottom-fermenting
yeasts were classified as S. carlsbergensis (Unterhefe Nr. 1), S. pastorianus and
S. monacensis (Unterhefe Nr. 11) (Hansen, 1896, Meussdoerffer, 2009, Monerawela &
Bond, 2017). These species were initially treated as separate entities due to their distinct
fermentation characteristics and physiological differences (Kyselové et al., 2023), but
in the late 1980s, it was discovered that all bottom-fermenting yeasts were similar
interspecific hybrid yeasts and they were collectively reclassified as S. pastorianus
(Nilsson-Tillgren et al., 1981, Martini & Martini, 1987, Martini & Martini, 1998, Rainieri
et al., 2006, Bond, 2009, Wendland, 2014, Gibson & Liti, 2015, Kyselové et al., 2023).
Only recently, the genome of S. pastorianus was shown to encompass sequences
of S. cerevisiae and of an initially unknown Saccharomyces species (Holmberg, 1982,
Casaregola et al., 2001, Naumova et al., 2005, Rainieri et al., 2006, Caesar et al., 2007,
Smart, 2007, Dunn & Sherlock, 2008, Bond, 2009). For a long time, it was believed
that this missing parental species was represented by a variant of the hybrid yeast
Saccharomyces bayanus (Martini & Martini, 1987, Tamai et al., 1998, Yamagishi &
Ogata, 1999, Casaregola et al., 2001, Rainieri et al., 2006, Nakao et al., 2009), a more
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cold-tolerant yeast species (Sato et al., 2002). The first whole genome sequence of
the lager brewing yeast S. pastorianus was obtained from Weihenstephan 34/70,
commonly used in lager beer brewing (Nakao et al., 2009). The S. cerevisiae content
of the genome assembly had an average of 99.2% identity with the genome of the
S. cerevisiae laboratory strain S288C, but its S. bayanus-like content showed a relatively
low similarly with only 92.7% average identity to the open reading frames of the
S. bayanus CBS 7001 reference strain (the only S. bayanus genome sequence available
at the time). This indicated that S. bayanus was not the direct ancestor of S. pastorianus
and not involved in the hybridization event (Monerawela & Bond, 2017).

In 2011, the first natural isolate of S. eubayanus, was found on fruiting bodies of Cyttaria
hariotii growing on Nothofagus spp. trees in the Patagonian Andes in Argentina (Libkind
et al., 2011, Sampaio, 2018). Sequencing of its genome instantaneously untangled the
mysteryaround the missing parent of the lager brewingyeastS. pastorianus, asit showed
a 99.5% similarity to the non-cerevisiae subgenome (Libkind et al., 2011, Sampaio, 2022).
With the discovery of S. eubayanus, S. bayanus is known to result from the hybridization
between S. uvarum and S. eubayanus, with introgressions of S. cerevisiae (Libkind et al.,
2011). Since its discovery, S. eubayanus has been found at more locations in Patagonia
(Rodriguez et al., 2014, Nespolo et al., 2020), the Tibetan Himalayas, Sichuan and West
China (Bing et dal., 2014), New Zealand (Gayevskiy & Goddard, 2016), North America
(Perisetal., 2014, Langdon et al., 2020) and Ireland (Bergin et al., 2022). Next-generation
sequencing advances were essential to reconstruct the genome of S. eubayanus
(Libkind et al., 2011, Baker et al., 2015, Hebly et al., 2015, Gayevskiy & Goddard, 2016,
Brouwers et al., 2019, Langdon et al., 2020, Bergin et al., 2022). Phylogenetic analysis
of the isolated S. eubayanus strains revealed that the S. eubayanus subgenome of S.
pastorianus is more closely related to strains belonging isolated from the Himalayans
(Bing et al., 2014, Gibson & Liti, 2015, Peris et al., 2016, Langdon et al., 2020, Bergin et
al., 2022). However, no known S. eubayanus strain isolated until today seems to be the
direct ancestor of lager-brewing yeasts while, based on sequence similarity, ale strains
are the most likely contributor to their S. cerevisiae subgenome (Gallone et al., 2016,
Gongalves et al., 2016). Genome-wide analysis of S. cerevisiae isolates clearly separates
into distinctive lineages by geographical locations or by source type. The beer-related
S. cerevisiae strains cluster as the likely ancestor of lager yeasts (Gallone et al., 2016,
Monerawela & Bond, 2017).

1.4. The complex genome architecture of S. pastorianus

After the first S. pastorianus genome assembly (Nakao et al., 2009), genomes of
S. pastorianus isolated from the Carlsberg brewery (S. carlsbergenesis Unterhefe Nr. 1,
now in the Centraal Bureau voor Schimmelcultures as CBS 1513) (Waltheretal., 2014) and
S. pastorianus CBS 1483 isolated from the Heineken brewery (van den Broek et al., 2015,
Salazar et al., 2019) were, amongst others (Hewitt et al., 2014, De Leén-Medina et al.,

22



Introduction

2016), sequenced using next-generation sequencing techniques. Among S. pastorianus
strains, significant variability is observed between their brewing characteristics. This
variability is particularly evident in their ability to ferment maltotriose and in their
growth kinetics at low temperatures. Consequently, S. pastorianus strains were
classified into two primary groups: Saaz (Group 1) and Frohberg (Group II) (Liti et
al., 2005, Dunn & Sherlock, 2008). These groups correlate with geographical origin
of S. pastorianus strains. Group | strains (sometimes referred to as S. carlsbergensis
(Wendland, 2014)) were used in the Carlsberg brewery (Denmark) and in Saaz (Czech
Republic) beer types, while Group Il contains strains from the Netherlands (Heineken,
Oranjeboom and other breweries), non-Carlsberg Danish breweries and two North
American breweries (Dunn & Sherlock, 2008). Both lineages harbour interspecific
allopolyploid hybrids derived from hybridization of S. cerevisiae and S. eubayanus
(Dunn & Sherlock, 2008, Gibson et al., 2013, Walther et al., 2014, van den Broek et dl.,
2015, Salazar et al., 2019). Group | and Group Il strains both harbour a diploid genome
originating from S. eubayanus. A contrast emerges in their S. cerevisiae component,
which is incomplete in Group | strains (for example, ScCHRVI, ScCCHRXI and ScCHRXII
are often missing), while Group Il strains contain a diploid or even larger S. cerevisiae
genome complement (Liti et al., 2005, Dunn & Sherlock, 2008, Wendland, 2014, van den
Broek et al., 2015, Okuno et al., 2016, Gorter de Vries et al., 2019). This genetic disparity
corresponds with phenotypic attributes observed within these groups. Group | strains,
whose genomes show a preponderance of S. eubayanus content, display higher
cold-temperature adaptability, but a poorer fermentation performance than Group
I strains, which is probably due to compromised maltotriose utilization (Gibson et
al., 2013). Conversely, the genetic makeup of Group Il strains accentuates qualities
inherent to S. cerevisiae, including more efficient maltotriose utilization, albeit often at
the expense of low-temperature performance (Gibson et al., 2013, Gallone et al., 2016).

Chromosome copy numbers can directly affect phenotype, since increased gene copy
number affects expression levels and, in addition, can confer mutational flexibility (De
Barros Lopes et al., 2002, Liti et al., 2005, Krogerus et al., 2016, Gorter de Vries et al.,
2017, De La Cerda Garcia-Caro et al., 2022). Possessing additional gene copies expands
the potential for functional enhancements and gene neofunctionalization, allowing
for the emergence of novel functions. In S. pastorianus, chimeric chromosomes (e.g.
SeScCHRIII, ScSeCHRVII, SeScCHRVII, ScSeCHRXIII and SeScCHRXII) were formed as a
result of the recombination of homologous chromosomes inherited from their two
different parents (Bond et al., 2004, Dunn & Sherlock, 2008, Bond, 2009, Nakao et dl.,
2009, Salazar et al., 2019). In these chimeric chromosomes, recombination sites are
oftenlocatedin openreading frames, leading to the emergence of new unique chimeric
genes (e.g. ZUO1, KEM1/XRN1, HSP82, MAT and MALT413) (Hewitt et al., 2014, Walther et
al., 2014, Okuno et al., 2016, Brouwers et al., 2019). Chimeric genes can confer new or
improved functions or can be regulated differently compared to the original genes and
might play important roles in hybrid vigour (Hewitt et al., 2014, Gorter de Vries et al.,
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Figure 1.2. Hybridization of the cryotolerant S. eubayanus cell and an S. cerevisiae cell resulted
in a common S. pastorianus ancestor from which two genotypically and phenotypically distinct
groups evolved. Group | and Group Il strains of S. pastorianus exhibit a diploid genome orig-
inating from S. eubayanus. Group Il strains retained both S. cerevisiae derived chromosomes,
Group | strains have a smaller and often incomplete S. cerevisiae subgenome. Group | strains
are better adapted to low-temperatures, but exhibit poorer fermentation performance, while
Group Il strains have better maltotriose-fermentation, typically at the expense of low-tempera-
ture resilience.

2019). A consequence of harbouring a hybrid genome is that its genetic redundancy
causes genetic instability (Smart, 2007, Querol & Bond, 2009, Kumaran et dl., 2013).
Particularly, the repetitive (sub)telomeric regions of chromosomes, which often
harbour genes involved in industrially relevant traits such as flocculation and sugar
uptake (e.g. FLO genes and MAL loci), are relatively unstable and provide room for
genetic divergence (Monerawela et al., 2015, Monerawela & Bond, 2017).

How hybridization and/or subsequent changes in hybrid genomes resulted in the two
distinct groups has been subject of intensive debate in literature (Querol & Bond, 2009,
Monerawela & Bond, 2017, Gallone et al., 2018, Monerawela & Bond, 2018, Salazaret al.,
2019) (Figure 1.2). One hypothesis suggests that the two distinct groups emerged from
two independent single hybridization events. According to this hypothesis, Group |
strains emerged from mating of a haploid S. cerevisiae cell with a diploid S. eubayanus
cell, while Group Il strains emerged from mating of a haploid ale S. cerevisiae strain with
a haploid S. eubayanus strain followed by whole genome duplication or hybridization
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of two diploid parental strains (De Barros Lopes et al., 2002, Rainieri et al., 2006, Legras
et al., 2007, Dunn & Sherlock, 2008, Baker et al., 2015). However, genome sequencing
revealed identical recombination locations between S. cerevisiae and S. eubayanus
chromosomes in Group | as well as Group II S. pastorianus strains for the genes KEM1/
XRN1, HSP82 and MAT (Hewitt et al., 2014, Walther et al., 2014, Okuno et al., 2016,
Monerawela & Bond, 2018, Salazar et al., 2019). This observation of genetic markers
pointed towards one common hybrid ancestor for both groups, after which the two
groups diverged by changing chromosome copy numbers. The single hybridization
event generating the S. pastorianus ancestor could have occurred between a haploid
S. cerevisiae and diploid S. eubayanus similar to Group [ strains, followed by a second
hybridization event with a haploid S. cerevisige to generate the Group Il strains
(Monerawela & Bond, 2017, Karabin et al., 2018, Monerawela & Bond, 2018, Lin et dl.,
2021). Differences within the S. cerevisiae subgenome led to the hypothesis that one of
the parents in this second hybridization could have been a Stout-derived S. cerevisiae
yeast strain (Monerawela & Bond, 2017, Monerawela & Bond, 2018). Nonetheless,
the hypothesis remained that due to fragile sites or recombination hotspots, these
identical chromosomal breakpoints could have emerged in two independent lineages
(Hewitt et al., 2014, Baker et al., 2015, Monerawela et al., 2015, Monerawela & Bond,
2017, Monerawela & Bond, 2018). Laboratory evolution of S. cerevisiae x S. eubayanus
hybrids under lager brewing conditions however did not develop these genetic
markers, which may be interpreted as support for the single-hybridization hypothesis
(Gorter de Vries et al., 2019). The recent increase in accessibility and affordability of
whole-genome sequencing techniques has resulted in a boost in sequencing of
S. pastorianus genomes, allowing for a large-scale comparative genome analysis
between Group | and Group Il strains. These studies showed that the DNA inherited
from the S. cerevisiae is highly similar in all tested strains (Magalh&es et al., 2016,
Okuno et al., 2016, Gorter de Vries et al., 2019, Salazar et al., 2019) and, thereby, further
supported the single-hybridization model.

1.5. Genetic targets for brewing yeast improvements

Currently used brewing yeasts are the results of centuries of evolution. Modifying the
yeast genome in the laboratory allows for altering traits beyond what is achievable
by solely applying selective pressure. Due to the rapid expansion of yeast genetic
engineering tools in the recent decade, construction of genetically modified strains
has become much faster as well as more accurate. This development paves the way
for designing and constructing industrial brewing yeast strains with improved flavour
profiles or other features related to product quality, consistency and product diversity
(Saerens et al., 2010, Dzialo et al., 2017). In additional, genetic engineering targets for
brewing strain development may be selected with the primary aim to increase the
efficiency and sustainability of production processes.
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Enhancing flavour profiles

Reducing or eliminating the off-flavours vicinal diketones, 4-vinyl guaiacol and hydrogen
sulfide

The quality of the end product and, in particular, a well-balanced flavour profile, with
a body and mouthfeel fitting to the targeted beer type along with the corresponding
alcohol levels, is a primary target for process development and optimization. Reducing
off-flavours and strengthening desired flavours is essential to achieve a good quality
end product. It is therefore not surprising that genetic engineering strategies to
reduce levels of off-flavours have garnered much interest. Undesirable compounds in
lager beer include vicinal diketones (e.g. diacetyl (butter) and pentadione (honey)),
dimethyl sulfide (DMS, cooked or rotten vegetables) and hydrogen sulfide (HS,
rotten eggs). The vicinal diketone diacetyl (2,3-butanedione), one of the main off-
flavours in lager-style beers, is formed extracellularly by spontaneous decarboxylation
of a-acetolactate, an intermediate of the valine and leucine biosynthetic pathways
in yeast (Krogerus & Gibson, 2013). Another vicinal diketone, 2,3-pentanedione, is
similarly derived from isoleucine biosynthesis. This compound and has a honey-like
flavour that is undesirable in most beer types. Its human sensory threshold (HST) level
(1.5 mg L") is ten-fold higher than that of diacetyl (0.15 mg L"). A low-temperature
lagering period after fermentation, during which the yeast reduces diacetyl to
acetoin and 2,3-butanediol, and 2,3-pentanedione to 2,3-pentanediol (Figure 1.3) is
required to reduce vicinal diketone concentrations. This lagering step is essential for
flavour improvement, but has a significant negative impact on the time and energy
requirements of industrial brewing.

To accelerate beer maturation, brewers may add a purified acetolactate decarboxylase
enzyme (brand name Maturex (Novozyme)). In addition, several genetic engineering
strategies have been investigated to lower the formation of diacetyl, with most
focusing on the intermediate a-acetolactate. Amino acid biosynthesis pathways in
yeast have been explored as targets for reducing vicinal diketone formation. Deletion
of ILV2, which encodes acetolactate synthase, leads to reduced diacetyl formation,
but causes growth defects due to an inability to synthesize amino acids valine,
leucine, and isoleucine (Petersen et al., 1983, Gjermansen et al., 1988). Modulating the
promoter sequence of ILV2 reduces its expression level and limits diacetyl formation,
while generating enough enzyme activity for amino acid biosynthesis (Petersen et al.,
1983). Additionally, upregulating the branched-chain amino acid biosynthesis pathway
downstream of a-acetolactate by overexpressing ILV5, successfully reduces total
vicinal diketone formation without compromising cell growth (Omura, 2008). Deletion
of ILV6, which encodes a regulatory subunit of acetolactate synthase, reduces activity
of ILV2 and diminishes diacetyl formation (Duong et al., 2011).
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Figure 1.3. Schematic representation of vicinal diketone off-flavour production from the isoleu-
cine, leucine and valine (ILV) biosynthesis pathways in brewer’s yeasts. Key reactions in amino
acid biosynthesis occur in the mitochondria. The intermediates 2-hydroybutyrate and aceto-
lactate are transported over the (mitochondrial) membrane, after which spontaneous decar-
boxylation results in formation of 2,3-pentanedione and diacetyl, respectively. Genes encoding
enzymes responsible for relevant conversions are highlighted in blue.

Some prokaryotes and Archaea harbour enzymes that catalyse a direct conversion
of a-acetolactate to acetoin. Expression of such a heterologous a-acetolactate
decarboxylase from Brevibacillus brevis, Enterobacter aerogenes, Aerobacter aerogenes,
Acetobacter aceti ssp. Xylinum, Bacillus subtilis or Leuconostoc lactis in S. cerevisiae or
S. pastorianus significantly reduces diacetyl formation (Sone et al., 1988, Fujii et al.,
1990, Suihko et al., 1990, Blomqvist et al., 1991, Yamano et al., 1994, Yamano et al.,
1995, Guo et al., 2001, Chapter 4) and remains the most efficient metabolic engineering
strategy for reducing diacetyl formation to date.

Saccharomyces yeast can convert hydroxycinnamic acids present in wort, of which
ferulic acid is the most abundant, into phenolic off-flavour molecules. Of these POF
compounds, vinyl guaiacol (4VG), with its spicy clove-like flavour, is most problematic
as its sensory threshold is very low (0.3 mg L") (McMurrough et al., 1996, Krogerus et
al., 2016, Krogerus et al., 2017, Yu et al., 2001) (Figure 1.4). Such phenolic compounds
are considered off-flavours in most beers, with the exception of some Belgian beers
and German Hefeweizen beers. The S. cerevisiae genome harbours two genes that
are essential for the POF* phenotype. FDC1 encodes the responsible decarboxylase
and PAD1 its essential co-factor. These adjacent genes are located on chromosome IV
(Clausen et al., 1994, Mukai et al., 2010). The POF* phenotype is highly strain specific
and mostly lost (POF) in domesticated brewing strains (Baker et al., 2015, Gallone
et al., 2016, Goncalves et al., 2016). In Frohberg (group 1) S. pastorianus strains, the
SeFDC1-SePAD1 gene cluster has often been lost due to translocations of the ScCHRIV
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and the SeCHRXIII arms, while the S. cerevisiae ScFDC1 contains a frameshift causing a
premature stop codon and ScPAD1 has two non-synonymous mutations (Nakao et al.,
2009, van den Broek et dal., 2015, Salazar et al., 2019). High-throughput mutagenesis,
screening and selection strategies have been developed to generate POF brewing
strains (Mertens et al., 2015) and POF S. eubayanus isolates (Diderich et al., 2018). Also,
targeted engineering using CRISPR-Casg has been exploited to generate a standardized
methodology for systematic introduction of a naturally occurring mutation in FDC1 into
S. cerevisiae x S. eubayanus hybrids (Mertens et al., 2019).

Undesirable sulfides can impart off-flavours to beer when their concentration exceeds
the human sensory threshold (100 ug L") and, thereby, significantly affect the beer’s
flavour stability and consistency. One such off-flavour is dimethyl-sulfide (DMS), a by-
product of the mashing and fermentation processes. S-methylmethionine (SMM) is
the precursor for DMS and originates from methionine formed during germination and
kilning of barley in the malting process. Although relevant genetic factors are largely
unknown, the high-affinity permease encoded by MMP1 transports SMM into the cell
after which it is metabolized to methionine by a methyl transferase. A premature
stop codon in the MMP1 transporter gene (MMP1°3%4) has been identified in wine and
brewing yeasts. The resulting truncated protein of 179 instead of 583 amino acids
unlikely to be functional, which could well lead to reduced SMM uptake by yeast cells
(Eder et al., 2022). Another target for reduction of DMS formation is the gene MRX1,
which encodes a methionine sulfoxide reductase involved in conversion of DMSO to
DMS (Hansen et al., 2002).

Hydrogen sulfide (H,S) adversely affects the flavour of lager beer. H S can be formed by
yeast-mediated reduction of sulfate to sulfide, resulting in characteristic a rotten egg
smell (Figure 1.4). Both minimizing the generation of H,S and increasing the synthesis
of homocysteine, which involves incorporation of HS, have been investigated in
metabolic engineering studies. Deleting MET10, which encodes sulfite reductase
(Hansen & Kielland-Brandt, 1996) and overexpression of CYS4 encoding cystathionine
B-synthase were both shown to significantly reduce the release of H S in the final beer
(Tezuka et al., 1992).

Improving the production of flavour-active compounds: acetate esters, ethyl esters and
higher alcohols

Volatile esters, present in trace amounts, play a crucial role in shaping the flavour
profile (Verstrepen et al., 2003, Pires et al., 2014). Esters are formed in yeast metabolism
through an enzyme-catalysed condensation reaction between an alcohol and an
activated acyl-coenzyme A (acyl-CoA) molecule. The identity of the alcohol and the
acyl moiety determine which ester, and therefore which flavour, is formed. The rate
of ester biosynthesis is determined by the concentration of these two substrates
and and by the kinetics and specificity of the responsible enzyme. Two main groups
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Figure 1.4. Schematic representation of phenolic off-flavour production (right) and sulfur me-
tabolism (left) in brewer’s yeasts. Phenolic off-flavours are produced from decarboxylation
reactions catalysed by Fdc1, which requires a cofactor generated by Pad1. Sulfate is the main
precursor for sulfur-containing off-flavours in beer. Common phenolic off-flavour reactions are
highlighted in the green box. Genes encoding enzymes responsible for conversions are high-
lighted in blue.

of esters can be identified based on their precursor molecules: the acetate esters
(e.g., isoamyl acetate, ethyl acetate, isobutyl acetate and phenylethyl acetate) and
ethyl esters (e.g., ethyl hexanoate, ethyl octanoate) (Verstrepen et al., 2003) (Figure
1.5). Several hypotheses have been postulated regarding the physiological role of
ester biosynthesis. The most pertinent of these is that ester formation contributes
to detoxification of higher alcohols and medium chain fatty acids (Nordstrom, 1964,
Hundova & Fencl, 1977, Taylor & Kirsop, 1977, Saerens, 2008, Saerens et dal., 2010).

The formation of acetate esters involves acetylation of fusel alcohols. These alcohols
originate from the Ehrlich pathway, which decarboxylates and subsequently reduces
the carbon skeletons of some amino acids (Vuralhan et al., 2005, Hazelwood et
al., 2008, Romagnoli et al., 2012). Alternatively, acetate esters can be formed from
ethanol and acetyl-CoA by alcohol acetyltransferases (AATases), encoded by ATF1 and
ATF2 (Fujii et al., 1994, Fujii et al., 1996, Yoshimoto et al., 1998, Yoshimoto et al., 1999,
Mason & Dufour, 2000, Verstrepen et al., 2003) (Figure 1.5). Ethyl acetate, an ester of
ethanol and acetyl-CoA with a solvent-like flavour, is synthesized by the AAT enzyme
encoded by EAT1 (Kruis et al., 2017, Kruis et al., 2018). Ethyl esters are formed by the
condensation of ethanol and an acyl-CoA molecule, of which the carbon chain may
vary from 2 to 10. Acyl-CoA and ethanol are converted to their ethyl ester derivative
by acyl-coenzyme A:ethanol O-acyltransferase esterases (AEAT) encoded by EEB1
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(Saerens et al., 2006) and EHT1 (Mason & Dufour, 2000, Saerens et dl., 2006, Knight
et al., 2014), with Eeb1p being the primary enzyme responsible for this conversion
(Saerens et al., 2006) (Figure 1.5). Intriguingly, overexpressing the esterases EEB1 and
EHT1 in S. cerevisiae does not in itself result in a large increase in ethyl ester levels,
indicating that the precursor concentration rather than esterase activity may be the
limiting factor for ester formation, (Saerens et al., 2006, Saerens, 2008, Saerens et dl.,
2008). Recently, a study overexpressing EEB1, encoding the esterase, and ETR1, which
encodes a mitochondrial 2-enoyl thioester reductase involved in fatty acid metabolism
in yeast, did show increased levels of ethyl hexanoate and ethyl octanoate, which
however remained below human sensory threshold levels (Yin et al., 2019).

Other flavours whose production levels have been targets for genetic engineering
include higher alcohols (isoamyl alcohol, 2-phenylethanol, propanol, butanol, and
isobutanol) (Pires et al., 2014). Higher alcohols are synthesized via the Ehrlich pathway.
In this pathway, amino acids are transaminated into the respective a-keto acids by
specific transaminases encoded by BAT1, BAT2, ARO8 or ARO9. After the transamination,
the a-keto acid is decarboxylated to the corresponding aldehyde by decarboxylases
encoded by PDC1, PDC5, PDC6 or ARO10, with each having its preferred substrate.
Subsequently, the resulting ‘fusel aldehydes’ are reduced to the corresponding higher
alcohols alcohol dehydrogenases encoded by ADH1, ADH2, ADH3, ADH4, ADH5 and
ADH6 (Romagnoli et al., 2012). Several genes, including ARO80, encode regulators
that control and balance the biosynthesis of higher alcohols in the cell. In addition
to the Ehrlich pathway (e.g. 2-phenylethanol from phenylalanine), fusel alcohols (e.g.
2-phenylethanol) can also be synthesized de novo from phosphoenolpyruvate and
erythose-4-phosphate via the shikimate pathway and the Ehrlich pathway (Hassing et
al., 2019) (Figure 1.6). Deregulation of genes involved in the amino acid biosynthesis
pathway, shikimate pathway and Ehrlich pathway has resulted in increased fusel
alcohol levels (Bolat et al., 2013, Pires et al., 2014, Dzialo et al., 2017, Hassing et al., 2019).

Improvement of beer production efficiency and profitability

In addition to enhancing the quality of the final beer, brewers also seek to increase
the brewing efficiency in terms of yield, rate and titre. These objectives often align
with the development of a more sustainable production process. One example is the
reduction or elimination of the off-flavour diacetyl, as the lagering period after the
fermentation that is required to reduce its concentration has a significant impact on
the time and energy requirements of the beer production process (Krogerus & Gibson,
2013). Zooming in on the fermentation, the logical approach is to strive for a more
efficient use of available nutrients (e.g. sugars and nitrogen compounds) by yeast.
The fermentable sugar content of wort in decreasing order of abundance consists
of maltose, maltotriose, glucose, sucrose and fructose. Yeast strains generally prefer
monosaccharides, followed by disaccharides and only then trisaccharides which, in
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Figure 1.6. Schematic representation of higher alcohol biosynthesis in brewer’s yeasts. Higher
alcohols are synthesized from branched-chain amino acids that are transaminated to yield the
corresponding a-keto acids (transaminase encoded by BAT1, BAT2, ARO8 or ARO9), followed
by decarboxylation to the aldehydes (decarboxylases encoded by PDC1, PDC5, PDC6 or ARO10)
and reduction towards the higher alcohols (alcohol dehydrogenases encoded by ADH1, ADH2,
ADH3, ADH4, ADH5 and ADH6). Phenyl ethanol can be derived from the amino acid phenylalanine.
Alternatively, they can be formed from phenylpyruvate, synthesized via the shikimate and Eh-
rlich pathway. Specific higher alcohol synthesis routes are highlighted in the green box. Genes
encoding enzymes responsible for conversions are highlighted in blue.
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many strains, are incompletely fermented. Lower final sugar concentrations change
flavour by reducing sweetness, and simultaneously, ethanol production is increased.

Sedimentation of yeast cells in the final stage of fermentation, which involves the
aggregation of yeast cells in a process called flocculation, is genetically complex. The
exact contribution of different flocculins, which are encoded by a set of FLO genes, to
flocculation phenotypes remains unknown, as well the impact of external factors on
FLO gene activity (e.g. stress factors, ethanol concentrations, nutrient concentrations,
temperature, pH agitation, wort aeration and calcium concentration) (Watari et al.,
1994, Verstrepen et al., 2001, Verstrepen et al., 2003, Vidgren & Londesborough, 2011).
The timing and efficiency of flocculation are essential for the beer production efficiency
and genetic engineering could be a valuable method for achieving controlled biomass
separation during fermentation.

Alleviating the rate liming step in sugar metabolism: membrane transport

The efficient utilization of fermentable sugars in wort requires transport across
the membrane by transmembrane transporter proteins. In Saccharomyces yeasts,
facilitated diffusion of hexoses is mediated by a set of up to 20 different hexose
transporters with different kinetic properties (Boles & Hollenberg, 1997). In contrast,
disaccharide and trisaccharide transport is facilitated by proton symporters that rely
on energy supplied by the electrochemical proton gradient over the membrane.
The uptake of maltose and maltotriose is considered to be the rate-limiting step in
their metabolism, making these transmembrane transporters highly relevant genetic
engineering targets (Kodama et al., 1995). In S. cerevisiae, the metabolism of maltose
and the associated MAL genes are extensively characterized in terms of sequence,
genetics, regulation, and biochemistry. The MAL lociin S. cerevisiae contain three genes
that encode proteins with essential roles in maltose metabolism: a transcriptional
regulator (MALx3 S. cerevisiae and MALRx in S. eubayanus), a maltose transporter
(MALXx1 in S. cerevisiae and MALTx in S. eubayanus) and a maltase (MALx2 S. cerevisiae
and MALSx in S. eubayanus) (Needleman, 1991, Jespersen et al., 1999, Vidgren et al.,
2005, Brickwedde et al., 2018). MAL loci are typically located in subtelomeric regions,
with the structurally identical MAL1, 2, 3, 4, and 6 located near telomeres of CHRVII, 111,
I1, X1, and VIII, respectively (Charron et al., 1989) (Figure 1.7).

S. cerevisiae MALX1 genes share high sequence similarity (100% for MAL21cen.pxn370 and
MAL31cen.pxnson, 75% for MAL41cenpkis7z0 compared to MAL21 and MAL31 at the nucleotide
level), and encode proton symporters with a high affinity for maltose (Km 2-4 mM) and
cannot transport maltotriose (Alves et al., 2008, Brickwedde et al., 2017). The exception
is MAL11 (also known as AGT1), which encodes the Mal11/Agt1 transporter, which has
only 57% sequence identity to other MALx1 genes (Han et al., 1995, Vidgren et al., 2009).
Mal11 has a much broader substrate range than the other Malx1 transporters (Han et
al., 1995, Day etal., 2002, Vidgren et al., 2005, Alves et al., 2008, Vidgren et al., 2009), that
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includes maltose, maltotriose (both with Km values of 20-35 mM), sucrose and trehalose
(Day et al., 2002). MAL genes are repressed in the presence of glucose. In contrast to
S. cerevisiae, the S. eubayanus type strain CBS 12357 originating from Patagonia is
able to metabolise maltose, but no growth is observed on maltotriose as sole carbon
source. Investigation of the SeMALT genes revealed maltose transport functionality for
all the encoded proteins, with SeMALT2 and SeMALT4 being predominantly expressed
(Brickwedde et al., 2018).

The hybrid S. pastorianus yeasts inherited MAL genes from both their parental
species, resulting in two allelic forms corresponding to S. cerevisiae and S. eubayanus
counterparts. Although S. pastorianus has inherited most of its MALx1 (and AGT1)
genes from S. cerevisiae and MALT from S. eubayanus (Brickwedde et al., 2018), not all
sequences homologous to these ancestral genes encode functional transporters. Non-
functionality is often due to frame shift mutations (e.g. SCAGT1"®" (Vidgren et al., 2005,
Alves et al., 2008, Nakao et al., 2009, Vidgren et al., 2009, Vidgren et al., 2010, Vidgren
& Londesborough, 2012, Cousseau et al., 2013, van den Broek et al., 2015)) or early stop
codons (e.g. SCMAL41%8TA SeMALT?9™4 and SeMALT3%94™A (Salazar et al., 2019)). Simply
overexpressing MAL transporter genes in S. cerevisiae brewing stains has been shown
to increase their maltose fermentation rate (Kodama et al, 1995). Restoring the
ScAGT1 gene functionality resulted in improved maltose and maltotriose fermentation
kinetics (Vidgren et al., 2009). The observation that the S. cerevisiae AGT1 allele is usually
non-functional has led to the hypothesis that a lager-type AGT1 originating from the
S. eubayanus was responsible for maltotriose uptake in S. pastorianus (Vidgren et
al., 2010, Vidgren & Londesborough, 2012, Cousseau et al., 2013). Indeed, similarities
between the S. eubayanus AGT1 genes present in the Himalayan and Holarctic isolates
and S. cerevisiae SCAGT1 were found (Bing et al., 2014, Hebly et al., 2015, Peris et al.,
2016, Baker & Hittinger, 2019). Paradoxically, Asian S. eubayanus isolates are unable
to metabolize maltose and maltotriose, despite harbouring a seemingly intact
SeAGT1 and SeMALT1 genes. This inability has been attributed to the absence of the
required activator gene (Brouwers et al., 2019). Remarkably, the SeAGT1 gene (85%
similarity to ScAGT1 (Vidgren & Londesborough, 2012)) present in S. pastorianus strains
typically encodes a functional maltose- and maltotriose-proton symporter (Vidgren &
Londesborough, 2012, Cousseau et al., 2013). The activity of the SeAGT1 gene is thought
to result from cross-talk of regulatory genes and transporter genes of the different
subgenomes that restores the lack of transcriptional regulation of SeAGT observed
in the Himalayan S. eubayanus (Vidgren & Gibson, 2018, Brouwers et al., 2019). This
phenomenon is an example of heterosis, or hybrid vigour.

In addition to AGT1/MAL11, some lager yeasts strains have an additional transporter
gene called MTT1 or MTY1. These genes are not found in S. cerevisiae or S. eubayanus
has and encode transporters with a higher affinity for maltotriose (Kn 16-27 mM) than
for maltose (Km 61-88 mM) (Dietvorst et al., 2005, Salema-Oom et al., 2005, Vidgren et
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Figure 1.7. Schematic representation of sugar transport and metabolism in brewer’s yeasts.
Glucose is imported via facilitated diffusion through transmembrane proteins encoded by HXT
genes. Fructose, maltose and maltotriose are transported into the cell via proton-symporters
encoded by FSY1, ScMALx1, SeMALT, AGT1 and SpMTT1. Oligosaccharides are hydrolysed into
glucose monomers that enter the glycolysis whose product pyruvate can be metabolized to
ethanol or be converted into biosynthetic precursors by the citric acid cycle. Genes involved
in malto(trio)se metabolism are clustered in MAL loci that have a canonical structure of a
bi-directional promoter between MALXx1/MALT genes encoding transporters and MALx2/MALS
genes encoding glucosidases that is activated by regulators encoded by MALx3/MALR. Genes
encoding enzymes responsible for conversions are highlighted in blue.

al., 2009, Vidgren & Londesborough, 2012, Cousseau et al., 2013, Magalh&es et al., 2016).
It is hypothesized that MTT1 is the result of recombination between MAL transporter
genes, as sequence comparisons revealed that MTT1 has a high sequence similarity
(92%) to ScMAL31 (Cousseau et al., 2013), but also has new domains with similarities
to genes from S. paradoxus, likely resulting from introgressions (Vidgren et al., 2009,
Brouwers et al., 2019, Brouwers et al., 2019). This phenomenon has also been observed
in laboratory evolution experiments, where intergenic recombination of transporter
genes specific for maltose have led to the emergence of chimeric transporter genes
with the ability to transport maltotriose (Baker & Hittinger, 2019, Brouwers et al., 2019).
Hypothetically, MTT1 could have emerged in a similar manner due to domestication of
S. pastorianus under brewing conditions. MTT1 has been overexpressed in laboratory
ale strains, however, its ability to transport maltotriose was not tested (Vidgren et al.,
2010). In 2016, the MTT1 gene was also identified in ale yeasts, thereby questioning the
hypothesized S. eubayanus origin of MTT1 (Magalhées et al., 2016). The presence and
number of SpMTT1 copies varies in Saaz and Frohberg strains (Magalhaes et al., 2016).
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Advances in brewing innovation

Unlocking flavour potential: biotransformation of hop-derived molecules

In recent years, craft breweries have engaged in creating distinctive and innovative
beers, with emphasis on unique flavour profiles. Adjusting flavour profiles often
involves altering the absolute and relative quantities of yeast metabolism-derived
compounds, rather than introducing entirely new flavour compounds. Additionally,
to brew alternative flavour-enriched beers, brewers are exploring diverse adjuncts,
including fruits, spices, herbs, and various grains. There is also an emerging interest in
utilising yeasts to enzymatically modify hop-derived molecules during fermentation.
Examples of such yeast-mediated biotransformation reactions include the release of
polyfunctional thiols from cysteine- or glutathione-bound precursors and the release
of terpene alcohols from conjugated glucosides. Both these biotransformations
enhance the fruity and floral characteristics of the beverage already at extremely
low concentrations of the resulting flavour compounds (HST in the ng L" range). The
key enzyme facilitating thiol release is a cysteine-S-conjugate B-lyase encoded by the
S. cerevisiae IRC7 gene. This enzyme, which is in the native yeast sulfur metabolism
and amino acid biosynthesis (Dzialo et al., 2017, Buiatti et al., 2023), releases thiols such
as 3-mercaptohexan-1-ol (3MH, grapefruit flavour), 4-mercapto-4-methylpentan-2-one
(4MMP, black currant) and 3-sulfanyl-4-methyl-pentan-1-ol (354MP, grapefruit) from
the cysteinylated and glutathionylated precursors (Molitor et al., 2022, Svedlund et
al., 2022). The thiol 3MH can undergo further processing by the ATF1-encoded acetyl
transferase, yielding the acetate ester 3-mecaptohexyl acetate (3MHA, guava and
passion fruit flavour) (Molitor et al., 2022). The B-lyase activity varies among brewing
strains due to genetic variations, including a 38 bp deletion (IRC7°) or inactivation
mutations (IRC7"*) in the IRC7 gene (Holt et al., 2018, Krogerus et al., 2021, Svedlund et
al., 2022). Hybridization of Saccharomyces species with varying B-lyase activity followed
by screening and selection has yielded brewing strains with increased volatile thiol
release (Krogerus et al., 2023)

Recent research has highlighted the complexity of hop composition, influenced by
genetics, maturity, and farming practices and climate. Together, these factors have a
major influence on the terpene composition of hops (Lafontaine et al., 2021). Terpenes
and terpene alcohols (e.g. linalool, geraniol), which are major contributors to the
floral, citrus and fruity flavours of the beer, exist in hop oils as the free compounds,
but also as glycoside-bound forms with glucose, galactose, xylose, rhamnose or
glucuronic acids as sugar(-like) residues. In glycosylated form, the aroma compounds
are more soluble and less reactive. Glycosyltransferases combine activated sugar
with aglycose compounds (in this case the terpene), while, conversely, B-glucosidase
activity hydrolyses the terpene-sugar bonds (Svedlund et al., 2022, Buiatti et al., 2023).
Similarly to B-lyase activity for thiol release, B-glucosidase activities vary significantly
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among yeast strains (Sharp et al., 2017). Several commercial enzyme preparations,
including Aromazyme (Lallemand), Rapidase (DSM-Firmenich) or Sumizyme (Takabio)
can be added to increase levels of volatile hop-derived flavour compounds. In addition
to expanding the flavour palette, utilising biotransformation reactions can enhance
the sustainability of the production process by reducing the need for raw materials,
especially hops, which have a large environmental impact due to land use and water
requirements.

De novo biosynthesis of non-native flavour molecules

Genetic engineering can not only be used to modify the concentrations of compounds
that are naturally produced by yeasts, but also to expand the repertoire of molecules
that can be made during fermentation. The ale yeast S. cerevisiae has been successfully
engineeredto producetheterpenemoleculesgeraniolandlinalool, whichare commonly
extracted from hops (Denby et al., 2018). Yeast naturally produces sesquiterpenes
(e.g. squalene) from the precursors GPP and FFP, synthesized via the tightly regulated
mevalonate pathway (Ro et al., 2006). Heterologous expression of linalool and geraniol
synthase genes from basil and mint plants allowed for the conversion of GPP to the
non-native terpenes linalool and geraniol, respectively. Combined overexpression
of a truncated version of yeast’s HMGR gene encoding HMG-CoA reductase, lacking
the regulatory domain thus alleviating feedback regulation, and introduction of a
FFP synthase mutant with reduced activity, increases the GPP precursor supply, and
pushes the flux towards the terpene products (Denby et al., 2018).

To circumvent the need for extensive genetic engineering in an industrial brewing
strains, which are less amenable to genetic modification, co-fermentation of a
laboratory S. cerevisiae strain engineered for the production of O-methyl anthranilate
providing grape flavour, with the industrial ale strain WLP644, caused a strong change
in flavour profile (De Ruijter et al., 2023). Feedback alleviation (ARO4/*!, TRP2576-),
gene overexpression (TRP3, ARO1, ARO2, TLK1 and GLN1), down regulation (CDC19) and
deletion (TRP4) in the shikimate pathway and aromatic amino acid synthesis pathways
combined with heterologous expression of the anthranilic acid methyltransferase 1
gene from Medicago truncatula (MtAAMT1) in a laboratory S. cerevisiae strain, resulted
in overproduction of O-methyl anthranilate (400 mg L") when cultivated in rich media.
Co-fermentation with different strain ratios allowed to produce beers ranging from 60
mg L (50% WLP644) to 10 mg L (90% WLP644) of this flavour compound (De Ruijter
et al., 2023). Difficulties with this co-fermentation setup arise when processes involve
recycling of yeasts in consecutive fermentation processes (‘repitching’). Engineering
the genomes of industrial brewing yeasts could circumvent such challenges, but
requires improvement of their genetic accessibility.
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Health-based engineering targets: non-alcoholic, calorie-restricted and allergen-free
beers

As part of societal trend towards increased health consciousness, there is a growing
demand for low and non-alcoholic beverages. Processes for de-alcoholising beer
involve significantinvestments and often result in the loss of esters and higher alcohols.
Brewing research is therefore exploring genetic engineering to reduce ethanol
content, for example by shifting sugar metabolism towards glycerol production
(Nevoigtetal., 2002), or utilizing non-conventional yeast species (e.g. Saccharomycodes
ludwigii, Pichia kluyveri, Starmerella bombicola, Candida pulcherrima, Cyberlindnera
saturnus, Cyberlindnera jadinii, Cyberlindnera subsufficiens, Saprochaete suaveolens,
ZygoSaccharomyces rouxii and Torulaspora delbrueckii) for low-alcohol brewing
processes (Canonico et al., 2016, Bellut et al., 2018, Bellut et al., 2019, Adamenko et al.,
2020, Tan et al., 2021, Krogerus et dal., 2022, Methner et al., 2022, Vastik et al., 2022). In
2023, Chr. Hansen launched three Pichia kluyveri strains called NEER®, NEER® Poly and
NEER® Punch. Pichia kluyveri only consumes monosaccharides and does not ferment
under aerobic conditions. These characteristics limit ethanol production, while yeast-
mediated flavour synthesis in the presence of oxygen still confers sensory quality to
low alcohol and alcohol-free beers.

In addition to reducing alcohol content, the carbohydrate content of beer can be
decreased to yield low-calorie products. Dextrins, which comprise approximately 25%
of the sugars in wort, are generally not fermented by brewer’s yeasts. While dextrins
contribute to the “fullness” or “body” of beer, they also contain a large fraction of
its calorie content. Among Saccharomyces yeasts, S. cerevisiae var. diastaticus is able
to produce extracellular glucoamylase enzymes encoded by STA1, STA2 and STA3 that
hydrolyse dextrins into fermentable tri-, di- and monosaccharides (Perry & Meaden,
1988, Sakai et al., 1989). STA1 was found to be a fusion of SGA1, which encodes an
intracellular glucoamylase active during sporulation, and FLO11, a flocculation protein
localized in the cell wall. The SGAt-derived part of the protein releases glucose
monomers from the dextrin polymer, while the FLO11-derived sequence ensures
secretion of the enzyme (Krogerus & Gibson, 2020). It was recently discovered that a
1162 bp deletion in the promoter sequence of STA1 determines the dextrin-hydrolysing
capacity of S. cerevisiae var. diastaticus strains (Krogerus et al., 2019). Expression of
heterologous STA genes from fungi belonging to the Aspergillus phylum resulted in
reduced dextrin content and, as a consequence, higher ethanol content (Cole et al.,
1988).

A future perspective in the brewing market could involve production of a zero- or low-
alcohol health-promoting beer type. For example, strains of S. cerevisiae var. boulardii
that have been clinically proven to reduce diarrhea, were investigated for use in
production of an alcohol-free beverage with probiotic properties (Senkarcinova et al.,
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2019). Genetic modification strategies could also be applied to enable brewing gluten-
free beers for consumers suffering from celiac disease. Currently, two options are used
for the production of gluten-free beer: i) changing the raw materials to cereals other
than barley (e.g. corn orrice), and i) degrading the gluten during the brewing process.
The latter approach involves addition of microbial peptidases and, in particular, the
prolyl endopeptidase from Aspergillus niger. Overexpression of gluten-degrading
peptidases in brewer’s yeasts could hypothetically degrade gluten peptides, which are
generally longer than eight amino acids and rich in proline and glutamine.

Options for improvement of the final beer product as well as the beer production
process by the use of genetic modification are tremendously broad. The ongoing
developments in brewing strain design and engineering have to the potential to
achieve different beer types on demand that comply to consumer demands, are more
sustainable, contain innovative flavour profiles, meet personal dietary requirements
and are healthier, or even combinations of these.

1.6. Optimization of brewing yeasts: classical engineering strategies

To facilitate changes to traditional brewer’s vyeast, various close-to-nature
methodologies have been applied (lattici et al., 2020). In a sense, the domestication
of brewing yeasts, over many centuries, represented a close-to-natural interplay
of microbiological and process factors. Empirically and without awareness of the
underlying biology and biochemistry, brewers applied selective pressure by adjusting
the brewing conditions and continued with yeast strains that produced the best beer.
The resulting domestication yielded yeast strains with distinct phenotypes, including
improved low-temperature performance, enhanced sugar utilization, and reduced off-
flavour production.

The simplest strategy for strain development programmes in the brewing industry
involves exploiting existing biodiversity, which encompasses a range of pure or mixed
cultures (Steenselsetal., 2014, Steensels & Verstrepen, 2014, Gamero et al., 2016, Gibson
et al., 2017, Krogerus et al., 2022) (Figure 1.8A). Often, strains and even species used in
industry are chosen for historical reasons rather than based on scientific knowledge
(Steensels et al., 2014). New ‘wild’ yeast isolates can contain adaptations generated
through sexual reproduction, mutations, transposons, chromosomal copy number
variations, horizontal gene transfers and genetic recombination. However, wild yeasts
seldomly possess the phenotypic characteristics required for the process conditions
employed in industrial brewing.

After the discovery of S. eubayanus as parental species of S. pastorianus (Libkind et
al., 2011), the brewing potential of the newly discovered species was explored. A
limited edition beer was brewed with the Patagonian S. eubayanus type strain CBS
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Figure 1.8. Overview of strategies to obtain yeast strains with improved brewing-related
phenotypes. A) Exploration of natural genetic diversity to find strains with relevant pheno-
types, B) laboratory evolution, C) mutagenesis, screening and selection cycles and D) intra- or
interspecific hybridization all aim to create genetic variation in natural manner. E) Introduction
of targeted genetic modifications, including point mutations, gene deletions and integration of
expression cassettes for non-native genes at specific genomic locations.

12357 (Libkind et al., 2011) and commercialized by Heineken under the name ‘wild lager
H41’. Using non-Saccharomyces yeasts, which is quite common in the wine industry,
is still very rare in industrial beer brewing. A notable successful example is the use of
Brettanomyces species for production of lambic-type beer styles (Steenselsetal., 2015).
The use of non-conventional yeasts species may require changes in the fermentation
conditions (e.g. oxygen availability, mixing regimes, lower starting Plato) (Cubillos et
al., 2019).

Evolutionary engineering, also known as adaptive laboratory evolution, has been
extensively applied to obtain variants of yeast strains that outperform their parental
strains with respect to industrially relevant aspects of their physiology (Mans et
al., 2018) (Figure 1.8B). Laboratory evolution in essence rests on the principle of
evolution by natural selection (Darwin, 1859). During cultivation, microorganisms
undergo random genetic changes, a small fraction of which may confer a selective
advantage (i.e. a higher growth or survival rate) under the experimental conditions.
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Depending on the strain and the environment, the natural single-nucleotide mutation
rate of S. cerevisiae is estimated at 1*¥10™ to 7*%10™ (Gibson et al., 2020). This mutation
rate can be increased with physical and chemical mutagens such as UV radiation or
chemicals. In a brewing context, laboratory evolution with S. pastorianus grown on
increasing concentrations of maltotriose yielded strains with improved maltotriose
fermentation kinetics (Brickwedde et al., 2017). In another example, cultivation of a
Group | S. pastorianus strain in the presence of chlorsulfuron, a compound that inhibits
acetolactate synthase, yielded a strain with reduced diacetyl formation (Gibson et al.,
2018). In another laboratory evolution experiment, the problem of premature yeast
flocculation was tackled by selecting cells that remained in suspension rather dan
sedimented cells in a serial transfer experiment with batch cultures (He et al., 2022).
Many additional evolutionary engineering strategies have been applied, resulting in
improved stress tolerance, increased production of flavour-active molecules, increased
sugar utilization and improved flocculation capacities (Ekberg et al., 2013, Conjaerts &
Willaert, 2017, Gibson et al., 2020).

The combination of mutagenesis, screening and selection is another ‘classical’ strain
improvement strategy. In this strategy, a cell population is first mutagenized, after
which, thousands of mutants are screened for one or more phenotypic traits (Figure
1.8C). Following this strategy, S. pastorianus strains with increased osmotolerance were
obtained after mutagenesis and enriched on sorbitol-supplemented medium (Ekberg
et al., 2013), POF S. eubayanus were obtained through mutagenesis and screening
using a colour reaction assay (Diderich et al., 2018) and mutagenized S. pastorianus
isolates with improved fermentation performance on very high gravity wort were
screened and selected (Huuskonen et al., 2010). Currently, whole genome sequencing
can be performed cost-effectively to identify the genetic alteration(s) responsible
for the improved characteristic. The main disadvantage of random mutagenesis is
that mutations occur at (multiple) random locations in the genome. Consequently,
randomly inducing mutations can lead to unintended genetic changes that affect
robustness, vitality, or other relevant characteristics.

Yeast hybridization is a strategy that explores genetic diversity by combining genomes
of different strains or species (Anderson & Martin, 1975, Steensels et al., 2014, Hebly
et al., 2015, Krogerus et al., 2015, Mertens et al., 2015, Krogerus et al., 2016, Gibson et
al., 2017, Krogerus et al., 2017, Krogerus et al., 2017, Winans, 2022) (Figure 1.8D). During
mating, spores of opposite mating type (MATa and MATa) can meet and fuse into
a new cell. Haploid cells either sporulate into either MATa or MATa, depending on
the mating type locus, and mate with spores of opposite mating type into a diploid
MATa/MATa cell. A diploid cell (MATa/MATa) sporulates into four spores with single
mating types (MATa, MATa, MATa and MATa) that mate upon the encounter of a spore
of the opposite mating type, resulting in a diploid MATa/MATa cell. A problem with this
classical strain improvement approach is that industrial brewing yeasts often have a
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low sporulation efficiency and viability. Moreover, in line with the species definition
for eukaryotes, interspecific hybrid yeasts are often sterile. In rare occasions, di- or
polyploid cells can become homozygous for the MAT locus due to loss of heterozygosity
at the mating type locus (Hiraoka et al., 2000). Even cells of different yeast species are
sometimes able to mate in a process called rare mating, i.e. mating with spores from
the opposite mating type to generate an alloploid cell that, at least initially, combines
the two parental genomes. Rare mating can even be used when a strain is unable to
form spores (Winans, 2022). As the frequency of rare mating is low (approximately
10%), selection using complementary auxotrophic strains, cultivation under specific
conditions, and/or staining with fluorescent dyes and fluorescence-assisted cell sorting
is applied (Steensels et al., 2014, Fukuda et al., 2016, Krogerus et al., 2017, Gorter de Vries
et al., 2019). Hybrids resulting from rare mating often show a reduced genetic stability
(Krogerus et al., 2015, Mertens et al., 2015, Krogerus et dal., 2017). Genetic engineering
strategies targeting the mating system have been utilized to enhance interspecific
hybridization in brewing contexts. Inducible overexpression of the HO gene prior to
hybridization enforces mating type switching in a controlled manner, thus bypassing
the need for spontaneous loss of heterozygosity (Strathern et al., 1982, Alexander et
al., 2016). Similarly, CRISPR-Casg has been exploited to introduce a double-strand break
at the HO locus for generating aneuploid strains with a single mating type useful for
hybridization (Krogerus et al., 2021). Deletion of the HO gene resulting in heterothallic
strains has been widely used to generate stable haploid cells to improve hybridizations
(Molinet et al., 2022).

Thediscovery of S. eubayanus (Libkind et al., 2011) led to strong interest in the generation
of new S. cerevisiae x S. eubayanus ‘laboratory hybrids’ (Hebly et al., 2015, Krogerus et al.,
2015, Mertens et al., 2015, Alexander et al., 2016, Krogerus et al., 2016). Such laboratory
hybrids possess great potential value for the brewing industry, as it has been shown
that they may ferment faster, possess a broader temperature tolerance range, or
produce more diverse flavour compounds than their parent strains. However, the wild
S. eubayanus isolates possess undesirable attributes (e.g. the POF* phenotype and the
inability to consume maltotriose), which were changed during the domestication of
S. pastorianus. By accessing the domesticated S. eubayanus subgenome and mating
these meiotic segregants with S. cerevisiae spore isolates, allotetraploid NovalLager
hybrid yeasts (1:3 ratio of S. eubayanus : S. cerevisiae subgenome) were obtained and
commercialized as LalBrew Novalager™ (Lallemand Brewing) (Turgeon et al., 2021).
Also hybrids of other Saccharomyces species show potential for utilization in the
brewing industry (Nikulin et al., 2018, Gyurchev et al., 2022). Since only a low fraction
of the generated hybrids exhibit desired traits, selection of promising candidates
requires extensive screening.
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1.7. Targeted genetic engineering methods

While classical strain development strategies have been widely employed and
enabled the generation of strains that are currently used in industry, the processes
involved remain time-consuming and reliant on high-throughput screening methods.
Furthermore, consecutive cycles of classical strain improvement can accumulate
undesired mutations. Targeted strain engineering aims to introduce genetic
modifications precisely and exclusively at the genomic location of interest and leave
the rest of the genome unaffected. However, implementing such targeted genetic
modifications requires novel technologies, complete, high-quality genome sequences
of the target strains and a comprehensive understanding of their physiology (Figure
1.8E).

The simplest method for introducing genetic modification of a yeast is probably the
transformation of a yeast cell with a plasmid bearing an expression cassette for a gene
with a particular function. Use of plasmids, however, requires application of a constant
selective pressure for plasmid maintenance. Industrial applicability of such selectable
mobile elements is often limited or even precluded underindustrial process conditions.
Directly modifying the chromosomal DNA (e.g., by introducing integrations, deletions
and/or point mutations) provides higher genetic stability and eliminates the need for
applying constant selective pressure (Astola et al., 2023).

Almost all current genome editing approaches for yeasts exploit cellular pathways
for repair of DNA damage. In S. cerevisiae, the homology directed repair mechanism
(HDR) that resolves DSBs by using the genetic information from a DNA template, is
more efficient than the error-prone non-homologous end-joining mechanism (Orr-
Weaver et al., 1981, Szostak et al., 1983). A DSB activates and recruits the cellular DNA
repair machinery at the targeted location. The repair machinery then uses a donor
DNA template (‘repair fragment’) with sequences homologous to those flanking the
damaged DNA site for repair, thereby introducing any genomic edit included on the
repair fragment. S. cerevisiae is extremely good at homologous recombination of short
homologous sequences, which is a highly advantageous trait for genetic engineering.
In the early stages of genome editing, the natural occurrence of DSBs resulted in a
low frequency of recombination events at the intended chromosomal target site (1
in 10° - 109 cells) (Capecchi, 1989). To increase the HDR frequency for genome editing
purposes, a series of endonucleases targeting a defined genomic location was applied.
Firstly, mega nucleases (e.g. I-Scel and HO) that recognize long DNA sequences (14 to
40 base pairs) were used to introduce targeted DSBs, but their recognition sequences
are rare and need to be introduced into yeast chromosomes to create suitable
‘landing pads’ for integration (Malkova et al., 1996, Storici et al., 2003, Kuijpers et al.,
2013). Next, artificial DNA-binding nucleases, such as zinc finger nucleases (ZFNs)
(Kandavelou et al., 2005, Urnov et al., 2005) and transcription activator-like effector
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nucleases (TALENs) (Christian et al., 2010), were developed to create DSBs at user-
defined DNA sites. However, the DNA recognition domains of artificial nucleases are
sequence-dependent and each site-directed genetic modification requires a newly
designed nuclease.

The most effective approach to date for introducing targeted DSBs traces its roots back
to groundbreaking research on bacterial antiviral defence mechanisms (Mojica et al.,
2005, Barrangou et al., 2007, Brouns et al., 2008). Clustered regularly interspaced short
palindromic repeats (CRISPR)-associated (Cas) systems have since been extensively
studied for their use in genome editing in various organisms, including yeasts (Jinek et
al., 2012, Cong et al., 2013, DiCarlo et al., 2013, Jiang et al., 2013, Mali et al., 2013) (Figure
1.9). The freedom to guide the CRISPR endonuclease to almost any location of interest
by designing short (approximately 20 bp) guide sequences makes the CRISPR-Cas
systems especially attractive. The endonuclease-programming RNA can be composed
of an RNA duplex resulting from the combination of a crRNA and a tracrRNA or
composed of a single RNA molecule like for Casg and Cas123, respectively (Jinek et al.,
2012). When the spacer encoded in the crRNA complements the protospacer sequence
in the target DNA, the endonuclease precisely cleaves the target DNA (Garneau et al.,
2010). For effective endonuclease activity, the spacer sequence must be adjacent to a
CRISPR-system dependent protospacer adjacent motif (PAM) (Carneau et al., 2010).
The development of CRISPR-Cas as genetic engineering tool earned Emmanuelle
Charpentier and Jenifer A. Doudna the Chemistry Nobel Prize in 2020, highlighting its
enormous value for modern research in biology, biotechnology and medicine.

Natural evolution of prokaryotes yielded a variety of Cas systems, which are classified
into groups and subtypes based on their structural features and their preferred
molecular targets — DNA, RNA, or proteins (Makarova et al., 2011, Makarova et al.,
2015, Koonin et al., 2017, Shmakov et al., 2017, Makarova et al., 2020, Hu et al., 2022).
Genome editing mostly relies on single-effector class-2 Cas proteins with a distinctive
multidomain structure. The Cas9 protein, which belongs to the class 2, type Il Cas
proteins was the first to be harnessed for gene editing applications and remains the
most widely used Cas protein in editing applications (Jinek et al., 2012) (Figure 1.9A).
While initial applications were demonstrated in human cell lines, the Casg system has
proven effective in a wide range of hosts (Jinek et al., 2012, DiCarlo et al., 2013, Feng et
al., 2013, Jiang et al., 2013, Li et al., 2013, Mizuno et al., 2014, Corter de Vries et al., 2017,
Juergens et al., 2018). Class 2 type V CRISPR-Cas systems such as Cas12a can serve as
an alternative to Cas9 (Zetsche et al., 2015). Cas123, also known as Cpf1, was the first
type V Cas protein tested in yeast and, due to its different sequence requirements,
expanded the toolbox for yeast genome editing (Zetsche et al., 2015, Swiat et al., 2017,
Verwaal et al., 2018) (Figure 1.9B).
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Figure 1.9. Schematic representation of genome editing with A) CRISPR-Cas9 and B) CRISPR-Ca-
s12a. The premature crRNA array for Cas9 is processed to mature crRNA by RNAse, which forms
a complex with the structural tracrRNA. The crRNA array for Cas12a is processed by the intrinsic
RNAse activity of Cas12a and releases single mature crRNAs. The tracrRNA-crRNA complex in
case of Casg and crRNA in case of Cas12a, guides the endonucleases to the protospacers and re-
quired PAM sequences (NGG for Casg and TTTV for Cas12a). The RuvC and HNH domain of Cas9
cleave the DNA, resulting in blunt ends, whereas the RuvC domain of Cas12a leaves staggered
ends upon cleavage.

The widely used Streptococcus pyogenes Cas9 (SpyCas9) protein recognizes a 5-NGG-
3’ PAM sequence, while the Cas12a proteins recognize T-rich PAM sequences (5’-TTTV-
3’ or more general 5’-YTTN-3") (Jinek et al., 2012, Swiat et al., 2017). Another difference
between the two endonucleases is that Cas12a cleavage occurs distal from the PAM
sequence and leaves staggered end cuts, while Casg cuts proximal to the PAM and
generates blunt ends (Figure 1.9). For efficient application in heterologous hosts, the
CRISPR class 2 type Il system (Cas9) has been simplified by connecting the crRNA to the
tracrRNA in a chimeric single guide RNA (sgRNA), that mimics the natural RNA duplex
structure (Jinek et al., 2012). The most interesting feature of Cas12a compared to Cas9,
is that the effector module requires neither RNAse nor tracrRNA to process its crRNA
(Zetsche et al,, 2015) (Figure 1.9). Instead, the Cas12a effector protein recognizes direct
repeats in CRISPR arrays and self-processes them to produce single-molecule crRNAs.
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After precise site-specific cleavage by the cleavage domain of either Casg or Cas12a,
the DSB triggers the DNA repair machinery and directs responding proteins to the
designated genetic locus. In cells equipped with a functional HDR system, a DNA repair
template with terminal sequences homologous to the target site assists in resolving
the otherwise lethal DSB, thereby incorporating any desired genetic information
between the terminal homology sequences into the genome (Capecchi, 1989).

Genetic engineering using CRISPR-Cas tools was advanced further with the concept of
multiplexing (Adiego-Pérez et al., 2019). Combining multiple sgRNAs targeting different
genomic locations and supplying DNA repair fragments compatible with each of the
target sites, allows for simultaneous implementation of multiple genetic alterations. In
this context, using Cas12a has an advantage over Cas9 due to its RNA self-processing
ability (Zetsche et al., 2015), which holds the potential to release single crRNAs without
the need for RNA cleavage by, for example, flanking ribozymes (e.g. hammerhead
or hepatitis delta virus ribozymes), RNase recognizing pre-tRNA sequences or Csy4
sequences, as is required for Casg (Gao & Zhao, 2014, He et al., 2017, Ferreira et dl.,
2018, Zhang et dal., 2019). Also, crRNA expressed from constitutive or inducible RNA
polymerase Il promoters requires post-transcriptional processing, as these transcripts
are being capped at the 5’ end and extended with a 3’-poly-A-tail (Cao & Zhao, 2014).
RNA polymerase Ill promoters involved in transcription of genes that encode non-
mRNA molecules do not perform these post-transcriptional modifications and can be
applied without RNA-cleavage strategies (Gao & Zhao, 2014).

Genetic engineering in the hybrid yeast S. pastorianus

In the 1980s, the first targeted genetic engineering strategies were applied in
S. pastorianus (Table 1.1). Introduction of different plasmid-borne expression cassettes
conferred a diastatic phenotype and eliminated diacetyl formation. These early
methods were soon followed by integrative plasmid strategies and Cre-LoxP-mediated
integration procedures (Table 1.1). In these methods, use of (recyclable) genetic
markers conferring prototrophy or antibiotic resistance were typically required for
stable genetic integration. CRISPR-Cas9-mediated genome engineering has been
successfully demonstrated in S. pastorianus using ribozyme-flanked gRNAs expressed
from RNA polymerase Il promoters rather than RNA polymerase Il promoters (Gorter
de Vries et al., 2017). However, compared to the explosion of genome editing research
with CRISPR tools in S. cerevisige (403 hits in PubMed (https://pubmed.ncbi.nlm.nih.
gov/) with queries “CRISPR-Cas” AND “cerevisiae” on 1t April 2024), the scientific
output on CRISPR-based targeted strain engineering in S. pastorianus remains low
(3 hits in PubMed with queries “CRISPR-Cas” AND “pastorianus” on 1% April 2024). The
published CRISPR-based genome engineering in S. pastorianus currently performed is
limited to gene deletions of SelLV6, SeATF1 and SeATF2 alleles in S. pastorianus strains
CBS 1483 and WS34/70 (Gorter de Vries et al., 2017) (Table 1.1) and integrations in specific
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locations of the hybrid SeScCHRIII (Chapter 4). The complexity of the S. pastorianus
genome, including its hybrid aneuploid nature, strain-to-strain variation, chimeric
chromosomes, inconsistent chromosome copy number variations, and scattered
(loss of) heterozygosity, presents challenges for CRISPR-based genetic engineering
(Corter de Vries et al., 2018).

In hybrid yeast strains, gRNAs are not necessarily designed to cut all parental alleles of
a target gene due to heterozygosity or allelic variation. Presence of an uncut syntenic
homoeologous counterpart of a target sequence may compete with the intended
repair DNA fragment as template for homologous recombination. The resulting
undesired chromosome recombination can cause loss of heterozygosity, lead to even
more undesired genetic changes and significantly reduce editing efficiency. These
complications make editing outcomes unpredictable and renders characterization
of the edited locus troublesome (Gorter de Vries et al., 2018, Bennis et al., 2023,
Jayaprakash et al., 2023). The resulting lack of efficient genome editing tools negatively
affects the progress on genetic studies in hybrid, industrial yeasts. Many studies on
these yeasts therefore still rely on methods that perform HDR without introduction
of a DSB, require the use of selectable markers and can only replace one allele at the
time. Innovative solutions are required to accelerate genetic engineering strategies in
these complex, hybrid species.

1.8. Current status of the commercial use of genetically engineered
yeast in brewing

Strategies for targeted engineering of brewing yeast genomes are predominantly
derived frominsight gained during biochemical studies or classical strainimprovement.
Strains resulting from classical strain improvement strategies can more easily be
introduced in industry than strains resulting from targeted genetic modification. This
difference is related to limited public acceptance of genetically modified organisms
(GMOs) and the legislation that governments have implemented in response to those
concerns. Since the legalization of Flavr Savr, the first commercially grown genetically
engineered food granted a license for human consumption in 1994 by the FDA,
regulations regarding genetically engineered food and beverages has not seen drastic
changes.

GMO regulations vary significantly across different geographic areas, as exemplified
by differences between the USA and EU. The USA has, from the outset, adopted a
product-based approach. The FDA categorizes brewing yeasts as processing aid,
and mentioning GMO on product labels is not mandatory. In contrast, the EU’s
GMO legislation is based on the mechanism by which changes are made in the DNA.
Recently, the EU is considering shifting from a technology-based to a product- and
risk-based evaluation, where the type of DNA modification determines the product’s
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status. In this context, the use of native DNA or DNA from closely related species
(cisgenic) is considered safer than using heterologous (transgenic) DNA. Following a
similar line of reasoning, single-nucleotide polymorphisms (SNPs) that might also have
been generated by long-accepted non-targeted methods are considered as safe in the
USA. Nonetheless, the EU maintains strict regulations, only granting approval for GM
foods and beverages after a rigorous safety assessment by the European Food Safety
Authority (EFSA).

Despite the complexity surrounding GMO brewing strains at a global scale, yeast
producers in the US are enthusiastically generating and commercializing genetically
engineered brewing yeasts. Companies like Berkeley Yeast, Lallemand Brewing and
Omega Yeast are companies that generate and supply these genetically engineered
yeasts, mostly focusing on flavour improvements (Table 1.2).
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Chapter 1

Scope of this thesis

This thesis aims to explore the genetic complexity of the complex hybrid S. pastorianus
genome with the goal to develop advanced genome-editing strategies to expedite
construction of genetically engineered brewing strains exhibiting novel or superior
phenotypes relevant for the brewing industry.

The advent of CRISPR-Cas DNA editing technologies has significantly accelerated strain
construction in the model yeast S. cerevisiage. Several methods have been validated
for highly efficient single, and multiplex genome editing events using Casg or Cas12a
endonucleases. CRISPR-Cas genetic engineering tools rely on target-specific gRNAs for
precise genome editing. Each genetic modification requires custom gRNAs, typically
cloned into an expression vector prior to transformation into yeast, a process known
for its time-consuming and laborious nature. Chapter 2 introduces a new cloning- and
PCR-free methodology for CRISPR-FnCasi2a-meditated editing in S. cerevisiaze and
investigates its efficiency for single and multiplexed editing.

Each CRISPR-endonuclease exhibits unique characteristics, including its PAM
sequence, gRNA secondary structure and nucleic-acid cleavage mechanism. Chapter
3 explores the use of Cas12a isolated from Eubacterium rectale as genome editing tool
in S. cerevisiae. Apart from being of fundamental interest as a genome editing tool
in yeasts, ErCas12a is attractive in view of its free commercial research license. The
chapter investigates various aspects of ErCas12a and proposes design principles its
application in single and multiplexed genome editing in S. cerevisiae.

While several studies have used CRISPR-Cas9 for editing the genome of S. pastorianus,
the lack of a generic, predictable and efficient genetic engineering tool hinders
research progress in lager brewing yeast. In particular, the complex aneuploid hybrid
genome interferes with CRISPR-Cas9-mediated editing, as introduction of a DSB in a
heterozygous location induced unpredictable loss of heterozygosity. Chapter 4 seeks
to address this challenge by identification of unique genomic ‘landing sites’ devoid of
homoeologous regions by exploring their use for integration of expression cassettes,
thereby enhancing genetic accessibility of S. pastorianus.

In Chapter 5, the CRISPR-Cas9 genome editing tool is applied in S. pastorianus to
increase production of ethyl ester flavour molecules during brewing. By modifying the
fatty acid synthase and overexpressing the esterase, the supply of acyl-CoA precursors
is increased, leading to increased ethyl ester levels. This study demonstrates that
minimal genetic engineering can achieve highly different beer flavour profiles.
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Abstract

Even for the genetically accessible yeast Saccharomyces cerevisiae, the CRISPR-
Cas DNA editing technology has strongly accelerated and facilitated strain
construction. Several methods have been validated for fast and highly efficient
single editing events and diverse approaches for multiplex genome editing have
been described in literature by means of SpyCas9 or FnCas12a endonucleases
and their associated gRNAs. The gRNAs used to guide the Cas endonuclease to
the editing site are typically expressed from plasmids using native Polll or Pollll
RNA polymerases. These gRNA-expression plasmids require laborious, time-
consuming cloning steps, which hampers their implementation for academic and
applied purposes. In this study, we explore the potential of expressing gRNA
from linear DNA fragments using the T7 RNA polymerase (T7RNAP) for single and
multiplex genome editing in S. cerevisiae. Using FnCas12a, this work demonstrates
that transforming short, linear DNA fragments encoding gRNAs in yeast strains
expressing T7RNAP, promotes highly efficient single and duplex DNA editing.
These DNA fragments can be custom-ordered, which makes this approach highly
suitable for high-throughput strain construction. This work expands the CRISPR-
toolbox for large-scale strain construction programs in S. cerevisiae and promises
to be relevant for other, less genetically accessible yeast species.



gEL DNA, a cloning- and PCR-free method for CRISPR-based multiplexed genome editing

2.1. Introduction

The bacterial-derivative CRISPR-Cas technology is nowadays the most commonly
used tool for microbial genome engineering. For the eukaryotic model and industrial
workhorse Saccharomyces cerevisiae, several CRISPR-based methodologies have been
developed, aiming at a fast and efficient single editing event (DiCarlo et al., 2013, Cao
& Zhao, 2014, Bao et al., 2015, Mans et al., 2015). Two Class Il bacterial endonucleases,
Cas9 and Cas12a (also known as Cpf1) have been functionally characterized for DNA
editing, ranging from point mutation to heterologous pathway integration (Mans et al.,
2015, Swiat et al., 2017, Verwaal et al., 2018). While diverse Cas9- and Cas12a-mediated
approaches for multiplex genome editing have been described in literature (reviewed

Figure 2.1. Cloning-free approaches for CRISPR-Cas-aided DNA editing. Overview of meth-
odologies based on delivery of linear DNA templates for gRNAs expression in Saccharomyces
cerevisiae. In vitro sample preparations and in vivo events upon transformation are described.
All gRNA expression cassettes include an RNA polymerase 11l (RNAPollll) terminator. Number
of polymerase chain reactions (PCRs) are quoted. Features are depicted in the legend on the
right-hand side of the figure.
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in Adiego-Pérez et al., 2019), multiplex genome editing still requires substantial efforts
forthe CRISPR tools to be built. The RNA molecules designed to guide the endonuclease
towards the editing site (§RNAs) are typically cloned in and expressed from plasmids.
In most published works so far, multiplex editing relies on the parallel transformation
of multiple plasmids carrying a single or two gRNAs. However, this approach is limited
by the number of available marker-based plasmid backbones (Ryan et al., 2014, Horwitz
et al., 2015, Jakocitnas et al., 2015, Mans et al., 2015, Walter et al., 2016, Li et al., 2018).
More recently, several successful examples have shown that multiple gRNAs can
be expressed from a single gRNA-array, using different tricks to release the mature
gRNAs (Ryan & Cate, 2014, Bao et dl., 2015, Generoso et al., 2016, Swiat et al., 2017,
Ferreira et al., 2018, Li et al., 2018, Verwaal et al., 2018, Zhang et al., 2019). However,
these gRNA expression cassettes with their tailored sequence design and sequence
complexity may be difficult to synthesize and require laborious and time-consuming
cloning steps, therefore hindering the workflow for strain construction. To date, few
attempts have been developed to circumvent gRNA cloning for genome editing of
microbes in general and of S. cerevisiae in particular (illustrated in Figure 2.1).

The most straightforward, cloning-free strategy would rely on the delivery of the
gRNA in the form of a short, linear DNA fragment. Such short DNA fragments could
easily be synthetized as oligonucleotides and delivered as mixture in any desired gRNA
combination for multiplex targeting of DNA sites. Such a cost-effective and versatile
approach would be highly suited for high-throughput, multiplex genome engineering
of strains. Transient expression of linear DNA carrying gRNA expression cassettes
has been previously shown to enable Casg9-mediated DNA-editing (Horwitz et al.,
2015, Easmin et al., 2019). However, these approaches systematically require a first
in vitro step for the construction of vectors from which the linear DNA is produced
by PCR amplification (Figure 2.1). In eukaryotes, gRNAs are transcribed either by RNA
polymerase 11l (RNApollll) or by RNA Polymerase Il (RNAPolIl), and have to be flanked
by self-processing ribozymes or tRNAs that prevent unwanted processing of the gRNAs
(Ryan &Cate, 2014, Zhang et al., 2019). Arecent report has shown that functional gRNAs
can also be transcribed in different yeasts by the RNA polymerase from bacteriophage
T7 (T7RNAP) localized in the nucleus (Morse et al., 2018). Delivered as plasmid DNA,
the T7RNAP-transcribed gRNAs have been used to guide Casg for genome editing and
dCasg for transcriptional regulation.

The present work introduces the geL DNA method, a novel, utterly cloning and PCR-
free genome editing tool, based on the gRNA Expression from short, Linear double-
stranded DNA oligos by the T7RNAP (Figure 2.2). Comparing SpyCasg and FnCas12a,
this study demonstrates that FnCas12a enables efficient single and multiplexed DNA
editing from custom-ordered oligonucleotides of 87 nt in S. cerevisiae. Next to gRNA
in silico design, the only steps required for genome editing are transformation and
screening. Highly suited for high-throughput strain construction, the gEL DNA method
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Figure 2.2. Schematic overview of the gEL DNA approach: 1, in silico design and ordering of gDNA
cassettes (87 bp) and repair DNA (120 bp) as oligos; 2, transformation with the double-stranded
(ds) gDNA expression cassettes (2A), the ds repair DNA fragments (2B), and an empty, split
plasmid carrying a marker of choice (2C); 3, expression of the gRNA by the T7RNAP; 4, targeted
DNA editing by FnCas12a; 5, repair of the dsDNA break via homologous recombination using the
repair DNA fragments.

does not require prior knowledge on the transcription machinery of the host microbe
(e.g. RNA processing and promoters) and thereby promises to facilitate DNA editing in
less genetically accessible microbes.

2.2. Materials and Methods

Strains and cultivation conditions

All S. cerevisiae strains used in this study (Table 2.1) were derived from the CEN.PK
backgroundstrain (Entian &Kotter, 2007). Yeast cells were grown at 30 °Cin shake flasks
on rotary shaker (200 rpm) or on agar plates (20 g L™). Complex medium contained 10
g L yeast extract, 20 g L™ peptone and 20 g L™ glucose (YPD). YPD was supplemented
with nourseothricin (100 mg L™), geneticin (G418) (200 mg L) or hygromycin B (200
mg L) to select transformants. Minimal synthetic media were prepared as previously
described (Verduyn et al., 1992). SMD medium contained 5 g L™ (NH4).S04, 3 g L™
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Table 2.1. Saccharomyces cerevisiae strains used in this study

Strain Relevant genotype Origin
CEN.PK113-7D  MATa MAL2-8c SUC2 (Entian & Kotter, 2007)
IMX1714 MATa MAL2-8c SUC2 sgaiA::Spycas9-natNT2 This study

MATa MAL2-8c SUC2 sga1A::Spycas9-natNT2,

IMX1752 X-2(*)::Fncasia This study
MATa MAL2-8c SUC2 sga1A::Spycasg-natNT2, .
IMX1905 X-2(*)::Fncas12a YPRCT3A:T7RNAPR76% This study
MATa MAL2-8c¢ SUC2 sga1A::Spycasg-natNT2, .
IMX2030 X-2(*)::Fncas12a YPRCT3A: T7RNAPP66LK6r This study
MATa MAL2-8c SUC2 sga1A::Spycas9-natNT2, .
IMX2031 X-2(*)::Fncas12a YPRCT3A: T7RNAP This study
MATa MAL2-8c SUC2 sga1A::Spycasg-natNT2, )
IMX2032 X-2(*)::Fncas12a YPRCT3A: T7RNAPP66t This study
MATa MAL2-8c SUC2 sga1A::Spycas9-natNT2, .
IME459 X-2(*)::Fncas12a pUDE866 This study
MATa MAL2-8c SUC2 sga1A::Spycasg-natNT2, .
IME460 X-2(*)::Fncas12a pGGKdo34 This study
MATa MAL2-8c SUC2 sga1A::Spycasg-natNT2, ;
IME475 X-2(*)::Fncas12a pUDEQ11 This study
IME638 MATa MAL2-8c SUC2 pUDE911 This study
IME639 MATa MAL2-8c SUC2 pUDE1082 This study
IME640 MATa MAL2-8c SUC2 pUDE1083 This study
IME641 MATa MAL2-8c SUC2 pUDE1084 This study
IME642 MATa MAL2-8c SUC2 pCGKdo34 This study
IME645 MATa MAL2-8c SUC2 pUDE1086 This study
IME646 MATa MAL2-8c SUC2 pUDE1087 This study

(*) Integration site at 194944-195980 of Chromosome X from Mikkelsen et al. (2012)

KH:PO4, 0.5 g L™ MgS047H.0, 1 ml L™ trace element solution, supplemented with 20
g L of glucose and 1 ml L™ vitamin solution. SMD-urea included 6.6 g L™ K,SO,, 3.0
g L7 KH,PO4, 0.5 g L™ MgS0,7H,0, 1 mL L™ trace element solution, supplemented
with 20 g L™ of glucose, 1 ml L™ of a vitamin solution and 2.3 g L™ CH4N.O (Milne et al.,
2015). Utilization of urea as nitrogen source instead of ammonium prevents excessive
acidification of the medium resulting from ammonium uptake, and enables the culture
pH to be maintained close to the initialy set value. For selection of transformants
carrying the amdS marker cassette, ammonium sulfate in SMD was substituted with 10
mM acetamide and 6.6 g L™ K.SO, (SM-Ac) (Solis-Escalante et al., 2013). Plasmids were
propagated in Escherichia coli XL1-Blue cells (Agilent Technologies, Santa Clara, CA), by
growing the cells in liquid Lysogeny broth (LB) medium composed of 10 g L™ tryptone,
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5 g L™ yeast extract and 10 g L™ NadCl, supplemented with chloramphenicol (25 mg L),
spectinomycin (100 mg L™) or ampicillin (100 mg L™) at 37 °C. Solid LB medium was
obtained by addition of 20 g L™'agar. Whenrequired, plasmids from yeasts isolates were
removed accordingly to described procedures (Mans et al., 2015). All S. cerevisiae and
E. coli stocks were prepared by aseptically adding 30% v/v of glycerol to exponentially
growing cultures. Aliquoted cell stocks were stored at -80 °C.

Molecular biology techniques

Yeast genomic DNA used for cloning purposes was isolated using the YeaStar genomic
DNA kit (Zymo Research, Irvine, CA) according to manufacturer’s instructions.
Diagnostic PCR was performed using DreamTaq DNA polymerase (Thermo Fisher
Scientific, Walthman, MA). For cloning and sequencing purposes, PCR products were
obtained using Phusion® High-Fidelity DNA Polymerase (Thermo Fisher Scientific).
Primers were ordered as PAGE or desalted purified oligonucleotides (Table S1) from
Sigma-Aldrich (St Louis, MO). Annealed oligos were quantified by BR dsDNA kit
using the Qubit spectrophotometer (Invitrogen, Carlsbad, CA). DNA fragments were
separated by electrophoresis on 1% (w/v) or 2% (w/v) agarose gels, depending on the
fragment size. PCR products were purified using the GenElute™ PCR Clean-Up Kit
(Sigma-Aldrich), after restriction digestion of the PCR mixture with Dpnl (Thermo
Fisher Scientific) for removal of templates. When required, DNA fragments were
excised from gel and purified using the Zymoclean™ Gel DNA Recovery Kit (Zymo
Research, Irvine, CA). Plasmids were isolated from E. coli cultures using the Sigma
GenElute™ Plasmid Miniprep kit (Sigma-Aldrich).

Entry-vector plasmids construction

All plasmids used in this study are listed in Table 2.2. The pUD565 plasmid (Hassing
et al., 2019), a GFP dropout (GFPdo) entry vector compatible with Yeast Toolkit
parts (Lee et al., 2015), was ordered as synthetic gene from GeneArt (Thermo Fisher
Scientific). GFPdo entry vectors for cloning of transcriptional units were constructed
following the Bsal Golden Gate reaction protocol described by Lee et al. (2015). The
GFPdo pGGKdo18 plasmid was obtained by assembly of part plasmids pYTKoo2,
pYTKo47, pYTK067, pYTK077, pYTK082 and pYTKo085. The GFPdo pGGKdo34 plasmid
was constructed by assembly of part plasmids pYTKo02, pYTK047, pYTK067, pYTK079,
pYTKo082 and pYTK083. The GFPdo pUDE810, an entry vector for exprssion of FnCas12a
crRNAs, was constructed by Golden Gate assembly of pre-annealed primers 12647 &
12648 with the following PCR-generated fragments: the pGGKdo18 backbone with
primers 12799-12800; the SNR52 promoter amplified from the pMEL13 template (Mans
et al., 2015) using primers 12645 & 13546; the GFPdo cassette bearing specific Bsal
overhangs (GATC and ATCC) obtained by PCR amplification with primers 13547 & 12644
on pYTKo47 (Lee et al., 2015).
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Table 2.2. List of plasmids used in this study

Plasmid Genotype Reference
i (de Kok et al., 2012),
pUG-natNT2  ampR natMX Addgene #110922
(Leeetal., 2015),
pYTK002 camR ConLS Addgene #65109
(Leeetal., 2015),
pYTKO13 camR pTEF1 Addgene #65120
(Leeetal., 2015),
pYTK027 camR pREV1 Addgene #65134
(Leeetal., 2015),
pYTK036 camR Spycas9 Addgene #65143
(Leeetal., 2015),
pYTK047 camR GFPdo Addgene #65154
(Lee et al,, 2015),
pYTK0O51 camR tENO1 Addgene #65158
(Leeetal., 2015),
pYTK067 camR ConR1 Addgene #65174
(Leeetal.,, 2015),
pYTK077 camR KanMX Addgene #65184
(Leeetal., 2015),
pYTKo79 camR HygR Addgene #65186
(Leeetal., 2015),
pYTK082 camR 2 um Addgene #65189
(Leeetal., 2015),
pYTK083 ampR ColE1 Addgene #65190
(Leeetal., 2015),
pYTK085 specR ColE1 Addgene #65192
pUDE483 2 um ampR pTEF1p-Spycas9-tENO1 This study
i i (Swiat et al., 2017),
puUDC175 CEN6/ARS4 ampR TRP1 pTEF1-Fncas12a-tCYC1 Addgene #103019
pUDR573 2 um ampR amdS sgRNA X-2 (Baldietal., 2019)
pRS315-nls- : p— (Dower & Rosbash,
T7-RNAP CEN6/ARS4 ampR LEU2 pTDH3-T7RNAPX76R-t TDH3 2002), Addgene #33152
pUDs565 camR GFPdo part entry vector CeneArt
pGGKp172 camR T7RNAP¥76R This study
pGGKpo35 camR pTDH3 (Hassing et al., 2019)
pGGKpo39 camR tTEF1 (Hassing et al., 2019)
(Boonekamp et al.,
pCGKp100 camR pPFK1 2018)
pGGKdo34 2 um ampR HygR GFPdo This study
pUDES66 2 um ampR HygR pTDH3-T7RNAPK76*-t TEF1 This study
pUDR477 2 um specR KanMX crYPRt3.3 This study
pGGKdo18 2 um specR KanMX GFPdo This study
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Table 2.2. (continued)

Plasmid Genotype’ Reference
PMEL13 2 m ampR KanMX sgRNA CAN1.Y (E’\Lj‘raonssc:;“és 52;52)
pUDE810 2 um specR KanMX pSNR52-GFPdo-tSUP4 This study
pUDE759 2 um specR KanMX pSNR52-crADE2-3s-tSUP4 This study
pUDR482 2 um specR KanMX pSNR52-C-crADE2-3s5-tSUP4 This study
pUDR483 2 um specR KanMX pSNR52-GG-crADE2-3s-tSUP4 This study
pUDR484 2 um specR KanMX pSNR52-GGG-crADE2-3s-tSUP4 This study
pUDR485 2 um specR KanMX S.T7p-crADE2-3s-T7t This study
pUDR486 2 um specR KanMX S.T7p-C-crADE2-35-T7t This study
pUDR487 2 um specR KanMX S.T7p-GG-crADE2-3s-T7t This study
pUDR488 2 um specR KanMX S.T7p-GGG-crADE2-3s-T7t This study
pUDR489 2 um specR KanMX L.T7p-crADE2-3s-T7t This study
pUDR490 2 um specR KanMX L.T7p-CG-crADE2-3s-T7t This study
pUDR491 2 um specR KanMX L.T7p-GG-crADE2-3s-T7t This study
pUDR492 2 um specR KanMX L.T7p-GGG-crADE2-3s-Tyt This study
pUDR585 2 um specR KanMX pSNR52-GGG-sgRNA-ADE2.Y-tSUP4  This study
pUDR579 2 um specR KanMX S.T7p-GGG-sgRNA-ADE2.Y-T7t This study
pUDR581 2 um specR KanMX L.T7p-GGG-sgRNA-ADE2.Y-T7t This study
pUDR506 2 um ampR KanMX gRNA T7RNAP This study
pUDEgM 2 um ampR HygR pTDH3-T7RNAP™®L-t TEF1 This study
PUDEZ10 2 um KanMX ampR pSNRS2-CrADE2-3.crHIS4—4-tSUP4 (Asdvéig;f; @ 23%1273
2 um KanMX ampR pSNR52-crCAN1—4.crHIS4—4. (Swiat et al., 2017),
PUDE735 crPDR12—-3.crADE2-3-tSUP4 Addgene #103024
pUDR715 2 um specR KanMX pSNR52-GGG-crHIS4-4s5-tSUP4 This study
pUDR716 2 um specR KanMX pSNR52-GGG-crPDR12-3s-tSUP4 This study
pUDR717 2 um specR KanMX pSNR52-GGG-crCAN1-4s-tSUP4 This study
pUDR718 2 um specR KanMX pSNR52-GGG-crCAN1-35-tSUP4 This study
pUDE1082 2 um ampR HygR pPFK1-Fncas12a-tCYCi This study
pUDE1083 i;x\&n;EZ};l—_lg/TgEF?PFM-chasua—tCYO pTDH3- This study
DUDE1084 %ig,‘\&r;EziE{?gﬁjTEH_FHCGSQHCYG pTDH3- This study
pUDE1086 2 um ampR HygR pREV1-Fncasi12a-tCYCr This study
pUDE1087 2 um ampR HygR pREV1-Fncas12a-tCYC1 pTDH3- This study

T7RNAPe8Lt TEFT

2 ‘sgRNA’ denotes single-guide RNA used by Casg, ‘cr’ refers to crRNA for FnCas12a. The pres-
ence of an ‘s’ following the crRNA indicates that a shorter spacer of 19 nt is used, otherwise the
spacer sizeis 25 nt.
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Construction of the dual Cas-expressing strain IMX1752

The construct for genomic integration of SpyCas9 gene consisted of a paired
expression cassette for introduction of Streptococcus pyogenes Spycas9 nuclease and
natNT2 marker into the SGA1 locus (Mans et al., 2015). First, the natNT2 marker was
PCR-amplified from pUG-natNT2 (Addgene plasmid #110922 (de Kok et al., 2012)) using
primers 10297 & 10298. This PCR product was cloned via Golden Gate together with
pre-annealed primer pairs 10293 & 10294 and 10295 & 10296, and Yeast toolkit plasmids
pYTKo13, pYTK036, pYTKo51, pYTK082 and pYTKo83 (Lee et al., 2015), resulting in
plasmid pUDE483. The Spycas9-natNT2 integration cassette was obtained by enzyme
restriction of pUDE483 using EcoRI. The restriction mix was directly transformed into
S. cerevisiae using the lithium acetate (LiAc) transformation protocol (Gietz & Schiestl,
2007). Transformants were selected on YPD supplemented with nourseothricin. A
single isolate, which was renamed IMX1714 (Table 2.1), was submitted to an additional
transformation for the genomic integration of the FnCas12a nuclease. For this,
the sequence of Francisella novicida cas12a was amplified from pUDC175 (Addgene
plasmid #103019 (Swiat et al., 2017)) using primers 13553 & 13554. The obtained PCR
product, carrying 60 bp homology flanks to the X-2 integration site (Mikkelsen et al.,
2012), was transformed in IMX1714 as previously described in (Gietz & Schiestl, 2007),
together with plasmid pUDR573 (Baldi et al., 2019) for SpyCasg9-mediated targeting
at this genomic site. Transformants were selected on SM-Ac plates. Correct genomic
integrations were confirmed by diagnostic PCR using primers listed in Table S1. After
removal of the gRNA expression plasmid, the dual SpyCas9/FnCas12a S. cerevisiae strain
was stocked as IMX1752.

Construction of the T7RNAP**%R-expressing strain IMX1905

First, the TZRNAP*7%R sequence was PCR-amplified from plasmid pRS315-NLS-T7-RNAP
(Addgene plasmid #33152) (Dower & Rosbash, 2002) using primers 13543 & 13544, and
the obtained PCR fragment stably cloned into entry vector pUD565, resulting in part
plasmid pGGKp172. The T7RNAP*7¢R transcriptional unit was assembled by Golden
Gate cloning into plasmid pGGKdo34, together with part plasmids pGGKpo35 (pTDH3)
and pGGKpo39 (tTEF1) (Hassing et al., 2019), leading to plasmid pUDE866.

For genomic integration of the T7RNAP*¥®R, the previously characterized YPRCt3 site
of the S. cerevisiae genome was chosen as recipient locus (Flagfeldt et al., 2009). Thus, a
gRNA for FnCas12a-mediated editing at this site was designed accordingly to guidelines
provided in Swiat et al., (2017). The gRNA for integration in YPRCt3 was ordered as
oligos 14142 & 14143 containing specific overhangs for Golden Gate assembly (GATC
and ATCC). Oligo annealing and cloning into pUDE810 plasmid resulted in the crRNA-
expressing plasmid pUDR477. Amplification of the T7RNAP*76% integrative cassette
was carried out on the pUDE866 plasmid using primers 14022 & 14023, which contain
repair ends of 60 bp homologous to the YPRCt3 locus. These generated PCR fragments
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were co-transformed with plasmid pUDR477 into IMX1752 cells, as previously described
(Gietz & Schiestl, 2007). Yeast cells were selected on solid YPD plates supplemented
with G418. Diagnostic PCR was performed on a single colony isolate, plasmid was
recycled and the constructed strain was renamed IMX1905.

Construction of T7ZRNAP mutants and T7RNAP-overexpressing strains

In order to alter the T7RNAP protein sequence, the T7RNAP gene of IMX1905 was in
vivo mutated by means of the CRISPR-SpyCasg editing machinery. A single gRNA was
chosen for targeting the sequence surrounding DNA encoding amino acids at positions
266 and 276 (corresponding to 276 and 286 if considering the nuclear localization
signal (NLS)) (Figure S3). For this, oligo 14284 was Gibson-assembled by bridging to
the pMEL13 (Mans et al., 2015) backbone, which was previously PCR-amplified using
primers 6005 & 6006. The obtained plasmid was renamed pUDR506. Repair oligos
(Table S1) consist of 120 bp surrounding the T7RNAP target sequence with SNPs for
P266L and/or R276K mutations, and carrying a silent mutation at the PAM sequence
to avoid reiterative cutting. Plasmid pUDR506 and each of the double-stranded
repair oligos were co-transformed into competent IMX1905 cells (Gietz & Schiestl,
2007). Transformants were plated on YPD agar supplemented with G418. Screening
of eight selected colonies was performed by SNP genotyping with primers listed in
Table S1, following previously described procedures for SNP scoring (Meijnen et al.,
2016). After SNPs validation and Sanger sequencing of the mutated T/RNAP sequence
(Figure S3), strains were stocked as follows: IMX2030 (T7RNAPP266L K276R) was renamed
after the P266L amino acid substitution; IMX2031 (T7RNAP"T) expresses the wild-
type T7RNAP, where the arginine at position 276 is changed into the native lysine;
IMX2032 (T7RNAP™¢) resulted from simultaneous mutations of proline and arginine
at positions 266 and 277 for the respective amino acid change into leucine and lysine.

For T7RNAP¥76® overexpression, the dual Cas-expressing strain IMX1752 was
transformed with plasmid pUDE866, following standard practice (Gietz & Schiestl,
2007). Transformants were selected on YPD plates supplemented with hygromycin B
and the strain was renamed as IME459. In parallel, transformation of IMX1752 with
the empty vector pGGKdo34 led to the control strain IME460. To overexpress the
T7RNAPP¢ variant, the gene sequence of strain IMX2032 was PCR-amplified from
its isolated genomic DNA, using primers 10753 & 10768. The obtained PCR product
was cloned by Golden Gate assembly into the episomal entry plasmid pGGKdo034. The
obtained plasmid, renamed pUDE911, was transformed into IMX1752, transformants
plated on selective YPD hygromycin B medium and selected colonies were stocked as

IME475.
Construction of the Fncas12a-T7RNAP*Rtransportable system

To construct plasmids carrying Fncasi2a expression cassettes, two alternative
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promoters were cloned by Golden Gate into the pGGKdo34 vector together with the
PCR product obtained by amplifying pUDC175 using primers 18075 & 18076. Plasmid
pGGKp100 (pPFK1) (Boonekamp et al., 2018) was used for assembly of pUDE1082, while
plasmid pYTKo27 (pREV1) (Lee et al., 2015) was used for the construction of pUDE1086.
Cloning of the transportable Fncas12a-T7RNAP*76R system was performed by Gibson
assembly using PCR amplicons with synthetic flags of 60 bp. Flagged primers 18077 &
18166 were used for PCR linearization of plasmid pUDE911. Flagged Fncas12a expression
cassettes were amplified from pUDC175, pUDE1082 or pUDE1086 templates using
primers 11868 & 10189, 18078 & 10189 or 18132 & 10189, respectively. Gibson assembly of
these alternative FnCas12a expression cassettes into the linearized pUDE911 resulted in
assembly of the respective plasmids pUDE1083, pUDE1084 and pUDE1087. CEN.PK113-
7D transformed with each of the episomal plasmids were stocked as strains IME638
(pUDE911), IME639 (pUDE1082), IME640 (pUDE1083), IME641 (pUDE1084), IME642
(pGGKdo34), IME645 (pUDE1086) and IME646 (pUDE1087). All transformants were
selected on selective YPD hygromycin B plates.

Assembly of gRNA expression cassettes

The gRNA cassettes for evaluation of ADE2 deletion efficiencies mediated by FnCas12a
or SpyCas9 nucleases were prepared using the highly-efficient ADE2-3 (Swiat et al.,
2017) or the ADE2.y (DiCarlo et al., 2013) gRNAs, respectively. Each gRNA cassette was
expressed from high-copy plasmid and comprised the gRNA sequence left-flanked by
the RNAPollll-dependent SNR52p, the minimal T7p ‘TAATACGACTCACTATA’ (S.T7p)
or an extended T7p ‘GCCGGGAATTTAATACGACTCACTATA’ (L.T7p), with respective
terminator sequences at the right flank. For the FnCas12a-mediated targeting of other
genes, previously characterized gRNAs were expressed from a single gRNA-expressing
cassette or from a gRNA array: HIS4 (HIS4-4), PDR12 (PDR12-3) or CAN1 (CAN1-4 or CAN1-
3) (Swiat et al., 2017).

All single gRNA-expressing plasmids were assembled by Gibson assembly reaction
using the NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs). Depending
on the plasmid features, the backbone of the pUDES810 plasmid was amplified using
different primer couples for specific homology overhangs. The backbone for assembly
of FnCas12a-gRNAs with pSNR52/tSUP4 flanks was obtained by PCR amplification
with primers 12710 & 5793. For T/RNAP-mediated expression of gRNAs for FnCas12a,
plasmid backbone was obtained by PCR amplification using either primers 14274
& 13713 (S.T7p/T7t) or 14275 & 13713 (L.T7p/T7t). Plasmid pUDE759 was constructed
by assembly of the pSNR52p/tSUP4 backbone fragment with annealed oligos 12713 &
12714. Single oligos were used for the Gibson assembly of FnCas12a-gRNAs cassettes by
single-stranded DNA bridging to each individual PCR-originated backbone fragments:
the pSNR52/tSUP4 derivatives pUDR482 (primer 14282), pUDR483 (primer 13750),
pUDR484 (primer 14283), pUDR715 (primer 17328), pUDR716 (primer 17329), pUDR717
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(primer 17330), pUDR718 (primer 17331); the S.T7p/T7t-related plasmids pUDR485
(primer 14280), pUDR486 (primer 13751), pUDR487 (primer 14281), pUDR488 (primer
13572) and the L.T7p/T7t cognate plasmids pUDR489 (primer 14276), pUDR490 (primer
14277), pUDR491 (primer 14278) and pUDR492 (primer 14279).

For assembly of SpyCas9-gRNAs under pSNR52, the amplified pUDE810 backbone with
PSNR52/tSUP4 edges was mixed with annealed oligos 15508 & 15509 and the single-
stranded oligo 14426 in a Gibson reaction, resulting in plasmid pUDR585. For SpyCas9-
gRNAs expressed by T7RNAP, T7-edged plasmid backbones were PCR amplified
using primers 14274 & 15287 (S.T7p/sgRNA-T7t) or 14275 & 15287 (L.T7p/sgRNA-T7t),
generating a dsDNA fragment that additionally contains a partial sequence of the gRNA
scaffold for SpyCas9. Gibson assemblies of annealed oligos 15290 & 15291 to either the
S.T7p/sgRNA-T7t or S.T7p/sgRNA-T7t PCR-generated backbones were performed to
obtain plasmids pUDR579 and pUDR581, respectively.

The control array of gRNAs expressed by plasmid pUDR692 was ordered as synthetic
gene from GeneArt (Thermo Fisher Scientific). SNR52 promoter and gRNA design
principles previously elucidated were used (Swiat et al., 2017). The synthetic gRNA
array was flanked by Bsal sites and assembled by Golden Gate cloning into pGGKdo018.

Delivery methods of gRNA expression cassettes

EachgRNA expression cassette was transformed together with 1 ug of double-stranded
deletion repair (Table S1) in exponentially growing S. cerevisiae cells (~2*107 cells ml"),
accordingly to the LiAc transformation protocol (Gietz & Schiestl, 2007). Genome
editing via in vitro assembly described in Table 2.3 was performed by transforming
500 ng (~150 fmol) of each gRNA expression plasmid. For genome editing achieved
via in vivo plasmid assembly, two linear PCR fragments were delivered with the
transformation mix: i) 150 fmol of the specific gRNA cassette, systematically amplified
from the respective in vitro constructed plasmid using primers 14584 & 14585; ii)
150 fmol of the linearized marked 2p backbone with 60 bp homology to each gRNA
cassette, obtained from the amplification of pUDE810 with primers 11571 & 12378.
To evaluate genome editing via delivery of a linear gRNA expression cassette, each
amplified gRNA cassette (150 fmol) was transformed with either 500 ng of circular
pGGKdo18 plasmid or with equimolar amount of two PCR fragments for the split
plasmid selection using pGGKdo18. These amplicons, having homologies for in vivo
recircularization of the plasmid, were obtained by PCR amplification with primers 6815
& 9340 and primers 2398 & 12097.

All transformations were plated on selective YPD medium supplemented with G418.
Efficiency of ADE2 deletion is measured as number of red colonies on total colony
forming units (CFU). For editing of other sites, diagnostic PCR was performed on a
number of selected colonies using primers listed in Table S1.
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Preparation of gDNAs and genome editing via gEL DNA

Sequences of deletion repair fragments and gDNAs are listed as forward and reverse
oligonucleotides in Table S1. Site XI-3 is located at the previously characterized
integration locus on chromosome XI (Mikkelsen et al., 2012), while XVI-1 corresponds to
the intergenic region between CUP9 and TRE1 on chromosome XVI. The spacer for the
non-targeting (nt) gDNA was designed by scrambling the ADE2-3s spacer sequence.
Each forward and reverse oligo was mixed in equimolar amount, heated for 5 minutes
at 95°C and cooled down to room temperature. As only exception, SpyCasg-mediated
editing using gDNA with long T7 promoter was performed using PCR amplification
of two overlapping primers, the gRNA-specific forward for ADE2.y (16745) and the
universal reverse carrying the SpyCas9-gRNA scaffold (16746). Concentrations of each
double-stranded annealed oligos were measured for all pre-annealed oligos or the
non-purified PCR-derived gDNA. 1 ug of each deletion repair and 4 ug of respective
gDNA were mixed with 500 ng of split pGGKd18 plasmid for selection purposes and
transformed into competent T7RNAP-expressing yeast cells accordingly to standard
procedure (Gietz & Schiestl, 2007). Transformants were selected on YPD plates
supplemented with G418 when transforming strains with genomically integration
T7RNAP (IMX1905, IMX2030, IMX2031, IMX2032), or with G418 and hygromycin B when
transforming strains that overexpress T7RNAP from a plasmid (IME459, IME475) or for
selection of the dual Fncas12a-T7RNAP overexpression strain (IME641). Plasmid-based
controls for multiplex editing via FnCas12a gRNA-arrays were performed according to
Swiat et al., 2017. Diagnostic PCR of selected colonies was done using primers listed in
Table S1.

Growth rate measurement

Strains were cultivated in 96-well plates containing SMD medium or SMD-urea
supplemented with hygromycin B (30°C, 250 rpm). Growth was monitored by
measuring optical density at 660 nm at regular time intervals using the Growth Profiler
960 (Enzyscreen B.V., Heemstede, The Netherlands). Maximum specific growth rates
(u,,,,) were calculated using the equation: X=X_e**in which p indicates the exponential
growth rate, from four independent biological cultures.

Bioinformatic analysis

The short sequence of the T7 promoter was mapped to the CEN.PK113-7D reference
genome (Salazar et al., 2017) using the Bowtie aligner (version 1.2.1.1) (Langmead et
al., 2009), with “--all” for reporting all alignments per input query. The RNA secondary
structure was predicted with the RNAstructure Web Server (https://rna.urmc.
rochester.edu/RNAstructureWeb/) (Bellaousov et dal., 2013). Temperature was set to
30°C (303.15 K). Self-folding free energies are obtained via the same webtool.
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Figure 2.3. Physiological characterization of S. cerevisiae strains expressing T7RNAP. Maximum
specific growth rates (u__ ) of S. cerevisiae constitutively expressing T7ZRNAP*7%%, Spycas9, and
Fncas12a (IMX1905) and the control strain (CENPK.113-7D), or S. cerevisiae strains overexpressing
T7RNAPY76R (IME459) or T7RNAPP¢- (IME475) and the control strain carrying a 2um multi-copy
empty vector (IME460). All strains were cultivated on a 96-well plate containing chemically
defined medium supplemented with glucose as the sole carbon source (SMD for CENPK.113-7D
or IMX1905; SMD-urea with hygromycin B for IME459, IME475, or IME460; the slower growth
rate measured for strains with plasmids compared to strains with genomic integration is ex-
plained by the difference in medium composition). Data points represent average and mean
deviations of four biological replicates. *p < 0.025; **p < 0.001. Student’s t-test was calculated
compared to respective control strains CENPK.113-7D or IME460.

2.3. Results

T7RNAP-expressing S. cerevisiae as a platform strain for Cas-mediated genome editing

For T7 RNA polymerase (T7RNAP)-based expression of gRNAs, the bacteriophage
T7RNAP, which was previously functionally expressed in the yeast nucleus, was chosen
(Dower & Rosbash, 2002). Flanked by the strong and constitutive TDH3 promoter and
TEF1 terminator, TZRNAP was integrated in the genome of a S. cerevisiae strain from
the CEN.PK family that constitutively expressed both Spycasg and Fncasi2a (strain
IMX1752; Table 2.1). Sanger sequencing of the resulting strain IMX1905 revealed
a missense mutation in the coding sequence of the T7RNAP as compared to the
canonical sequence (https://www.uniprot.org/uniprot/Poo573), which resulted in
the replacement of a lysine by an arginine at the amino acid 276 of the polymerase
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(corresponding to amino acid 286 when considering the NLS) (Figure S1). As the strain
characterized by Dower and Rosbash, 2002 contained the same amino acid substitution
and was proven to be functional in yeast, we decided to keep this variant (from now
on referred to as T7RNAP*7¢%) to test the gEL DNA approach.

Physiological characterization revealed that IMX1905, co-expressing T7RNAP7¢R)
Spycas9 and Fncas12a, grew as fast as the prototrophic control strain CEN.PK113-7D in
chemically defined medium supplemented with glucose as sole carbon source (specific
growth rate of 0.42 * 0.01 h™ for IMX1905 and 0.44 + 0.01 h* for CEN.PK113-7D) (Figure
2.3). Expression of T7RNAP is therefore not toxic for S. cerevisiae.

T7RNAP enables gRNA expression from linear and circular DNA and promotes SpyCas9-
and FnCas12a-mediated DNA editing in S. cerevisiae

The activity of the T7RNAP*7%* in S, cerevisiae was evaluated by measuring the DNA
editing efficiency of SpyCasg and FnCast2a guided by gRNAs expressed from T7
promoter. Two different T7 promoter lengths were tested, the minimal T7 promoter
of 17 bp (TAATACGACTCACTATA,; referred to as S.T7p), and an extended T7 promoter
sequence of 27 bp (GCCGGGAATTTAATACGACTCACTATA,; referred to as L.T7p) known
to improve the stability of the T7RNAP-promoter complex in vitro (Tang et al., 2005).
An in-depth alignment search showed that the S.T7p sequence does not occur in the
S. cerevisiae genome, making unwanted transcription from the host genome highly
unlikely. T7RNAP*7%R-driven gRNA expression was compared with gRNA expression
from the RNAPollll-dependent SNR52 promoter, largely adopted by the yeast
community for CRISPR-Cas editing (DiCarlo et al., 2013, Swiat et al., 2017). Downstream
all three promoters, at the initially transcribed region (ITS), a guanine triplet was added
to increase the T7RNAP transcriptional activity (Imburgio et al., 2000). As previously
reported for SpyCasg (Morse et al., 2018), the addition of this guanine triplet strongly
improved T7RNAP-mediated expression for FnCas12a-based DNA editing (Figure S2).
Disruption of ADE2, leading to a red colony phenotype, was used to assess editing
efficiency (Dorfman, 1969) in strain IMX1905 (Table 2.1). Spacers previously shown
to guide SpyCas9 and FnCas12a to ADE2 with high efficiency were chosen (DiCarlo et
al., 2013, Swiat et al., 2017). SpyCas9 and FnCas12a have different requirements for
functionality, which results in different compositions and sizes of the DNA cassette
encoding the gRNA (from now on called gRNA cassette) (Table 2.3). The ADE2.y gRNA
for SpyCasg was used in its standard chimeric form including the trans-acting RNA
(tracrRNA) (DiCarlo et al., 2013). The ADE2-3 gRNA for FnCas12a was reduced to the
minimal 19 nt-long spacer enclosed by the matured direct repeats (DR), as recently
described (Creutzburg et al., 2020). Thanks to FnCas12a minimal requirements for DNA
targeting and editing (no tracrRNA, small DR and spacer), the gRNA cassettes for
FnCas12a were substantially smaller than those for SpyCasg (Table 2.3).
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The most popular method for gRNA delivery is via in vitro assembly of the gRNA
expression cassette on a plasmid, and transformation of this circular plasmid to yeast.
As expected, expression of the gRNA cassette from SNR52p using this delivery method
led to high efficiency in editing of the ADE2 gene in all colonies tested with both
SpyCas9 and FnCas12a (Table 2.3A). Conversely, T7ZRNAP*’*f.based gRNA expression
resulted in extremely low editing efficiency with FnCas12a (4.6% + 0.2% for the short
and 8.2% + 3.2% for the long T7 promoter) and null or negligible editing with SpyCasg
(Table 2.3A). Next to delivering a ready-made gRNA plasmid, two parts, one carrying
the gRNA and the other the selection marker, were transformed into yeast. These two
parts were flanked by 60 bp homologous sequences to enable in vivo circularization
upon transformation. This delivery method enabled the transient availability of the
gRNA cassette as linear DNA fragment. While reducing the editing efficiency for
pSNR52-based gRNA expression by ca. 10%, this method slightly increased ADE2 editing
by T7RNAP**7¢*-mediated expression of gRNAs for both SpyCasg and FnCas12a (Table
2.3B). Editing by SpyCas9 remained extremely low (around 1%), while up to 20% of the
colonies displayed the disruption of ADE2 by FnCas12a(Table 2.3B). Next, to test whether
the gRNA could be solely expressed from a linear DNA molecule, the gRNA cassette
was delivered as double-stranded DNA fragment. A plasmid carrying a selectable
marker was transformed into yeast in parallel for selection purposes. With this delivery
method, editing efficiency with RNAPollll-mediated gRNA expression was dramatically
reduced to ca. 10% with both SpyCasg and FnCas12a (Table 2.3C). Editing efficiency for
T7RNAP*7%R-based gRNA expression was also reduced, but still detectable at around
6% when using FnCas12a. It has been shown that the efficiency of SpyCas9-mediated
DNA editing can be increased by supplying a split plasmid during transformation,
presumably by offering a selective advantage to cells that are proficient in homology-
directed repair (Horwitz et al., 2015). Accordingly, a twofold increase in ADE2 editing
efficiency was measured with both SpyCasg and FnCasi2a when the gRNAs were
transcribed by RNAPollll (Table 2.3CD). However, using a circular or a split plasmid
did not affect DNA editing for TZRNAP**f-expressed gRNAs (Table 2.3CD). The split
marker approach combined with linear DNA delivery of the gRNA described in Table
2.3D was nonetheless kept for all the following experiments.

Altogether, these data demonstrate that gRNAs can be expressed from circular and
linear DNA using the T7RNA*7R polymerase in S. cerevisiae. Additionally, FnCas12a
leads to higher DNA editing efficiency than SpyCasg when guided by T7RNAP*¥7¢R-
expressed gRNAs. In all experiments, the long T7 promoter consistently led to two- to
threefold higher editing efficiencies than the short T7 promoter (Table 2.3AB), as a
possible consequence of the higher T7RNAP-promoter complex stability (Tang et dl.,
2005). While delivery of gRNAs in the form of short linear DNA fragments enabled DNA
editing, the observed editing efficiencies were low and required further optimization to
turn the gEL DNA approach into an attractive and competitive DNA editing technique.
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Figure 2.4. Optimization of SpyCas9 and FnCas12a gDNA design. Editing efficiency of ADE2
in strain IMX1905 transformed with gDNAs for cloning-free, T/RNAP-driven expression of
gRNA. A) gDNA configurations for SpyCasg-mediated genome editing and respective editing
efficiencies. B) gDNA configurations for FnCas12a-mediated genome editing and their respective
editing efficiencies. The size of each gDNA is specified on the right of the respective graph bar.
Editing efficiency is expressed as percentage of red colonies (ade2’) over the total number of
colonies. Values represent the average and standard deviations of data obtained from three
independent biological replicates.

Improving the efficiency of the T7RNAP*7*f"-based gEL DNA technique by optimizing
the gDNA design

Aiming for cloning-free genome editing, the gEL DNA technique relies on the simple
utilization of customized double-stranded DNA oligos (referred to as gDNAs) for
the in vivo T7RNAP*7%"-mediated expression of gRNAs. To reduce synthesis costs
and increase compatibility with high-throughput strain construction, the size of the
gDNA should be as small as possible and should not exceed 120 nt, the standard size
limit of commercial, custom-made oligomers. In this respect, FnCas12a presents a
clear advantage as its gRNAs consists of a smaller structural part (DR) than the one
required for DNA targeting by SpyCas9 (gRNA scaffold). Consequently, the small
size of FnCas12a gRNAs gives more flexibility in gDNA design regarding length of T7
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transcriptional elements and presence of terminal DR or T7 terminator. Conversely, a
minimal gDNA configuration for SpyCas9-mediated editing containing the S.T7p and
the chimeric gRNA is 119-nt long (Figure 2.4), which does not leave room for additional,
potentially useful parts such as a longer T7 promoter or a T7 terminator. As previously,
a triplet of guanine was appended to the T7 promoter for all tested gDNA.

For SpyCas9, two gDNA configurations were tested, one with the short and one with
the long T7 promoter, followed by the ADE2.y spacer and the gRNA scaffold (Figure
2.4A). As compared to the design presented in Table 3, no T7 terminator was added at
the end of the gDNA. While the pre-annealed S.T7p gDNA can be directly transformed
into IMX1905, the longer L.T7p gDNA (129 bp) had to be obtained by a preliminary PCR
reaction using two primers with overlapping homologies (see Materials and Methods
section 2.2). Both gEL DNA configurations did enable SpyCas9-mediated DNA editing,
marginal for the S.T7p (2.6% editing efficiency, Figure 2.4A-i), but substantial for the
L.T7p (21% editing efficiency, Figure 2.4A-ii).

Six different gDNA configurations for the ADE2-3 target were tested for FnCast2a-
mediated editing, differing in the size of T7 promoter and terminator as well as in the
addition of a terminal DR and a T7 terminator (Figure 2.4B). After simple pre-annealing
of two complementary oligos in vitro, each gDNA was directly transformed into strain
IMX1905. These data revealed that the terminal DR is important for efficient editing of
ADE2 irrespective to the presence of the T7 terminator, and that the presence of a T7
terminator is not required (Figure 2.4B). These results also further confirmed that the
long version of the T7 promoter markedly increased DNA editing efficiency (Figure 2.4B-
i-ii). This design optimization enabled an increase of the DNA editing efficiency to 60%,
relying on the very simple transformation of yeast with an 87 nt-long oligonucleotide.
This simple and efficient design, represented in Figure 2.4B-ii, was implemented for the
rest of the work with FnCas12a.

The editing efficiencies shown in Figure 2.4 were substantially higher for both SpyCasg
and FnCas12a than those reported in Table 2.3D, in which a similar approach with
linear gDNA delivery together with a split plasmid was also used. This increased
efficiency most probably resulted from the higher amount of gDNA supplied to the
transformation mix used for the experiments presented in Figure 2.4 (300 to 400-
fold higher). The increased editing efficiency combined with the higher abundance of
gDNA suggests that a greater supply of the gDNA to the cell might be a key element
for genome editing using gEL DNA.

Improving the efficiency of the gEL DNA technique by optimizing sequence and
expression levels of the T7RNAP

To further explore whether gDNA, and consequently gRNA availability might be
limiting editing efficiency, gDNA transcription efficiency by the T7RNAP was explored.
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Figure 2.5. Figure 5 Comparison of SpyCas9 and FnCas12a editing efficiency with T7RNAP variants.
Efficiency of ADE2 editing by FnCas12a- or SpyCas9-mediated gEL DNA in T7RNAP mutant and/or
overexpression strains: IMX1905 (K276R); IMX2031 (wild-type, wt); IMX2032 (P266L); IMX2030
(P266L and K276R); IME459 (K276R overexpression, #K276R); and IME475 (P266L overexpres-
sion, #P266L). For FnCas12a, transformed gDNA corresponds to annealed 15093 & 15094 oligos.
For SpyCas9, transformed gDNA was obtained through PCR using overlapping primers 16745 &
16746. Editing efficiency is expressed as percentage of red colonies (ade2). Values represent the
average and standard deviations of data obtained from independent biological duplicates. *p <
0.05; **p < 0.025; ¥***p < 0.001. Student’s t-test was calculated compared to respective control
strain IMX1905 (K276R).

To this end, three additional T7RNAP variants were tested. All three variants were
constructed from IMX1905, by inserting point mutations in the T7RNAP*7%® gene. In
the first variant the K276R mutant was reverted into the wild-type T7RNAP (T7RNAPYT,
strain IMX2031). The second variant carried the P266L mutation, known to reduce
abortive transcription in vitro (Guillerez et al., 2005) (T7RNAPP*%¢4, strain IMX2032) and
the third variant carried the two mutations (T7RNAPP66L R276K strain [IMX2030). When
tested with FnCas12a, all four variants enabled DNA editing with a significantly higher
efficiency for T7RNAPP¢- (Figure 2.5), while T7RNAP*7%R and T7RNAP showed the
lowest DNA editing efficiency (Figure 2.5), suggesting that the K276R substitution is
deleterious for T7RNAP transcription efficiency.

To further enhance gDNA transcription efficiency, the expression level of the T/RNAP
was increased. The strains IME459 and IME475 were constructed by transformation
with episomal plasmids harbouring the T7RNAP®7¢ and the T7RNAPP*¢" variants,
respectively. While expression of T7RNAP from a single, integrated gene copy did
not affect growth of S. cerevisiage (Figure 2.3), expression from episomal vectors
significantly reduced the growth rate when compared to a control strain carrying an
empty episomal vector (0.29 + 0.00 h" for IME459, 0.26 *+ 0.01 h* for IME475 and 0.31
+0.01 h for the control strain IME460, Figure 2.3; Table 2.1). Overexpression of either
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T7RNAP strongly increased the DNA editing efficiency by FnCas12a, approaching 100%
when using T7RNAP™¢t (Figure 2.5). Overexpression of T7RNAPP! also increased
DNA editing efficiency by SpyCas9, as compared to a single copy of T7ZRNAP*7¢%, but
to a lesser extent (increase by 10%, Figure 2.5). The gEL DNA approach remained much
more efficient with FnCas12a than with SpyCasg (maximum efficiencies of 96% and 29%,
respectively, Figure 2.5). Finally, to test whether the efficiency of gEL DNA was sensitive
to the location and sequence of the edited site, using these optimized conditions, three
new sites were selected in non-coding regions and were tested for FnCas12a-mediated
targeting with the TZRNAPP**¢.-overexpression strain (IME475). The high efficiency of
single gEL DNA editing was confirmed with efficiency between 90 and 100% for these
three loci (XI-3 (Mikkelsen et al., 2012), XVI-1 and YPRCt3 loci, Figure S4). Altogether,
these results revealed that the expression levels of the T7RNAP, and therefore most
likely gRNA availability, play a key role for successful DNA editing by FnCas12a in the
gEL DNA system.

Assessment on the components required for efficient DNA editing using gEL DNA

In the approach described above, gEL DNA requires five components: the T7RNAP and
FnCas12a already present in the transformed strain, and the gDNA cassette, repair DNA
and split plasmid carrying the selection marker, delivered as linear fragments during
transformation. Control experiments in which these components where systematically
omitted confirmed that all five components are required for efficient DNA editing
using the gEL DNA method (Figure 2.6; Figure S5). Editing was completely abolished
in the absence of targeting gDNA and of repair DNA, as well as if the targeting gDNA
was replaced by a non-targeting variant, with or without repair DNA. The supply of
the split plasmid is understandably not essential for DNA editing using the gEL DNA
method, but is key for the selection of edited transformants, as its absence resulted
in an abundance of colonies on the plates and very low editing efficiency (ca. 8%). It is
however remarkable that, even in the absence of selection marker, correctly edited
transformants could be found. It is interesting to note that DNA editing was observed
in the absence of T7RNAP, albeit with extremely low efficiency (ca. 8%). This editing
was however abolished when FnCas12a was also omitted. As the presence of targeting
gDNA is necessary for DNA editing by FnCas12a (Figure 2.6, no editing in the absence
of targeting gDNA), this T7RNAP-independent editing might be explained by low-
level transcription of the supplied gDNA by one of the native yeast polymerases or by
guiding of FnCas12a by single-stranded gDNA present as contamination of the double-
stranded gDNA stock, although both hypotheses seem unlikely. Overall, FnCas12a,
T7RNAP, gDNA, repair DNA and selection plasmid are essential for maximum DNA
editing efficiency by gEL DNA.

gEL DNA enables FnCas12a-mediated multiplex genome editing in S. cerevisiae

To test for multiplex genome editing, four gRNAs targeting CAN1, HIS4, PDR12 and ADE2,
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Figure 2.6. CFU and ADE2 editing efficiencies with different combinations of the components
of the gEL DNA system. S. cerevisiae strains carrying FnCas12a and T7RNAP (IME475), FnCas12a
alone (IMX1714), or control strain (CEN.PK-113.7D) were transformed with ADE2 or non-targeting
(nt) gDNA:s, alternatively omitting repair DNA for ADE2 deletion or split pGGKd018 plasmid for
selection. Results of cell counts are presented as log CFU mL" culture. Editing efficiency is ex-
pressed as percentage of red colonies (ade2), which were further verified by PCR (Figure S5).

previously shown to lead to 100% DNA editing efficiency by FnCas12a when expressed
from a RNAPollll promoter, were selected ((Swiat et al., 2017), Figure 2.7A). As done
for the ADE2-3 target used for singleplex gEL DNA, these additional gRNAs were
shortened to a 19 bp-long spacer as compared to the previously described plasmid-
based constructs (Swiat et al., 2017). Oligos carrying the gDNA design shown in Figure
4B-ii were ordered for each gRNA (Table S1) and transformed in duplex or quadruplex
to IME475 overexpressing the T7RNAPP¢-, Duplex targeting of ADE2 and HIS4 revealed
that a vast majority of tested clones were edited (14 out of 16) and that 63% of the
clones carried a double deletion (Figure 2.7B). Out of the clones with a single edit, none
carried a single HIS4 deletion, while duplex editing with ADE2 was clearly a frequent
event (Figure S6). Quadruplex targeting resulted in a substantial fraction of clones
without any editing (34%, Figure 2.7C). The fraction of clones with a single editing event
was very similar for duplex and quadruplex editing (25 and 30%, respectively). 23% and
13% of the clones carried double and triple edits, respectively, and quadruplex editing
was not observed (Figure 2.7C). Remarkably, none of the tested clones displayed
editing in CAN1 (Figure S7), suggesting that the CAN1-4 gRNA failed to guide FnCas12a to
the targeted site. This lack of targeting might be explained by the fact that the CAN1-4
gRNA contained an additional guanine triplet and was six nucleotides shorter than the
CAN1-4 gRNA originally tested by Swiat and co-workers. To test this hypothesis, the
CAN1-4 gDNA (GGG at 5’ and a 19 bp-long spacer) was expressed from a plasmid with
the SNR52 promoter and tested for editing efficiency. Out of eight selected colonies,
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none resulted in a CAN1 deletion (Figure S8), a complete loss in editing efficiency
that is likely due to the disruption of the gRNA stem-loop structure (Table S3). A
new CAN1 spacer with a predicted secondary structure displaying the gRNA stem-
loop was therefore selected for CAN1 targeting (CAN1-3 (Swiat et al., 2017), Table S3).
Expressed from a plasmid with the SNR52 promoter, CAN1-3 led to 100% CAN1 editing
with FnCas12a (Figure S8). However, when tested for multiplexing using the gEL DNA,
CAN1-3 rarely led to editing of CAN1 by FnCas12a (Figure 2.7D). A single CAN1 editing
event was observed out of 30 clones tested (Figure S9) and, remarkably, this event
was concomitant with the editing of the three other targets, leading to a single clone
with quadruple DNA editing (Figure 2.7D). In the quadruplex editing experiments with
CAN1-4 and CAN1-3, the fraction of clones with single, double and triple DNA editing
was comparable (roughly 30, 25 and 10% respectively, Figure 2.7CD).

Following the approach described by Swiat and co-workers, two cRNA arrays were
tested for quadruplex genome editing. Both plasmids carried the HIS4-4, ADE2-3 and
PDR12-3 gRNAs, but pUDE735 expressed CAN1-4 (Figure S7) while pUDR692 expressed
CAN1-3 (Figure S9). As previously observed, the number of colonies obtained after
transformation was extremely low (below ten colonies), as compared to the number
of colonies obtained for quadruplex editing with the gEL DNA approach (over 150
colonies).

Construction and validation of a portable gEL DNA toolkit

The orthogonality of the T/RNAP-based gEL DNA system has great potential for other
organisms. To demonstrate transportability, all-in-one multicopy plasmids carrying
both T7RNAP and Fncas12a were constructed (pUDE1083, pUDE1084 and pUDE1087,
Table 2.2). Both proteins have been shown to reduce growth rate when expressed
individually at high level from multicopy plasmids (this work for TZRNAP and (Swiat
et al., 2017) for Fncas12a), simultaneous high-level expression of these two proteins
might therefore be detrimental for the yeast strains. The results above show that the
efficiency of DNA editing by gEL is sensitive to T/RNAP abundance, it was therefore
decided to keep the same promoter for T7RNAP expression (pTDH3) but to tune
the expression of Fncasi2a by using three constitutive promoters spanning a broad
range of strengths: pREV1 with low expression (resulting in strain IME646), pPFK1 with
intermediate expression (strain IME640) and the strong pTEF1 (strain IME641). As
expected, co-expression of TZRNAP and Fncas12a decreased the specific growth rate
as compared to strains expressing T7RNAP or Fncas12a alone and to the control strain
(ca. 20% decrease, Figure S10), however strains with different promoter strengths for
Fncas12a expression displayed similar growth rates (specific growth rate of 0.26 + 0.01
h" for IME640, 0.25 + 0.01 h" for IME641 and 0.25 * 0.01 h” for IME646; Figure S10). In
the absence of promoter-dependent phenotypic effect, the strain expressing Fncas12a
under the control of the strongest, pTEF1 promoter (IME641) was selected to test the
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Figure 2.7. Multiplex genome editing by FnCas12a using the gEL DNA approach. A) Targeted sites
for deletion of ADE2 (ADE2-3, dark blue), HIS4 (HIS4-4, light blue), PDR12 (PDR12-3, turquoise), and
CAN1 (CAN1-4, light green; CAN1-3, dark green). B) IME475 (T7RNAP overexpression, #T7RNAP)
transformants obtained from double gDNA delivery: ADE2-3 and HIS4-4. C) Transformants of
IME475 using four gDNAs: ADE2-3, HIS4-4, PDR12-3, and CAN1-4. D) Transformants of IME475 using
four gDNAs: ADE2-3, HIS4-4, PDR12-3, and CAN1-3. E) Plasmid map of the exportable gEL DNA plas-
mid pUDE1084. F) Fraction of selected colonies upon transformation of IME641 (Fncas12a and
T7RNAP overexpression, XFncasi2a #T7RNAP) with four gDNAs: ADE2-3, HIS4-4, PDR12-3, and
CAN1-3. Number of verified clones is indicated in parentheses, and diagnostic PCRs are reported
in Figures S6, S7, S9, S12, and S13. Zero (0A), single (14), double (24), triple (3A), or quadruple
(4L) deletions are indicated at the outside ends for each fraction. Types of obtained deletions
are specified by the respective colour of the target. The total number of tested colonies are also
stated next to each depiction in parentheses.
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DNA editing efficiency of the portable gEL DNA system (plasmid map in Figure 2.7E).
Singleplex editing of ADE2 revealed similar efficiencies between the integrated and
portable systems (above 95 % + 1% of edited colonies, Figure S11). However, the portable
system proved to be substantially superior for duplex and quadruplex editing (Figure
2.7F, Figure S12, Figure S13) with 100% and 30% efficiency for duplex and quadruplex
editing, respectively. Remarkably, the remaining 70% of the colonies transformed for
quadruplex editing displayed triplex editing, with CAN1 systematically unedited (Figure
2.7F). The plasmid-based gEL DNA approach is therefore highly efficient for singleplex
and multiplex editing. It does not require a priori modification of target strain and is
therefore a promising tool to be used in other yeasts, or even other organisms upon
construction of compatible T7RNAP and FnCas12a-expressing plasmids.

2.4. Discussion

The future of CRISPR-Cas-based genome editing heads towards the development
of fast and low-cost methodologies for strain construction. The gEL DNA approach
presented in this study expands the CRISPR-Cas genome editing toolbox of
S. cerevisiae with an entirely cloning-free and very efficient strategy for single or
double genetic modification in S. cerevisiae. By simply transforming pre-annealed 87-
long, complementary DNA oligonucleotides into competent yeast cells, cost and time
of strain construction can be reduced to the bare minimum. Any chosen gRNA cassette
can be delivered independently or in combination with other gRNA cassettes, making
this technique very versatile and highly suitable for high-throughput, combinatorial
strain construction. Akin to other CRISPR-based techniques for genome engineering,
increasing the number of simultaneously targeted sites strongly affects the efficiency
of multiplexed gEL DNA or the viability of cells in terms of CFU on transformation plate
(Table S2, Figure 2.7) (Swiat et al., 2017, Adiego-Pérez et al., 2019). The results obtained
in this study suggest that the editing efficiency can be further enhanced. For instance,
increasing T7RNAP and gDNA abundance substantially increased singleplex gene
editing (Figure 2.4, Figure 2.5), suggesting that gRNA abundance might be a key factor
for efficient DNA editing. Measurement of gRNA abundance should be performed to
confirm this hypothesis. However, measurement of these extremely short, transiently
expressed RNAs during transformation is technically extremely challenging. While
the toxicity of plasmid-borne T7RNAP expression showed that its abundance cannot
be further increased in S. cerevisiae, the efficiency of the gEL DNA could be further
enhanced by T7RNAP protein engineering or by expression of DNA-dependent RNAP
variants from other bacteriophages (i.e. T3, SP6 or K11) that are able to transcribe from
short promoters and from linear DNA templates (Jorgensen et al., 1991, Rong et al.,
1999, Yoo & Kang, 2000). Another aspect to consider is the stability of the gDNA. While
other methods deliver gRNA in the form of plasmids that are very stable in vivo, the
linear nature of the gDNA make it prone to degradation by native exonucleases. Further
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studies should explore the stability of gDNA and gRNA during transformation and test
whether chemical stabilization of the linear gDNA (by phosphorothioate derivatives or
2’-ribose modification for instance (Leonetti et al., 1991, Fisher et al., 1993)) enhances
gRNA availability and thereby DNA editing. These are therefore several promising
avenues to further improve multiplex DNA editing with the gEL DNA approach.

Out of the eight gRNAs tested in this study, one failed to guide FnCas12a for gene
editing. Remarkably, for this guide (CAN1-4), the folding prediction suggested the
complete disruption of the direct repeat as a consequence of the 5’-addition of the
guanine triplet, while the other seven guides displayed typical gRNA secondary
structures with the required stem-loop structure (Figure 2.7, Table S3) (Swarts et al.,
2017). In agreement with these observations, a recent study about the FnCas12a-gRNA
functionality suggests that the disruption of the direct repeat pseudoknot structure by
pairing to the spacer sequence might lead to loss of gRNA targeting ability (Creutzburg
et al., 2020). Additionally, inhibition of the gRNA processing and consequently
of FnCas12a activity seems to be due to the positional effect of a stable secondary
structure flanking the direct repeat (Liao et al., 2019). It has been recently advised that
the terminator should be spaced-out by a 24 nt-long spacer to avoid steric effects with
the pseudoknot formation and thereby allow correct gRNA folding (Creutzburg et al.,
2020). Our findings support these theories, since a gRNA flanked by the short, 30-nt
T7 terminator sequence that lacks the stem-loop structure has a 1.8-fold higher ADE2
editing efficiency than a gRNA with the longer, 47-nt T7 terminator (Figure 2.4B-iv-v).
Prediction of the gRNA structure is therefore essential to optimize FnCas12a-based
DNA editing with the gEL approach.

Despite efforts to improve editing with both SpyCasg and FnCas12a, the latter proved
to be more efficient for DNA editing with the gEL DNA method. The causes for
SpyCas9's lower efficiency remain to be elucidated, but the observation that increasing
T7RNAP abundance hardly affects DNA editing by SpyCas9 (increased by 1.4%; Figure
2.5) suggests that gRNA abundance is not the factor impairing SpyCasg activity. While
the length of the gDNA might be another obstacle for SpyCas9 implementation with
the gEL DNA approach, it could be overcome by expressing the tracrRNA separately
from the gRNA (Bao et al., 2015).

In conclusion, the gEL DNA methodology is not only an extremely valuable tool for
genome editing in S. cerevisiae, but has a yet greater potential thanks to its portability
to other organisms. Expression of gRNAs using the host machinery or in vivo burden
of gRNA-expression plasmids can present serious obstacles for CRISPR-Cas9-based
editing (Gao & Zhao, 2014, Wagner et al., 2014, Gorter de Vries et al., 2017, Lee et al.,
2017, Juergens et al., 2018). By introducing a T7RNAP and gDNA oligos, the gEL DNA
approach dissociates gRNA production from the host polymerase and from plasmid
templates, thereby entirely removing these obstacles.
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Chapter 3

Abstract

ErCast2ais a class 2 type V CRISPR-Cas nuclease isolated from Eubacterium rectale
with attractive fundamental characteristics, such as RNA self-processing capability,
and lacks reach-through royalties typical for Cas nucleases. This study aims to
develop a ErCas12a-mediated genome editing tool applicable in the model yeast
Saccharomyces cerevisiae. The optimal design parameters for ErCas12a editing in
S. cerevisiae were defined as a 21 nt spacer flanked by 19 nt direct repeats expressed
from either RNApolll or Il promoters, achieving near 100% editing efficiencies in
commonly targeted genomic locations. To be able to transfer the ErCas12a genome
editing tool to different strain lineages, a transportable platform plasmid was
constructed and evaluated for its genome editing efficiency. Using an identical
crRNA expression design, the transportable ErCas12a genome editing tool showed
lower efficiency when targeting the ADE2 gene. In contrast to genomic Ercas12a
expression, episomal expression of Ercas12a decreases maximum specific growth
rate on glucose, indicating ErCas12a toxicity at high expression levels. Moreover,
ErCas12a processed a multi-spacer crRNA array using the RNA self-processing
capability, which allowed for simultaneous editing of multiple chromosomal
locations. ErCas12a is established as a valuable addition to the genetic toolbox for
S. cerevisiae.
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3.1. Introduction

Originally studied for their role in prokaryotic adaptive immunity (Ishino et al., 1987,
Moijica et al., 1993, Mojica et al., 2005, Barrangou et al., 2007, Brouns et al., 2008,
Marrafini & Sontheimer, 2009, Garneau et al., 2010), clustered regularly interspaced
short palindromic repeats (CRISPR)-associated (Cas) systems have since been studied
for their use in genome editing (Sapranauskas et al., 2011, Jinek et al., 2012, Cong et al.,
2013, Mali et al., 2013). In this application, precisely and efficiently introducing double
stranded breaks (DSBs) is critical to activate and recruit the DNA repair machinery to
the targeted location for precise genetic modifications. The freedom to design spacers
at will makes the sequence-guided endonuclease function of CRISPR-Cas systems
attractive for this purpose.

Genome editing strategies rely on a single effector Cas protein, consisting of a single
crRNA-programmable multidomain, belonging to one of the class 2 CRISPR-systems.
In contrast, class 1 CRISPR-systems rely on hetero multimer complexes, making them
less attractive as genome editing tool (Makarova et al., 2020). Applying CRISPR-Cas
systems for gene editing is therefore based on the introduction of a class 2 Cas protein
loaded with a CRISPR-RNA (crRNA). In native Archaeal and Prokaryotic hosts, the
endonuclease-programming RNA can be composed of an RNA duplex resulting from
the combination of a crRNA and a tracrRNA (Jinek et al., 2012) or composed of a single
RNA molecule (Zetsche et al., 2015), like for Casg (class 2 type Il) and Cas12a (class
2 type V-A), respectively. Upon complementarity of the spacer and protospacer and
presence of the essential protospacer adjacent motif (PAM) (Garneau et al., 2010), this
ribonucleoprotein complex cleaves the DNA. For efficient application in heterologous
hosts, the CRISPR class 2 type Il system (Cas9) has been simplified by connecting the
crRNA to the tracrRNA in a chimeric single guide RNA (sgRNA) (Jinek et al., 2012).
Targeted DSBs can be exploited to direct DNA repair mechanisms to the target locus.
In cells with a functional homologous recombination (HR) machinery, adding a DNA
repair fragment containing flanking homology sequences to the target site resolves the
otherwise lethal dsDNA break, thereby incorporating the desired genetic modification
(Capecchi, 1989).

Within the class 2 Cas proteins, the type Il, which includes the Casg signature protein,
was the first to be harnessed for gene editing applications (Jinek et al., 2012) and has
remained the dominant endonuclease for this purpose. While first applications were
demonstrated in human cell lines, the Casg system has shown efficacy in a wide range of
hosts (DiCarloetal., 2013, Feng et al., 2013, Jiang et al., 2013, Mizuno et al., 2014, Juergens
etal., 2018). For effective endonuclease activity, the spacer sequence must be adjacent
to a CRISPR-system-dependent PAM. The popular Streptococcus pyogenes Cas9
(SpyCas9) recognizes the 5’-NGG-3’ PAM, a sequence that occurs frequently enough
to target editing events in most genes within a genome. However, the occurrence
and location of PAM sequences may limit in vivo site-directed mutagenesis approaches
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designed to alter a single nucleotide. For instance, targeting a chromosomal region
with low GC content could be more difficult using SpyCas9. Therefore, increased
flexibility in PAM recognition sequences is desired, and this has been one of the driving
forces both for studies aiming at altering Casg PAM specificity (Hu et al., 2018) and the
search for alternative CRISPR-Cas systems (Li et al., 2015, Zetsche et al., 2015, Edraki et
al., 2019).

Class 2 type V CRISPR-Cas systems are one such alternative. The first type V Cas protein
characterized in yeast was Cas12a (originally Cpf1) and was shown to differ from type
Il proteins in significant ways (Zetsche et al., 2015, Swiat et al., 2017, Verwaal et dl.,
2018). Cas12a proteins recognize T-rich PAM sequences (5-TTTV-3’ or more general
5’-YTTN-3’), conversely to Cas9. Cas12a cleavage occurs distal from the PAM sequence
and makes staggered end cuts, while Casg cuts proximal to the PAM and generates
blunt ends. Interestingly, its effector module requires neither RNase nor tracrRNA to
process its crRNA. The Cas12a effector protein recognizes the direct repeats preceding
spacers in the CRISPR array and self-processes them to produce mature, single
molecule crRNAs.

One interesting Cas12a protein is ErCas12a (also referred to as MAD7), isolated from an
Eubacteriumrectale specimen found in Madagascar (Inscripta Inc., Boulder, CO, https://
www.inscripta.com/resources/literature/) (Gill et al., 2018). In contrast to previously
characterized Cas12a nucleases from Acidaminococcus, and Francisella species that
share high amino acid sequence identity (>95%), ErCas12 exhibits less than 45% of
identity with the above-mentioned nucleases while keeping all features of class 2 type
V-A endonucleases. Interestingly, next to its technological advantages, ErCas12a is
currently the only Cas nuclease with a free commercial research license, stimulating the
development of this endonuclease as a method for genome editing. ErCas12a editing
has been evaluated in several organisms (Liu et al., 2019, Wierson et al., 2019, Liu et al.,
2020, Price etal., 2020, Jarczynska et al., 2021, Lin et al., 2021, Rojek et al., 2021, Zhang et
al., 2021, Vanegas et al., 2023) (Table 3.1), but fundamental questions remain about the
optimal method of expression, critical design elements, and multiplex editing. These
design elements, including the expression system, direct repeat (DR) length, spacer
length and PAM, can have considerable impact on editing efficiency (Swiat et al., 2017)
and a consensus design has not yet been reached. There is thus a need to establish the
optimal design features for implementing ErCas12a editing in S. cerevisiae.

The goal of the present study was to optimize the ErCas12a-based genome editing
in S. cerevisiae. To this end, we explored ways to improve the efficiency of genome
editing by tuning the length of the direct repeats and of the spacers. We also evaluated
approaches to express the crRNA array by testing different designs and consequently
proposed design principles for application of ErCas12a in S. cerevisiae. Furthermore,
we applied these principles to investigate applicability of ErCas12a to multiplexing
strategies.
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3.2. Materials and Methods

Strains and cultivation conditions

The yeast strains used in this study are shown in Table 3.2. Strains were grown on
complex yeast extract-peptone-dextrose (YPD) medium, consisting of 20.0 g L*
glucose, 20.0 g L' Bacto peptone and 10.0 g L' Bacto yeast extract or on synthetic
medium (SMD) containing 5 g L-1 (NH4):S0,, 3 g L" KH:POy, 0.5 g L MgS04-7H:0, 1.0
mL L trace element solution and was supplemented with 20 g L™ glucose and 1.0 mL
L" vitamin solution (Verduyn et al., 1992). Synthetic medium with urea as nitrogen
source (SMD-urea) contained 6.6 g L" K.SO4, 3 g L' KH:.PO,, 0.5 g L' MgS0,-7H:0, 1.0
mL L trace element solution and was supplemented with 20 g L glucose, 1.0 mL L*
vitamin solution and 2.3 g L CO(NH.).. When required, medium was supplemented
with G418 (200 mg L") or hygromycin B (200 mg L"). Solid medium was obtained by
addition of 20.0 g L' Bacto agar. S. cerevisiae strains were grown in an Innova 44R
shaker (Eppendorf, Hamburg, Germany) at 30 °C and 200 rpm in 500 mL shake flasks
containing 100 mL medium or on stationary plates containing solid medium. For plasmid
propagation, E. coli XL1-Blue cells (New England Biolabs, Ipswich, MA) were grown in 15
mL Greiner tubes containing 5 mL lysogeny broth (LB) medium at 37 °C and 200 rpm in
an Innova 4000 Incubator Shaker (Eppendorf) or on stationary plates containing solid
LB medium supplemented with 20.0 g L™ Bacto agar. When required, LB medium was
supplemented with ampicillin (100 mg L"), kanamycin (50 mg L"), spectinomycin (100
mg L) or chloramphenicol (25 mg L™). Plates used for selection of E. coli transformants
were grown stationary overnight at 37 °C and S. cerevisiae transformants were grown
at 30 °C for three days in a stationary incubator. S. cerevisiae and E. coli cultures were
stocked as 1 mL aliquots in a-80 °C freezer after addition of 30% (v/v) glycerol.

Molecular biology techniques

Gibson assembly was performed using Gibson Assembly Master Mix (New England
Biolabs, Ipswich, MA) according to the supplier’s instructions. Golden Gate assembly
was done according to Lee et al. (2015) with 20 fmol of each fragment with Bsal or
BsmBI enzymes (New England Biolabs) and T7 DNA ligase (New England Biolabs). PCR
for diagnostic purposes was performed using DreamTaq PCR Master Mix (Thermo
Fisher Scientific, Walthman, MA) according to supplier’s instructions. Phusion® High-
Fidelity DNA polymerase (Thermo Fisher Scientific) was used for fragment amplification
for cloning purposes according to supplier’s instructions. All primers (Table S1) were
ordered at Sigma-Aldrich (St Louis, MO). Isolation of yeast genomic material for PCR
verification was done with the LiAc-SDS protocol according to (LSoke et al., 2011).
Plasmid isolation was performed using GeneJET Miniprep kit (Thermo Fisher Scientific)
and PCR products were purified using GeneJET PCR Purification Kit (Thermo Fisher
Scientific), both according to the supplier’s instructions. When required, PCR products
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Table 3.2. Strains used in this study.

Strain Relevant genotype Reference
CEN.PK113-7D MATa MAL2-8¢ SUC2 (Entian & Kotter, 2007)
IMX2600 MATa MAL2-8¢ SUC2 Acan::Spycasg-natNT2 %azz)de” Broek etal.,
MATa MAL2-8c SUC2 Acan1::Spycas9-natNT2 .
IMX2713 AX-2*::pPGK1-Ercast2a-tPHOS This study
IME795 MATa MAL2-8c SUC2 pGGKdo18 This study
IME796 MATa MAL2-8¢ SUC2 pUDE1093 This study
MATa MAL2-8c SUC2 Acan1::Spycas9-natNT2 .
IMK1049, colony 1 AX-2%*::pPCK1-Ercast2a-tPHO5 Aade2 This study
IMK1050, colony 2 MATa MAL2-8c SUC2 Acan1::Spycas9-natNT2 This study

AX-2%::pPCK1-Ercast2a-tPHO5 Aade2

MATa MAL2-8c SUC2 Acani::Spycasg-natNT2
IMX2898, colony 1 AX-2%::pPCK1-Ercast2a-tPHO5 AXI-3%*::crtE This study
AYPRCT3*::crtl All-1%::crtYB

MATa MAL2-8c SUC2 Acan1::Spycasg-natNT2
IMX2899, colony 2 AX-2%::pPCK1-Ercas12a-tPHO5 AXI-3*::crtE This study
AYPRCt3*::crtl All-1*::crtYB

* X-2 and XI-3 from Mikkelsen et al., (2012), YPRCt3 from Flagfeldt et al., (2009) and II-1 from
Babaei et al., (2021)

were isolated from gel using Zymoclean Gel DNA Recovery Kits (Zymo Research,
Irvine, CA) according to the supplier’s instructions. Unless specified otherwise,
plasmid sequencing was done with Sanger sequencing by Macrogen (Amsterdam, The
Netherlands).

Plasmid construction

Construction of ErCas12a-expressing plasmid

The Ercas12a gene sequence was retrieved from Inscripta Inc. (https://www.inscripta.
com/products/mad7z-nuclease/, consulted April 2020, WP_055225123.1). To optimize
protein expression and nuclear localization, the sequence was codon-optimized for
S. cerevisiae and the nuclear localization signal (NLS) SV40 (Kalderon et al., 1984) was
added to the C-terminus. The plasmid pUDE1093 (Addgene #204227) expressing the
ErCas12a CRISPR nuclease from the strong constitutive pPGK1 promoter and tPHO5
terminator was constructed by Golden Gate cloning with Bsal of pYTKo11, pGGKp177
and pUD1171 (coSc-Ercasi2a) into the backbone of pGGKdo18, replacing the Bsal-
flanked GFP dropout with the Ercas12a expression cassette. Correct assembly of
pUDE1093 was verified by colony PCR using the primers 10320 & 10325 and sequence-
verified by next-generation sequencing at Plasmidsaurus (Eugene, OR; https://www.
plasmidsaurus.com/).
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Table 3.3. Plasmids used in this study.

Plasmid Genotype Reference
. : : (Postma et
pUDR547 oribla hph 2pm gRNA X-2 gRNA X-2 al., 2021)
) (Leeetal,
pYTKO11 ori cat pPGK1 2015)
pGGKp177  oriaph3’ tPHO5 This study
pUD1171 ori cat coSc-NLSSV40-Ercas12a GeneArt™
PGGKd018  ori aadA1 kanMXR 2um GFPdo (Randazzo et
al., 2021)
pUD530 oriaph3’ SHRB panARSopt SHRC GeneArt™
pUD532 oriaph3’ SHRI ori bla SHRA GeneArt™
pMEL12 ori bla 2um hphNT1 gRNA-CAN1.Y g’(\)/'fsgs etal,
) (Mans et al.,
pMEL13 ori bla 2um kanMX gRNA-CAN1.Y 2015)
pUD1190 ori aph3’ pTDH3-HH-S.DR-GFPdo-S.DR-HDV-tTDH3 GeneArt™
pUD1191 oriaph3’ pTDH3-HH-L.DR-GFPdo-L.DR-HDV-tTDH3 GeneArt™
pUD1194 ori aph3’ pSNR52-S.DR-GFPdo-S.DR-tSUP4 GeneArt™
pUD1195 ori aph3’ pSNR52-L.DR-GFPdo-L.DR-tSUP4 GeneArt™
This study
pUDE1093  oriaadA1 kanMX 2um pPGK1-Ercasi2a-tPHO5 (Addgene
#204227)
pUDE1111 ori bla hph 2pm ConLS-pTDH3-ymNeongreen-tADH1-ConR1 This study
pUDE1112 ori bla hph 2pm ConLS-pTDH3-ymScarletl-tADH1-ConR1 This study
pUD1248 ori cat pPGK1-crtYB-tPGK1 This study
pUD1249 ori cat pHHF2-crtE-tADH1 This study
pUD1250 ori cat pTDH3-crtl-t TDH1 This study
H opt _ _ _ _ - _
pUDP239 ori bla kanMX panARS?* pTDH3-HH-L.DR-GFPdo-L.DR-HDV- This study
tTDH3
i opt CHH- y R _HDV-
pUDP240 ori bla kanMX panARS®P* pTDH3-HH-S.DR-GFPdo-S.DR-HDV- This study
tTDH3
pUDP241 ori bla kanMX panARS?* pSNR52-L.DR-GFPdo-L.DR-tSUP4 This study
pUDP242 ori bla kanMX panARS* pSNR52-S.DR-GFPdo-S.DR-tSUP4 This study
ori bla kanMX panARS* pTDH3-HH-L.DR-21nt crRNA ADE2-L. .
pUDP285 DR-HDV-tTDH3 This study
ori bla kanMX panARS* pTDH3-HH-L.DR-25nt crRNA ADE2-L. .
pUDP286 DR-HDV-tTDH3 This study
i opt - - - -
pUDP287 ori bla kanMX panARS®** pTDH3-HH-S.DR-21nt crRNA ADE2-S. This study

DR-HDV-tTDH3
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Table 3.3. (continued)

Plasmid Genotype Reference
ori bla kanMX panARS®P* pTDH3-HH-S.DR-25nt crRNA ADE2-S. .
pUDP288 DR-HDV-tTDH3 This study
i opt - - - -
pUDP389 ori bla kanMX panARS** pSNR52-L.DR-21nt crRNA ADE2-L.DR This study
tSUP4
: opt _ _ - -
pUDP290 ori bla kanMX panARS®P* pSNR52-L.DR-25nt crRNA ADE2-L.DR This study
tSUP4
H opt _ _ _ -
pUDP291 ori bla kanMX panARS®P* pSNR52-S.DR-21nt crRNA ADE2-S.DR This study
tSUP4
H opt _ _ . -
pUDP292 tosrbk;!j kanMX panARS®P' pSNR52-S.DR-25nt crRNA ADE2-S.DR This study
i opt - - - -2- - -
pUDP295 ori blaR kanMX panARS** pTDH3-HH-S.DR-crRNA XI-3-S.DR-HDV This study
tTDH3
ori bla kanMX panARS®* pTDH3-HH-S.DR-crRNA YPRCT3-S.DR- .
pUDP296 HDV-tTDH3 This study
i opt - - - -1 - - -
pUDP311 ori bla kanMX panARS* pTDH3-HH-S.DR-crRNA 11-1-S.DR-HDV This study
tTDH3
ori bla kanMX panARS®P* pTDH3-HH-S.DR-crRNA XI-3-S.DR-crRNA .
PUDP312 ypRCr3-5.DR-HDV-TDH3 This study
ori bla kanMX panARSopt pTDH3-HH-S.DR-crRNA XI-3-S.DR-crR- .
PUDP313 (A YPRCT3-S.DR-crRNA II-1-S.DR-HDV-t TDH3 This study
UDPa ori blaR hph panARS® pTDH3-HH-S.DR-GFPdo-S.DR-HDV- tTDHS3, (T:('jd“ggg#
P 93 pPCK1-Ercasi2a-tPHO5 g
204228)
' opt “HH- - X _HDV-
pUDP299 ori bla hph panARS®P* pTDH3-HH-S.DR-crRNA ADE2-S.DR-HDV This study

tTDH3, pPCKi1-Ercasi2a-tPHO5

Construction of ErCasi2a genome editing platform plasmids

The platform plasmids pUDP239-pUDP242 consisting of four parts were assembled via
Gibson Assembly using unique 60 bp synthetic homologous recombination sequences
(SHR-sequencesA, F,Candl)incorporated during PCRamplification (Kuijpersetal.,2013).
The yeast marker cassette, A-pAgTEF1-KanMX-tAgTEF1-B, was amplified from plasmid
pMEL13(Mansetal.,2015) using primers 3748 &3749. The yeast origin B-panARS°P-Cwas
amplified frompUDs530 (Gorterde Vriesetal., 2017) using primers 4672 &3856. The E. coli
origin and marker, I-ori blaR-A, was amplified from pUD532 (Corter de Vries et al., 2017)
with primers 3274 & 3275. The gRNA insertion fragment was designed in four different
combinations of promoter/terminator pair and DR sequences. The two DR sequences
differ in length: a long DR of 35 nt (GTCAAAAGACCTTTTTAATTTCTACTCTTGTAGAT)
and a short DR of 19 nt (AATTTCTACTCTTGTAGAT). Two types of promoter/terminator
pairs were used: transcription by RNA polymerase Il (pSNR52 and tSUP4) or Il in
combination with ribozymes (pTDH3 and tTDH3; hammerhead (HH) and hepatitis
delta virus (HDV) ribozymes). Therefore, four different crRNA expression cassettes
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were ordered (pUD1190, pUD1191, pUD1194 and pUD1195) from GeneArt (Thermo
Fisher Scientific), each containing a GFP dropout site flanked with Bsal recognition
sites for replacement by the crRNA for easy cloning. The plasmids were PCR-amplified
with primers 3283 & 4068 to obtain the four different SHR-flanked crRNA insertion
sites fragments with either a long or short DR and either a RNA polymerase Il (pTDH3)
or Il (pSNR52) promoter. The PCR-amplified fragments were purified, and different
platform plasmids were assembled by combining the appropriate fragments in a
Gibson Assembly reaction. Correct assembly was verified by colony PCR of green
colonies over the A, B, Cand | SHR-sequences of pUDP239-pUDP242 using the primers
16503 & 8401, 9719 & 10345, 10344 & 4369 and 16501 & 6818, respectively.

The episomal plasmid enabling the expression of Ercas12a together with the crRNA
was constructed by Gibson assembly of five fragments flanked with compatible
SHR sequences (Kuijpers et al., 2013). The yeast marker cassette A-pAgTEF1-hphNT1-
tAgTEF1-B was amplified from plasmid pMEL12 (Mans et al., 2015) using primers 3748
& 3749. The yeast origin F-panARS°P-C was amplified from pUD530 (Corter de Vries
et al., 2017) using primers 4672 & 3856. The E. coli origin and marker, I-ori blaR-A, was
amplified from pUD532 (Gorter de Vries et al., 2017) with primers 3274 & 3275. The
crRNA insertion expression cassette (short DR and RNApolll design) was amplified
from pUD1190 with primers 3283 & 4068. The Ercas12a expression cassette was
amplified from pUDE1093 with primers 17934 & 9393. Gibson assembly of these five
fragments resulted in pUDP293 (Addgene #204228). Correct construction was PCR-
verified with primers 9719, 7487, 4377, 10345, 10344, 4369, 16501, 6818, 16503 and 8401.
Also, the plasmid was Sanger sequenced using primers 3847, 3276, 4672, 7487, 7488,
19481, 19482, 19483, 19484, 19485, 19486, 3288, 3274 and 3275 and sequence-verified
by next-generation sequencing at Plasmidsaurus (Eugene, OR).

General construction of crRNA expressing plasmids

The plasmids used in this study for crRNA expression were constructed according to
a generalized Golden Gate cloning scheme (Figure 3.1). Platform plasmids contained a
GFP dropout (GFPdo) within a crRNA expression cassette flanked by Bsal restriction
sites, DRs, ribozymes in case of RNA polymerase Il promoter/terminator regulation,
and finally a promoter and terminator. Spacers were ordered as primer pairs with
each primer containing four nucleotide overhangs complementary to the 5’ or 3’
four-nucleotide overhangs generated after Bsal restriction of the platform plasmid.
The annealing of the primer pair thus creates a DNA fragment with four-nucleotide
overhangs complementary to the restricted platform plasmid (Figure 3.1). Plasmids
expressing crRNAs were constructed by Golden Gate assembly of a platform plasmid
and a fragment of two annealed oligonucleotides, followed by green/white screening.
Correct assembly of the crRNA into the platform plasmids was verified by diagnostic
PCR and Sanger sequencing.
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Figure 3.1. Construction of crRNA expression plasmids. Platform plasmids A) pUDP239-pUDP242
and B) pUDP293 carrying a crRNA expression cassette (promoter: yellow; DR: dark blue; termi-
nator: pink) with GFPdo (dark green), ColE1 ori bla (light green), G418 yeast resistance marker
cassette (KanMX) (blue), pPCK1-Ercas12a-tPHO5 expression cassette (purple; B) and panARSPt
yeast origin of replication (Liachko & Dunham, 2014) (brown), separated by synthetic homol-
ogous recombination (SHR) sequences (red) (Kuijpers et al., 2013). Bsal restriction is used to
cut the plasmid at Bsal restriction sites. Sticky ends left from Bsal restriction are complemen-
tary to four-nucleotide overhangs of annealed spacer primer pair, which can also constitute a
spacer-[DR-spacer]n array for multiplex editing at N+1 genomic targets. The 3’ primer overhang
sequence is dependent on the choice of DR. The oligo pair is annealed and ligated into the crRNA
expression cassette, which generates the crRNA expression plasmid.

Construction of ADE2 targeting plasmids and repair fragments

To construct crRNA-expressing plasmids targeting the ADE2 gene in S. cerevisiae,
complementary primers (18327, 18328, 18329, 19010, 19011 and 19012), containing a
crRNA sequence targeting ADE2, were annealed and cloned into plasmids pUDP239,
pUDP240, pUDP241 and pUDP242 via Golden Gate assembly with Bsal, resulting in
plasmids pUDP285, pUDP286, pUDP287, pUDP288, pUDP289, pUDP290, pUDP291
and pUDP292, respectively. Inserts were PCR-verified with primers 10344 & 6097 and
Sanger sequenced using primers 3283 & 11551. Repair fragments for ADE2 deletion
were constructed by annealing the primers 10155 & 10156.
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Construction of XI-3, YPRCt3, and I1-1 crRNA expression plasmids and repair fragments

Plasmids expressing crRNA targeting the XI-3 (Mikkelsen et al., 2012), YPRCt3 (Flagfeldt
et al, 2009) and II-1 (Babaei et al., 2021) loci individually, a duplex editing plasmid
targeting XI-3 and YPRCt3 and a plasmid targeting all three loci simultaneously using a
multiplex crRNA array were constructed with platform plasmid pUDP240 as backbone.
These three chromosomal locations were chosen as they are non-essential, thereby
not interfering with any cellular activities, and promote high transcriptional activities.
To construct crRNA-expressing plasmids pUDP295 (XI-3), pUDP296 (YPRCT3), pUDP311
(11-1), pUDP312 (XI-3 and YPRCt3) and pUDP313 (XI-3, YPRCt3, and II-1), annealed
primer pairs (primers 19489 & 19490 for XI-3, 19870 & 19871 for II-1, 19491 & 19492
for YPRCt3, 19771 & 19772 for XI-3 and YPRCt3 duplex editing and 19881 & 19882 for
XI-3, YPRCt3 and I1-1 triplex editing) were cloned into pUDP240 via Bsal Golden Gate
assembly. Correct construction was PCR-verified with primers 2655 & 6097 and Sanger
sequenced using primers 2655 & 6097.

To construct repair fragments for single editing, pUDE1111 (ori bla hphNT1 2pm ConLS-
pTDH3-ymNeongreen-tADH1-ConR1) was PCR-amplified with primers containing
60-bp overhangs homologous to the target: 15396 & 15397 for XI-3; 14022 & 14023
for YPRCt3; 19773 & 19774 for II-1. For duplex editing, YPRCt3 was repaired with the
ymNeongreen fragment amplified from pUDE1111 with primers 14022 & 14023 and XI-3
was repaired with the ymScarletl fragment amplified from pUDE1112 (ori bla hphNT1
2um ConLS-pTDH3-ymScarletl-tADH1-ConR1) with primers 15396 & 15397. For multiplex
editing, crtYB, crtE and crtl transcriptional units were PCR amplified from pUD1248,
pUD1249 and pUD1250 with primers 19883 & 19884, 19547 & 19548 and 19549 & 19550,
respectively, and were used as repair fragments.

Construction of Ercas12a-expressing strains

AS. cerevisiae strain expressing the genes encoding the CRISPR nucleases Ercas12a and
Spycas9, was constructed from the Spycas9-expressing strain IMX2600 (CEN.PK113-
7D Acani::Spycas9-natNT2) (van den Broek et al., 2024) (Table 3.2) using the CRISPR-
Casg-system (Mans et al., 2015). The Ercas12a expression cassette was amplified from
pUDE1093 using primers 11074 & 13597, incorporating flanks with homology to the
X-2 genomic location (Mikkelsen et al., 2012) required for in vivo HDR. IMX2600 was
co-transformed with 500 ng of the plasmid pUDR547 expressing the gRNA targeting
the X-2 intergenic region and 1000 ng of the pPGK1-Ercas12a-tADH1 repair fragment.
Transformants were selected on YPD plates supplemented with hygromycin B. Correct
integration was verified by diagnostic PCR using the primers 13662 & 13663. After
plasmid removal, the Ercas12a-expressing strain was named as IMX2713 (CEN.PK113-7D
Acan1::Spycas9-natNT2, AX-2::Ercas12a).

113




Chapter 3

Genome editing procedure

crRNA design

All oligonucleotides targeting genomic sites were designed as two annealing
primer sequences containing four-nucleotide overhangs complementary to the Bsal
restriction overhangs of the plasmids. To design the spacer sequence, the CHOPCHOP
tool (Labunetal., 2019) was used to find a list of candidate spacers ranked by predicted
functionality, searching for 5’-TTTV-3’ PAM. This list was checked for RNA secondary
structure with the RNAfold online tool (Lorenz et al., 2011). Spacer sequences with no
predicted secondary structure interfering with the DR sequence were checked for off-
target effects with an in-house BLAST search tool against the IMX2600 strain genome
and the top result with no off-targets was chosen.

Transformation procedure

For genomic editing, the recipient yeast strain was transformed in triplicate with 500
ng crRNA expression plasmid DNA and 1000 ng repair fragment DNA. In all cases,
a control culture of the same strain was transformed with 500 ng of the crRNA
expression plasmid without repair fragment. S. cerevisiae strains were transformed
according to the LiAc/ssDNA/PEG transformation protocol (Gietz et al., 1992). After
transformation, 1 mL YPD was added to the cells for a 2 hour recovery at 30 °C prior to
plating on selective medium. All transformations for determining editing efficiencies
were performed in triplicate.

Genomic editing and screening

In all cases, transformants were genotyped by diagnostic PCR with primers specific
for the targeted genomic location. In cases where ADE2 was targeted, visual red/white
screening was performed and up to ten red colonies and two white colonies were
chosenfor genotyping. In cases where the repair fragment contained an ymNeongreen
expression cassette, transformants were visually screened under blue light for
fluorescence before genotyping. Visual orange/white screening was used before PCR
analysis for multiplex editing as the repair fragments each carried a different gene in
the Xanthophyllomyces dendrorhous B-carotene pathway. Correct integration of all
three genes leads to orange phenotype due to B-carotene accumulation (Verwaal et
al., 2018). Editing efficiency was calculated as colonies showing appropriate reporter
phenotype (red/fluorescent/orange) over total transformants.

Growth rate determination

To determine maximum specific growth rates on glucose, the yeast strains were
cultivated on SMD. When selective pressure for plasmid maintenance was required,
IME795 (CEN.PK113-7D pGGKdo18) and IME796 (CEN.PK113-7D pUDE1093) were
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grown on SMD-urea supplemented with G418. Cultures were inoculated from stocked
aliquots, grown overnight at 30 °C and transferred to fresh medium. From this pre-
culture, the experimental cultures were inoculated in triplicate at an OD660 of 0.2 on
their corresponding medium. Optical density (OD) was measured at set time intervals
with a Jenway 7200 scanning spectrophotometer (Cole-Parmer Inc, Chicago, MI)
at 660 nm. To remove plasmids from IME795 and IME796, strains were restreaked
on nonselective medium, until restreaking on selective medium (G418) yielded no
colonies. Maximum specific growth rates were determined by plotting the natural
logarithm of the growth curve and performing linear regression on the exponential
portion of the growth curve (at least five data points).

Analytical techniques

Supernatant samples of liquid cultures were collected and glucose and ethanol
concentrations were analysed on an Agilent 1260 Infinity HPLC (Agilent Technologies
Inc, Santa Clara, CA) equipped with an Animex HPX-87H ion exchange column (Bio-
Rad, Hercules, CA) at 60 °C and 5 mM H.SO, solution as mobile phase at a flow rate of
0.6 mL min™.

Flow cytometry and cell sorting

After the transformation procedure, the cell suspension was plated onto selective
medium (1/5 of the cells) and transferred to 20 mL liquid selective medium in 100 mL
shake flasks (4/5 of the cells) and cultivated for 2 days at 30 °C while shaking at 200
rpm. Then, 1 mL of the cell suspension was transferred to 20 mL fresh YPD medium
supplemented with 200 mg L of hygromycin in 100 mL shake flasks and grown for 2
days. Finally, 1 mL cell suspension was transferred to 100 mL non-selective YPD medium
in 500 mL shake flasks and grown for 1 day at 30 °C while shaking at 200 rpm. In vivo
assembly efficiency of ymNeongreen and ymScarletl genes in IMX2713 was analyzed by
measuring fluorescence levels in the BD FACSAria™ Il SORP Cell Sorter (BD Biosciences,
Erembodegem-Dorp, Belgium) equipped with 355, 445, 488, 561 and 640 nm lasers
and a 70 pm nozzle and operated with FACSFlow™ software (BD Biosciences). The
fluorophore ymScarletl was excited by the 561 nm laser and emission was detected
through a 582 nm bandpass filter with a bandwidth of 15 nm. The fluorophore
ymNeongreen was excited by the 488 nm laser and emission was detected through
a 545 nm bandpass filter with a bandwidth of 30 nm. The cytometer performance
was evaluated prior to each experiment by running a CST cycle with CS&T Beads
(BD Biosciences) and the drop delay for sorting was determined by running an Auto
Drop Delay cycle with Accudrop Beads (BD Biosciences). For each sample, 100.000
events were analyzed. Cell morphology was analyzed by plotting forward scatter
(FSCQ) against side scatter (SSC) and the appropriate cell size was gated. Gated cells
were used to determine the fluorescence intensity of the cells. Gating windows for
fluorescence intensity were based on the fluorescence of the cells transformed with
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solely ymNeongreen or ymScarletl as repair fragment for sole integrations. Cells in the
gate ymNeongreen*ymScarletl* were sorted separately on non-selective YPD plates
and grown for 2 days. FACS data was analysed using the Flowing Software version 2.5.1
(Turku Centre for Biotechnology, Finland).

Whole genome sequencing

Yeast genomic DNA of transformants IMX2713, IMK1050, IMK1051, IMX2898 and
IMX2899 was isolated using QIAGEN Genomic-tip 100/G kit (Qiagen, Hilden, Germany),
following manufacturer’s instructions. Genomic DNA concentrations were measured
with the BR dsDNA kit (Invitrogen, Carlsbad, CA) using a Qubit 2.0 Fluorometer (Thermo
Fisher Scientific). Whole genome sequencing using TruSeq DNA PCR-Free Library
Preparation (150 bp paired ends, 350 bp insert) on a NovaSeq 6000 S4 sequencer was
performed by Macrogen-Europe (Amsterdam, The Netherlands).

Alllllumina sequencing (Table S5) data are available at NCBI (https://www.ncbi.nlm.nih.
gov/) under the bioproject accession number PRJNA977855) . The raw Illumina reads
were mapped using the Burrows-Wheeler Alignment tool (BWA) (Li, 2013) against a
chromosome-level reference genome of IMX2600 (NCBI bioproject accession number
PRIJNA976676) (van den Broek et al., 2024) to which four extra contigs containing the
Ercas12a and Xdcrt integration cassettes were added (Supplementary Sequences). The
alignments were further processed with SAMtools (Danecek et al., 2021) and visualized
using the Integrative Genomics Viewer (IGV) (Robinson et al., 2011). Sequence variants
were called using Pilon (Walker et al., 2014), ReduceVCF (https://github.com/AbeelLab/
genometools/blob/master/scala/abeel/genometools/reducevcf/ReduceVCF.scala) was
used to extract the variants and VCFannotator (http://vcfannotator.sourceforge.net/)
was used to annotate the variants.

3.3. Results

Construction of a ErCas12a nuclease expressing S. cerevisiae strain

To evaluate ErCast12a-mediated genome editing in S. cerevisiae, two strategies for
nuclease expression were explored. Expression from a chromosomal location ensures
stable gene expression, allows recurrent use of the endonuclease and a constant
selective pressure is not required, whereas plasmid-based expression allows for quick
removal of the nuclease-encoding DNA after the editing event is completed and enables
easy transfer into different yeast lineages. Plasmid-free nuclease expression requires
integration of the respective expression cassette into the genome of Saccharomyces
cerevisige. First, the cas12a gene from Eubacterium rectale (Ercas12a) was codon-
optimized for S. cerevisiae and the SV40 nuclear localization sequence was added to
the C-terminus of the protein to ensure nuclear localization. The Ercas12a gene was
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Figure 3.2. Maximum specific growth rate of strains expressing ErCas12a and their control strains.
IMX2713 expressing ErCas12a from its genomic DNA, control strain IMX2600 and CEN.PK113-7D
were cultivated in shake flasks on synthetic medium with glucose as sole carbon source. IME796
expressing ErCas12a from the multicopy plasmid pUDE1093 (2 KanMX pTDH3-GFPdo-tADH1
pPGK1-Ercas12a-tPHO5 and its reference strain IME795 containing the empty vector pGGKdo18
(2pm KanMX) were grown on synthetic medium with glucose as carbon source and urea as ni-
trogen source supplemented with G418 for selective pressure for plasmid maintenance. After
plasmid removal, the strains were grown on synthetic medium with glucose as carbon source
with CEN.PK113-7D as control strain. The measurements were performed in two (IMX2713 and
IMX2600) or three (IME795 & IME796) biological replicates and two technical replicates per
sample. Significant differences in specific growth rate relative to the control strain based on a
two-tailed homoscedastic paired t-test are indicated with * (p<0.001).

cloned under control of the constitutive PGK1 promoter and the PHO5 terminator. The
Ercas12a expression cassette was integrated into the X-2 site (Mikkelsen et al., 2012),
regarded as safe integration site, using the Spycasg-system (Mans et al., 2015), guided
by a specific gRNA expressed from pUDR547, in the S. cerevisiae strain IMX2600 (CEN.
PK113-7D Acan1::Spycas9-natNT2), resulting in IMX2713 (CEN.PK113-7D Acan1::Spycasg-
natNT2 AX-2::Ercas12a). As Cas9 and Casi2a endonucleases use different crRNA
structures (Cas9 relies on the structural part corresponding to the tracrRNA, whereas
Cas12a recognizes direct repeat sequences) and require the presence of different PAM
sequences (5’-NGG-3’ for Casg and 5’-TTTV-3’ for Cas12a), these were hypothesized to
not interfere while present simultaneously.
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To study the impact of Ercas12a expression in IMX2713, the growth rate on synthetic
medium with glucose as sole carbon source was determined. The strain IMX2713
(CEN.PK113-7D Acant::Spycas9-natNT2 AX-2::Ercas12a) exhibited a non-significant 10%
decrease in growth rate (0.36 + 0.004 h™") in comparison to its parental strain IMX2600
(0.39 + 0.010 h™") and laboratory strain CEN.PK113-7D (0.40 * 0.001 h™"), demonstrating
that genomic integration of Ercas12a had no significant impact on growth (Figure 3.2).

To evaluate whether increased expression negatively impacts growth of S. cerevisiae,
Ercas12a was expressed from the 2um (high copy) plasmid pUDE1093 under control
of the same constitutive promoter used in IMX2713. The strain IME796 (pUDE1093
(pPGK1-Ercas12a-tPHO5)) grew significantly slower with a 52% reduction of the maximum
specific growth rate relative to the control strain IME795 that harboured the pGGKd018
empty vector (IME796umax = 0.14 * 0.00 h™, IME795umax = 29 * 0.00 h™). We hypothesized
that an increased gene copy number of the plasmid-borne expression system might
result in enhanced gene expression of ErCas12a, that in return could be toxic to the cell
(Figure 3.2). Curing the plasmids fully restored specific growth rate in strains IME796-
pUDE1093 and IME795-pGGKd018 to that of the CEN.PK113-7D reference strain. On
SMD with glucose as carbon source, the reference strain CEN.PK113-7D grew with a
growth rate of 0.379 + 0.00 h", IME796-pUDE1093 and IME795-pGGKdo18 grew with
a growth rate of 0.371 £ 0.01 h" and 0.376 + 0.00 h", respectively (Figure 3.2). These
results were in line with earlier characterization of FnCas12a and SpyCas9, where
plasmid-borne expression of CRISPR endonucleases led to similar toxic effects and
reduction of growth rates (Generoso et al., 2016, Swiat et al., 2017).

Defining parameters for optimal ErCas12a-mediated genome editing in S. cerevisiae

To optimize the editing procedure with ErCas12ain S. cerevisiae, a series of constructs
with variable designs for the crRNA expression cassette were made to evaluate the
effect of different promoter systems, length of direct repeats and spacer length on
editing efficiency. Two expression cassettes of the crRNA were assessed, the first was
based on the RNA polymerase 11l (RNApollll) regulatory sequences pSNR52 and tSUP4,
classically used to express crRNA; and the second was based on the RNA polymerase Il
(RNApolll)-dependent TDH3 regulatory sequences pTDH3/tTDH3. Since RNA polymerase
Il expression concomitantly results in 5’ RNA capping and 3’ poly-A tailing, the pTDH3/
tTDH3 constructs incorporated both HammerHead (HH) and Hepatitis Delta Virus (HDV)
ribozymes enabling maturation of the crRNA after self-cleavage (Gao & Zhao, 2014). Two
DR sequences were tested with either the short 19-nt 5-AATTTCTACTCTTGTAGAT-3’
or the longer 35-nt 5>-GTCAAAAGACCTTTTTAATTTCTACTCTTGTAGAT-3’ DR. The long
DR corresponds to the DR found in the E. rectale CRISPR array was used in most of
the studies implicating ErCas12a (Table 3.1). A previous study established that editing
in S. cerevisige using the Cas12a nuclease from Francisella novicida (FnCas12a) was
more efficient when using shorter DRs corresponding to the highly conserved core
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Figure 3.3. Efficiency of crRNA expression designs transformed into IMX2713 targeting ADE2.
Different combinations of expression system, spacer length and DR length were investigated:
i-iv) RNApolll (pTDH3 and tADH1) expression system and ribozymes flanking the DR-spacer-DR
sequences; v-viii) RNApollll (pSNR52 and tSUP4) expression system,; i,ii,v,vi) long (35 nt) DR se-
quences; i, iv, vi, viii) short (19 nt) DR sequences; i,iii,v,vii) short (21 nt) spacer; ii,iv,vi,viii) long
(25 nt) spacer. Efficiency was calculated as the ratio of red transformants over the total number
of transformants of three biological replicates. Significant differences in editing efficiencies
based on a two-tailed homoscedastic paired t-test are indicated with a * (p<0.001).

region of the Casi2a DR among prokaryotes, than when using the native long DR
(Swiat et al., 2017, Randazzo et al., 2021). Additionally, two spacers of 21 nt or 25 nt
were evaluated. All eight combinations (23) were constructed and combined using
spacer sequences that target the S. cerevisiae ADE2 locus; deletion of ADE2 causes
an accumulation of 5-amino-imidazole ribonucleotide that upon oxidation produces
a red/pink colour (Dorfman, 1969), facilitating the visual detection of the edited
transformants (Figure 3.3). The spacers CCGGTTGTGGTATATTTGGTGTGGA (25 nt)
and CCGGTTGTGGTATATTTGGTG (21 nt) were selected based on the presence of a
5-TTTV-3” PAM sequence located at T738 within the ADE2 open reading frame.
Separately, the eight plasmids targeting ADE2 (pUDP285-pUDP292), were co-
transformed with a 120 bp repair oligo containing 60-bp homology upstream and
downstream the ADE2 gene for proper chromosomal repair using the native yeast HDR
machinery into the S. cerevisige strain IMX2713 (can1A::Spycas9-natNT2 X-2A:pPGKi1-
Ercas12a-tPHO5).

For each transformation, ten red and two white colonies were genotyped by diagnostic
PCR to confirm the correct ADE2 deletion (Figure S1). Since all genotyped red colonies
harboured the expected deletion and the white colonies still showed presence of the
wild-type ADE2 allele, the targeting efficiencies (%) were estimated by the ratio of red

19



https://academic.oup.com/femsyr/article/doi/10.1093/femsyr/foad043/7288653

Chapter 3

colonies over all transformants. The most impactful design element was the length of
the DR, as constructs carrying the long DR (35 nt) did not exceed a targeting efficiency
of 5%. This is remarkable, since the long DR sequence for ErCas12a has been widely
used in previous literature (Table 3.1). In contrast, all designs that included the short
DR version (19-nt) exhibited at least 45% targeting efficiencies regardless of the spacer
length and the promoter systems used (Figure 3.3, Table S2). Next, from the four
configurations with short DRs, the two constructs with shorter spacers (21 nt) were
significantly better, reaching over 99% efficiency irrespective of the expression system
used. As the strain IMX2713 expresses both the ErCas12a and SpyCas9 endonucleases,
the strain IMX2600 solely expressing Casg was transformed with the pUDP287 plasmid
targeting ADE2 with the highest efficiency and its repair fragment. The absence of red
colonies and high number of white colonies shows that Casg and crRNAs designed for
Cas12a are incompatible with each other and the observed editing is purely performed
by ErCas12a (Table S3).

Overall, these data indicated that a combination of 21 nt spacer and short flanking
DR represented an optimized design for highly efficient ErCas12a-mediated genome
editing in S. cerevisiae. Due to the applicability of RNApolll expression systems across
different Saccharomycotina yeast species, it was decided to continue with the RNApolll
design. Based on these considerations, pUDP240 (pTDH3-HH-S.DR-GFPdo-S.DR-HDV-
tTDH3) containing a versatile GFP dropout construct for easy cloning of crRNAs was
chosen as basic plasmid architecture for further experiments (Figure 3.1A).

ErCas12a can edit commonly used integration sites with high efficiency in S. cerevisiae

For metabolic engineering applications, it is important that the engineered function
(e.g. heterologous metabolic pathway) remains mitotically stable, which is usually
achieved through chromosomal integration. To further assess the applicability of
ErCas12a to engineer the S. cerevisiae genome, we have selected three non-essential
chromosomal regions that promote high transcriptional activities: XI-3 (Mikkelsen
et al., 2012), YPRCt3 (Flagfeldt et al., 2009) and IlI-1 (Babaei et al., 2021). Conversely
to ADE2 editing, the successfully targeted transformants showed no distinctive
phenotype. Therefore, to determine the targeting efficiency, a repair DNA fragment
including the ymNeongreen fluorescent reporter gene (Botman et al., 2019) flanked
with corresponding homology arms was used. To determine the editing efficiency, the
strain IMX2713 (can1A::Spycas9-natNT2 X-2A::pPGK1-Ercas12a-tPHO5) was transformed
with pUDP296 (crRNA XI-3), pUDP300 (crRNA YPRCt3) and pUDP311 (crRNA II-1)
and their respective repair fragments (Table S4). The transformations targeting the
XI-3 and YPRCt3 loci yielded a 100% editing efficiency as all transformants exhibited a
fluorescent phenotype, resulting from the integration of the ymNeongreen cassette.
The transformation targeting 11-1 reached a near 100% editing efficiency of 99.1 + 0.8%.
Similarly to ADE2, transforming IMX2600 with the ErCas12a-designed crRNAs targeting
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XI-3, YPRCt3 and II-1 did not result in editing (Table S3). As precedingly performed
for ADE2, for each transformation, ten green fluorescent colonies were subjected to
genotyping and all fluorescent transformants were shown to have a correct insertion
of ymNeongreen repair at the targeted genomic site (Figure S2).

ErCas12a can process multispacer crRNA arrays for multiplex editing in S. cerevisiae

The most attractive feature of class 2 type V-A nucleases over class 2 type Il is their
ribonuclease activity, enabling self-processing of the pre-crRNA array. This property
becomes pertinent when several crRNAs have to be expressed simultaneously to
target different chromosomal locations in a so-called multiplexing editing approach.
By combining multiple spacers interspaced by DR sequences in a single array, the
Cast2a nuclease can cleave the polycistronic pre-crRNA array into single mature
crRNAs (Figure 3.4A). To assess the multiplexing ability of ErCas12a in S. cerevisiae,
the previously tested spacers targeting XI-3 and YPRCt3 were combined in a single
DR-spacer-DR-spacer-DR array and cloned into pUDP240 yielding pUDP312 (Table
3.3). The use of repair fragments expressing the fluorescent proteins ymScarletl and
ymNeongreen for resolving the ErCas12a-induced DSB at XI-3 and YPRCt3, respectively,
enabled analysis of the transformed population by flow cytometry (Figure 3.4B). A
96.5 * 4.9% editing efficiency was obtained for duplex editing of the XI-3 and YPRCt3
genomic integration sites (Figure 3.4C, Figure S3, Table S4). These results showed that
the ErCas12a nuclease can process a polycistronic crRNA array for multiplex editing.

Similarly, a polycistronic crRNA array comprising the previously tested spacers
targeting XI-3, YPRCt3 and lI-1 were combined in asingle array and cloned into pUDP240
yielding pUDP313 (Table 3.3). The repair of the three DSBs introduced at XI-3, YPRCt3
and Il-1 was achieved by co-transforming three repair DNA fragments containing
respectively the Xanthophyllomyces dendrorhous carotenogenic genes crtE, crtl and
crtYB (Figure 3.4D). Simultaneous expression of the three Xdcrt genes in S. cerevisiae
leads to accumulation of B-carotene which colour the yeast colonies orange (Verwaal
et al., 2007). Co-transformation of 1MX2713 with the plasmid encoding the multispacer
crRNA array and the B-carotene genes resulted in an editing efficiency of 31.3 +/- 6.6%
(Figure 3.4E, Table S4). Whole genome sequencing of two orange colonies verified
the integration of the three B-carotene genes into their respective genomic locations
(Figure S4). Genotyping of ten white colonies revealed that in all cases, the integration
of the XdcrtYB gene into the II-1 genomic location was missing and in two colonies the
Xdcrtl gene in YPRCt3 as well, resulting in absence of B-carotene accumulation (Figure

S5).

Whole genome sequencing of ErCas12a-edited strains strongly suggests absence of
off-targeting

Although the programmable specificity of Casg and Cas12a primarily depends on the
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spacer sequence of the gRNA and the presence of a PAM sequence at the genomic
target, off-target cleaving activity could still take place at sequences with up to five
mismatches in the gRNA sequence (Zhang et al., 2015). Therefore, potential off-target
DSBs in CRISPR-mediated editing may pose a major concern in phenotypic analysis. To
investigate the extent of off-targeting by ErCas12a, two Aade2 strains (IMK1050 and
IMK1051) and two B-carotene-producing strains (IMX2898 and IMX2899), obtained by
ErCas12a genome editing, were subjected to whole genome sequence analysis (Table
S5). Compared to the parental strain IMX2713 (Spycas9 Ercas12a), IMK1050 (Spycas9
Ercas12a Aade2) had one nucleotide variation (CHRXIII in gene TRI1 C654A, resulting
in Asn218Lys) and IMK1051 (Spycasg Ercas12a Aade2) had four nucleotide variations
in intergenic regions (CHRI A408C, CHRXI A465625T, CHRXIV A478C and CHRXV
G637531C). Similarly, the analysis of the genome sequence of the carotenogenic
S. cerevisiae strains IMX2898 and IMX2899 (Spycasg Ercas12a XdcrtE Xdcrtl XdcrtYB)
did not reveal many single nucleotide variations (SNVs). IMX2898 harboured one
SNV (CHRXI in gene SSH4 G370C resulting in Glu124GIn) and IMX2899 four (CHRIII in
YEL074W C122A causing Pro41His and the synonymous mutation A120C, CHRIV in NUM1
T4188G causing Asn-1396-Lys and CHRXIV A478C in an intergenic region) of which one
SNV located in telomeric region of CHRXIV was also observed in IMK1051 (Table S6).
The detection of mutations A408C and A478C on CHRI and CHRXIV, which are both
located in the telomeres of their respective chromosomes, stresses that these SNVs
occur inratherredundant regions of the genome. Moreover, nucleotide BLAST analysis
of the region of the SNV (+ 500 bp upstream-downstream of the SNV location) did not
identify a potential PAM (TTTV) and spacer seed sequence susceptible to off-targeting.
Thus, there was no indication that the mutations in these strains were located near

Figure 3.4. A) Overview of multiplex genome editing in S. cerevisiae with ErCas12a. 1. crRNAs and
repair DNA are designed and ordered as oligos. 2. crRNAs are cloned into the crRNA expression
plasmid using the pre-designed Bsal compatible overhangs. 3. The ErCas12a-expressing strain
IMX2713 is transformed with the cRNA-expressing plasmid and the DNA repair fragments. 4. The
pre-crRNA multispacer array is transcribed and processed by the flanking ribozymes. 5. ErCas12a
self-processes the pre-crRNA array into mature crRNAs, recognizes the pseudoknot and is guid-
ed to the target location. 6. ErCas12a induces precise DSBs and the native homology-directed
repair machinery resolves the DSB using the supplied repair DNA fragment as template, thereby
incorporating the intended genomic modification. B) Screening strategy for the evaluation of
duplex editing in IMX2713. IMX2713 was co-transformed with pUDP312 and repair DNA frag-
ments ymScarletl and ymNeongreen for targeting and integration in XI-3 and YPRCt3 respec-
tively. After transformation, the cells were cultivated on YPD G418 medium, transferred to fresh
selective medium, transferred to non-selective YPD and screened by FACS. C) FACS screening of
the transformed cell population. Cells were plotted for ymNeongreen (y-axis) and ymScarletl
(x-axis) fluorescence levels and gated for single (ymNeongreen upper left gate, ymScarletl,
bottom right gate) or double (ymNeongreen and ymScarletl, upper right gate) fluorescence.
D) Sorted cell populations grown on YPD. E) Schematic representation of multiplex editing
strategy for integration of crtE, crtl and crtYB in XI-3, YPRCt3 and II-1, respectively. F) Plate of
grown cells after co-transforming of IMX2713 with pUDP311 targeting XI-3, YPRCt3 and II-1 and
the respective DNA repair fragments encoding crtE, crtl and crtYB. Orange colonies indicate cor-
rect integration of all three Xdcrt genes due to accumulation of the orange pigment B-carotene.
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sequences recognizable by ErCasi2a based on the supplied crRNAs. Moreover,
comparing the sequence of IMX2713 (Ercas12a and Spycas9) to IMX2600 (Spycas9)
yielded limited mutations (one hit in the MSH gene located on CHRIV and eleven
mutations in intergenic locations), thus solely expressing Ercas12a without presence of
a crRNA spacer sequence does not result in off-targets. Since a connection between
the mutations in the different strains was absent, these mutations were likely to have
been introduced as a result of regular DNA replication during cell division rather than a
consequence of genome editing with ErCas12a.

Designing and testing a transportable ErCas12a-mediated editing platform

To foster the use of this CRISPR tool, a plasmid combining the Ercas12a gene and
the crRNA expression cassettes was constructed that can easily be transferred to
other S. cerevisiae lineages without investing time in constructing a strain expressing
the endonuclease from a chromosomal location. As demonstrated earlier, such
overexpression of Ercas12a from a high copy number plasmid significantly reduced
the growth rate. The transportable editing system pUDP293 (Figure 3.1B) was
designed to express Ercas12a and contained the easy-to-clone crRNA insertion part
with the previously determined optimal configurations for crRNA expression. The
highly efficient ADE2 spacer was cloned into the transportable plasmid to test the
functionality of the transportable Ercas12a expressing plasmid and to determine the
editing efficiency with episomally expressed Ercas12a. Therefore, the S. cerevisiae wild
type strain CEN.PK113-7D was co-transformed with the transportable plasmid along
with repair fragments for ADE2 deletion. Based on the ratio of red colonies over the
total number of transformants, an editing efficiency of 31.5 +/- 11.5% was determined
(Table S4). Ten red colonies were subjected to genotyping for the ADE2 deletion and
confirmed the deletion of ADE2 (Figure S6). The editing efficiency obtained with this
plasmid-borne Ercas12a expression was threefold lower than with Ercas12a expression
from a chromosomal locus. Although reduced, the efficacy of this plasmid system
will facilitate the application of ErCast2a allowing for genome editing in multiple
Saccharomyces lineages and this editing system has also the potential to be transferred
in other yeast species (Liachko & Dunham, 2014).

3.4. Discussion

The CRISPR-Cas genome editing technology has greatly accelerated strain engineering
in the last decade. However, the use of the hallmark endonuclease SpyCasg is impeded
by uncertainties such as a complex patent landscape (Ledford, 2022, Shaffer, 2022).
In addition, although already widespread, the SpyCasg imposes design principles that
sometimes might restrict its field of application, such as its GC-rich PAM sequence, a
gRNA that includes a complex structural elements, which prevent implementation of
simple multiplex editing design (Swarts & Jinek, 2018). Therefore, access to CRISPR
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systems with clearer and less restrictive intellectual property rights and a more flexible
multiplexing design would further promote democratization of the CRISPR editing
technologies.

One alternative CRISPR-Cas system relies on the class 2 type V endonuclease ErCas12a.
In contrast to SpyCas9, the ErCas12a that was discovered by Inscripta Inc. (https://
www.inscripta.com/) (Gill et al., 2018) can be used for research and development and
academic purposes through a permissive licensing agreement. Although ErCas12a has
been studied in various species (Liu et al., 2019, Wierson et al., 2019, Liu et al., 2020, Price
etal.,, 2020, Jarczynska et al., 2021, Lin et al., 2021, Rojek et al., 2021, Zhang et al., 2021,
Vanegas et al., 2022) (Table 3.1) including S. cerevisiae, the targeting efficiency varied
extremely per organism and greatly depends on the parameters used. Especially, the
model microorganism S. cerevisiae only reached an editing efficiency of 66%, and the
parameters were not reported (Inscripta Inc). Here, we demonstrated that efficiency
of genome editing using the ErCas12a system could be improved to reach nearly
100%, when the endonuclease is integrated in the genome. In addition, to go beyond
the canonical CRISPR-Cas9, the ErCas12a further expanded genome accessibility by
facilitating access of AT-rich regions.

Our work confirmed and expanded design guiding principles for the construction of
gRNA expression cassettes of Cas12a enzymes. Of all tested parameters, the length of
the CRISPR direct repeat sequence was the most critical. Out of the two configurations
tested, the use of the shorter DR (19-nt) systematically resulted in a better targeting
efficiency (Figure 3.3). Similar results were reported for the application of the F. novicida
Cas12a in S. cerevisiae (Swiat et al., 2017), demonstrating that this was not specific to
a single Cas12a enzyme, but that this principle could be potentially extended to all
class 2 type V endonucleases. One attractive feature of Cas12a endonucleases is their
RNase activity that allows the nuclease to self-process the crRNA. The result of this
ribonuclease activity is a mature crRNA with a 19 nt DR (Zetsche et al., 2017). The size
reduction of the DR from 35 to 19 nt (Table 3.1) might allow skipping of the pre-crRNA
self-processing steps into the mature crRNA, which would enhance the synthesis of the
mature crRNA and therefore improve targeting efficiency. While the use of short DRs
for FnCas12a has already been performed successfully in other living systems (Zetsche
et al., 2017), whether this holds true for ErCas12a editing in other yeast species beyond
S. cerevisiae requires further investigation. Next to the design of the DR structural part
of the crRNA, the design of a spacer specific for the editing event is crucial and, based
on the presented results, guidelines for crRNA design for ErCas12a can be summarized
as: i) find a 5>-TTTV-3’ PAM sequence at the genomic targeted site of interest, ii) the GC-
content of the spacer sequence can be between 30-70%, iii) add the 19 nt DR sequences
flanking the spacer, iv) the secondary structure (determined using RNAfold online tool
(Lorenz et al., 2011)) of the DR sequences should remain intact and not interfere with
the spacer (Creutzburg et al., 2020) and v) off-targets at other non-intended genomic
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locations should be avoided. The efficiency of the crRNA targeting can be affected by
other parameters such as local chromatin structures, but the contribution of these
factors is still poorly understood and they were not considered in the design process.

In case of S. cerevisiae, this study provides the IMX2713 strain expressing both
endonucleases SpyCas9 and ErCas12a, which is a new platform strain for genetic
modifications. The additional presence of Casi2a as editing tool makes the T-rich
sequences more accessible for genetic editing, which could overcome the limitation of
solely relying on the Cas9 editing strategy requiring a NGG PAM sequence. Since both
endonucleases have proven to be very successful in targeting genomic DNA regions
with their own PAM sequence specificity, together the targeting window of operation
is almost the complete genome.

While plasmid-borne expression of Ercasi2a was sufficient to edit ADE2 with 31.5%
efficiency, this constitutes a significant reduction from the 100% editing efficiency
achieved with genome-integrated Ercasi2a. Aside from ErCasi2a toxicity at high
expression levels, another difference between plasmid-borne and genomic expression
is the timing of the concurrent expression of ErCas12a (transcription and translation),
the editing event and the repair of the DSB with a linear repair DNA. While constitutive
genomic expression ensures active ErCasi2a presence upon transformation of the
crRNA-expressing plasmid and the dsDNA repair fragment, the expression of Ercasi2a
and of the gRNA from the same plasmid delays the time at which all three essential
elements to perform the editing event are concomitantly present. To be optimal, the
rate of the enzyme synthesis and gRNA expression must be fast and synchronized,
while in the meantime the degradation of the linear repair DNA has to remain low. A
too fast degradation of the linear repair DNA might explain this reduced efficiency. It is
worth mentioning that similar construction using SpyCas9 instead of ErCas12a resulted
in 100% efficiency (Generoso et al., 2016), which might indicate a difference between
Cas9 and Cast2a enzymes. Mitigation strategies to compensate this premature
degradation could be beneficial such as the elongation of the repair (> 120bp used as
default in this study), protection of the linear DNA by specific short sequences (Biswas
et al., 1995) or protein binding protection (Norouzi et al., 2021). Despite a reduced
editing efficiency, the transportable plasmid pUDP293 could be valuable for accessing
multiple strains with different genetic background.

In conclusion, ErCas12a was established as part of the S. cerevisiae genetic toolbox,
able to edit several commonly used integration sites with (near) 100% efficiency in a
single editing event as well as in multiplex editing. The single crRNAs or multi-spacer
crRNA arrays could be ordered as two short annealing oligonucleotides and could
easily and rapidly be cloned in purposed plasmids. The presented crRNA design criteria
in combination with the developed genome editing strategy for ErCas12a was shown
to expand the genetic toolbox for editing of the yeast genome.
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Chapter 4

Abstract

Saccharomyces pastorianus is not a classical taxon, it is an interspecific hybrid
resulting fromthe cross of Saccharomyces cerevisiae and Saccharomyces eubayanus.
Exhibiting heterosis for phenotypic traits, such as wort a-oligosacharides
consumption and fermentation at low temperature, it has been domesticated
to become the main workhorse of the brewing industry. Although CRISPR-Cas9
has been shown to be functional in S. pastorianus, repair of CRISPR induced
double strand break is unpredictable and preferentially uses the homoeologous
chromosome as template preventing targeted introduction of the desired repair
construct. Here, we demonstrate that lager hybrids can be edited with near
100% efficiency at carefully selected landing sites on the chimeric SeScCHRIII.
The landing sites were systematically selected and evaluated for i) absence of
loss of heterozygosity upon CRISPR-editing, ii) efficiency of the gRNA, and iii)
absence of effect on strain physiology. Successful examples of highly efficient
single and double gene integration illustrated that genome editing can be applied
in interspecies hybrids, paving the way to a new impulse to lager yeast strain
development.
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4.1. Introduction

With an annual production of almost 2 billion hectolitres, lager beer is the worlds most
consumed alcoholic beverage (https://www.statista.com/). The workhorse for lager
beer production is the yeast Saccharomyces pastorianus, a bottom fermenting hybrid
yeast that has emerged from a natural hybridization event, probably occurring during
the Middle Ages, between the mesophilic ale yeast Saccharomyces cerevisiae and the
cryotolerant yeast Saccharomyces eubayanus (Nakao et al., 2009, Libkind et al., 2011,
Bergin et al., 2022). Hitherto the almost entire research aiming to improve the brewing
performance of lager strains is based on classical strain improvement methods, such
as mutagenesis and selection, crossing and breeding, and laboratory evolution (Blieck
etal.,, 2007, Ekberg et al., 2013, Steensels et al., 2014, Krogerus et al., 2015, Brickwedde
et al., 2017, Gorter de Vries et al., 2019, Gibson et al., 2020, lattici et al., 2020). Brewing
strains resulting from these techniques are regarded as non-genetically modified
organisms. Although these techniques proved their efficiency, they are laborious,
time consuming and unpredictable, therefore limiting the pace of strain development.
Conversely, molecular techniques enabling introduction of targeted genetic
modifications would offer a faster alternative to create specific mutants that might
exhibit better brewing characteristics. The deployment of genetic engineering strain
improvement strategies in brewing industry is, however, impeded by three factors.
The first is the producers’ concerns about consumer acceptance of beers brewed with
genetically modified yeasts (Gorter de Vries et al., 2019). While it is difficult to predict
whether these reluctances will last, in North America, yeasts-producing companies
are already marketing modified ale and even lager strains (https://berkeleyyeast.com/;
https://www.lallemandbrewing.com/) demonstrating that mentalities are changing.
The second point concerns the limited genetic accessibility of these hybrid yeasts, a
trait likely related to the complex structure of their genome. Thirdly, the breweries
have to deal with the regulatory implications for production with genetically modified
organisms (GMOs), depending on the location in the world.

The hybrid nature of the S. pastorianus genome was confirmed for the first time
with the genome sequence of the S. pastorianus Weihenstephan 34/70 strain (Nakao
et al., 2009). This initial work was followed by multiple other S. pastorianus strain
sequencing projects (Walther et al., 2014, van den Broek et al., 2015, Salazar et dl.,
2019, Turgeon et al., 2021) that confirmed that lager yeast harbored an allo-aneuploid
genome. Although strain to strain variations exist, lager yeast genome comprises both
parental chromosome sets which all have different copy numbers. In addition to the
presence of multiple copies, each chromosome has a homoeologous chromosome,
which is derived from the other parental species (Glover et al., 2016). For example,
the S. cerevisiae CHRI is homoeolog to the S. eubayanus CHRI which shares both high
sequence similarity and gene syntheny (Brouwers et al., 2019, Salazar et al., 2019).
This co-occurrence has likely contributed to translocation and loss of heterozygosity
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(LOH) events between chromosomes of the two subgenomes (ScSe and SeSc) in
S. pastorianus that are considered as hallmarks of domestication (van den Broek et al.,
2015, Gorter de Vries et al., 2020).

While this dual genome composition has promoted the emergence of essential
phenotypic traits of lager brewing yeasts, such as ability to flocculate, to rapidly
ferment sugars (including a-oligoglucosides) into ethanol, to produce a variety of
flavour and aroma compounds and to ferment at low temperatures among the most
relevant, presence of homoeologous chromosome pairs have been impairing genetic
amenability (Gorter de Vries et al., 2018). This effect is even stronger when genome
editing tools such as CRISPR-Cas9 are used. CRISPR-Cas endonucleases can target
specific DNA sequences based on the user-defined composition of the single guide
RNA (gRNA) sequence and presence of the protospacer adjacent motif (PAM) (Brouns
et al., 2008, Al-Attar et al., 2011, Jinek et al., 2012, Charpentier & Doudna, 2013). The
CRISPR-Cas induced double strand breaks (DSB) are extremely recombinogenic and
are resolved by the yeast homology directed repair (HDR) machinery that uses native
or foreign DNA containing sequence homology as repair template, thereby producing
the desired genetic edit (DiCarlo et al., 2013).

Although the CRISPR-Casg methodology has been successfully appliedin S. pastorianus
(Gorter de Vries et al., 2017), it appeared in many situations that the editing outcome
is unpredictable and characterization of the resulting edited locus has been proven
troublesome (Gorter de Vries et al., 2018). Whereas in homozygous diploid yeasts the
gRNA programmed Cas9 introduces DSB on both copies, in hybrid yeasts, gRNA are
not necessarily designed to cut at all parental alleles. In this latter situation, the uncut
homoeologous locus competes with the provided repair DNA fragments, facilitating
chromosome recombination and reduced editing efficiency, resulting in loss of
heterozygosity and even more undesired genetic changes (Gorter de Vries et al., 2018).

In this study, we aim to improve the genetic accessibility of the allo-aneuploid yeast
S. pastorianus by identifying unique landing sites devoid of homoeologous regions
using a systematic approach. We evaluate whether our approach eliminates loss of
heterozygosity when performing precise genome editing with CRISPR-Cas9. Identifying
and targeting unique sequences offers opportunities for increased genetic engineering
efficiencies in allo-aneuploid yeast. To demonstrate this, integration efficiency of single
or double genes will be tested.

4.2. Materials and Methods

Strains and cultivation conditions

All yeast strains used in this study are listed in Table 4.1. Yeast were grown on complex
medium that contained 10.0 g L' bacto yeast extract, 20.0 g L' bacto peptone and
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Table 4.1. Strains used in this study

Species* Strain Relevant genotype Origin
Sc CEN.PK113-7D  MATa MAL2—8c SUC2 (Entian & Katter,
2007)
Group Il brewer’s yeast, Heineken bottom (Dunn & Sherlock,
op CB51483 yeast, isolated July 1927 2008)
Sp WS 34/70 Group Il brewer’s yeast, flocculent yeast glzl)zca)};a)o etal,
Sp IMK1062 CBS 1483 AScEEB1::ymNeongreen (LOH), This study
colony 1
Sp IMK1063 CBS 1483 AScEEB1::ymNeongreen (LOH), This study
colony 3
Sp IMK1064 CBS 1483 AScEEB1::ymNeongreen (LOH), This study
colony 4
Sp IMK1065 CBS 1483 AScEEB1::ymNeongreen (LOH), This study
colony 6
Sp IMI504 CBS 1483 ASeYCLo49C::ymNeongreen This study
Sp IMI505 CBS 1483 ASeYCL0o36W::ymNeongreen This study
Sp IMI506 CBS 1483 ASeYCLo12C::ymNeongreen This study
Sp IMI507 CBS 1483 AScYCRo51W::ymNeongreen This study
Sp IMI508 CBS 1483 AScYCR087C-A::ymNeongreen This study
Sp IMI509 CBS 1483 ASeSite1::ymNeongreen This study
Sp IMI510 CBS 1483 ASeSite2:ymNeongreen This study
Sp IMI511 CBS 1483 ASeSite3::ymNeongreen This study
Sp IMI512 CBS 1483 ASeSite4::ymNeongreen This study
Sp IM1483 CBS 1483 AScYCR087C-A::pTDH3-BbaldC-tENO1 - This study
Sp IM1485 CBS 1483 AScYCR087C-A::pTDH3-LlaldC-tENO1  This study

* Scis referring to S. cerevisiae and Sp is referring to S. pastorianus.

20 g L' glucose (YPD). For selection of transformants or when selective pressure was
required, YPD medium was supplemented with 200 mg-L-1 of hygromycin (YPD hygR).
Solid YPD media was obtained by addition of 20 g L' bacto agar. S. cerevisiae and
S. pastorianus strains were cultivated at 30 °C and 20 °C, respectively while shaking
at 200 rpm in an Innova 43/43R incubation shaker (Brunswick, Nijmegen, the
Netherlands). On solid media, S. cerevisiae strains were cultivated on agar plates at
30 °C in a stationary incubator (Bronson incubator services B.V., Zaltbommel, the
Netherlands) whereas S. pastorianus strains were incubated at 20 °C in a temperature
controlled room. Fermentations were performed with full malt wort at either 17 °P or
5.7 °P (Heineken, Zoeterwoude, The Netherlands) supplemented with 1 mL L" pluronic
acid.
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Table 4.2. Plasmids used in this study.

Plasmid Genotype Reference
UDP002 ori ampR panARS"T AGTEF1p-hph-AgTEF1t SCTDH3p-Be!-8sel.Sc- (Juergens et
P CYCit AaTEF1p-SpcasgP 47 P4mT-ScPHOS5t al., 2018)
pUD1205 ori kanR #2'HH-gRNA SeYCLo49C-HDV®*' GeneArt
pUD1206 ori kanR #*'HH-gRNA SeYCLo36W-HDV®! GeneArt
pUD1207 ori kanR #*'HH-gRNA SeYCL012C-HDV®! GeneArt
pUD1208 ori kanR #*'HH-gRNA ScYCRO51W-HDV®! GeneArt
pUD1209 ori kanR #*'HH-gRNA ScYCR087C-A-HDV?! GeneArt
pUD1243 ori kanR #*'HH-gRNA SeSite1-HDV#! GeneArt
pUD1244 ori kanR ¥'HH-gRNA SeSite2-HDV®! GeneArt
pUD1212 ori kanR #2'HH-gRNA SeSite3-HDV? GeneArt
pUD1213 ori kanR %*'HH-gRNA SeSite4-HDV® GeneArt

ori ampR panARS©") AgTEF1p-hph-AgTEF1t SCTDH3p-HH-gRNA

pUDP168 SCEEB1-HDV-ScCYCrt AaTEF1p-Spcasg®™Y Pm-ScPHOSt This study
P26 G e secyCo rttrn cpemeghor o opoge | This study
P20 D v ScCo i et o ot This study
PDPE2 e e Aarit oo pose  This study
PU0P273 v seciint AT g ey This study
PUDP28e et At npmegiveesr o e A This study
PYTK009 ori camR pTDH3 géeé)et a.,
pYTKOS1 ori camR tENOT g;f‘;)et .,
pYTK053 ori camR tADH1 gl(_)eé)et a.,
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Table 4.2. (continued)

Plasmid Genotype Reference

) (Botman et
pGGKp302 ori camR ymScarletl dl., 2019)

. (Botman et
pGGKp304 ori camR ymNeongreen dal., 2019)

. i i (Hassing et
pGGKdo1g oriampR ConLS-GFPdo-ConR1 dl., 2019)
pGGKdo34 ori ampR 2pum hygR ConlLS-GFPdo-ConR1 This study
pUDE1111 oriampR 2pum hygR ConLS-pTDH3-ymNeongreen-tADH1-ConR1 This study
pUDE1112 oriampR 2pum hygR ConLS-pTDH3-ymScarletl-tADH1-ConR1 This study
puUD374 ori kanR BbaldC This study
puUD376 ori kanR LlaldC This study
puUD1218 ori ampR pTDH3-BbaldC-tENO1 This study
pUD1220 ori ampR pTDH3-LlaldC-tENO1 This study

Escherichia coli XL1-Blue (New England Biolabs, Ipswich, MA, USA) cultures were grown
in 15 mL Greiner tubes containing 5 mL lysogenic broth (LB) medium supplemented
with 10 mg L' ampicillin (LB Amp), 50 mg L' kanamycin (LB Kan) or 10 mg L’
chloramphenicol (LB Cam) for selection and cultivated at 37 °C while shaking at 200
rpm in an Innova 4000 Incubator Shaker (Eppendorf AG, Hamburg, Germany). Solid
medium was prepared by addition of 20 g L bacto agar to the medium.

Frozen stock cultures of S. cerevisiae, S. pastorianus and E. coli strains were prepared
by addition of 30% (v/v) glycerol and stocks were stored as 1 mL aliquots at -80 °C.

Molecular biology techniques

PCR amplifications for cloning purposes were performed using Phusion High Fidelity
Polymerase (Thermo Fisher Scientific, Landsmeer, The Netherlands) according to the
manufacturer’s instructions. Diagnostic PCRs were performed with DreamTaq PCR
Mastermix (Thermo Fisher Scientific) according to the manufacturer’s instructions. All
plasmids and primers (Sigma Aldrich, Zwijndrecht, The Netherlands) constructed or
usedinthisstudyarelistedin Table 4.2and Table 4.3, respectively. DNA was visualized by
electrophoresis on 1% agarose gels with the GeneRuler™ Ladder Mix (Thermo Scientific)
for size verifications. PCR products were purified from gel using the Zymoclean
Gel DNA Recovery Kit (Zymo Research, Irvine, CA) following the manufacturer’s
instructions. Alternatively, PCR mixtures were digested with FastDigest Dpnl enzyme
(Thermo Fisher Scientific) to remove circular templates. Digested PCR products were
purified using the GeneJET PCR Purification Kit (Thermo Fisher Scientific) following
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Table 4.3. Primers used in this study.

# Sequence (5’ -> 3%) Purpose
gRNA plasmid construction

Diagnostic primer gRNA

4068  GCCTACGGTTCCCCAAGTATGC cloning into pUDP02

18516 TGTCTCTGACTGTATCTGGA Diagnostic primer gRNA

YCLo49C

Diagnostic primer gRNA
18521  GCGACTCCTCAATGATCAAA YCLO36W
18526 CGTCAATATAACTACATTTTGGGA Diagnostic primer gRNA

YCLo12C

Diagnostic primer gRNA
18531 ATACCCCGTTGCACCATG YCROSTW

Diagnostic primer gRNA
18536  CACGCCATCTTCAAACGTCT YCRO87C-A
19067 CGTATAGCACTCCTGCCGAA Diagnostic primer gRNA Site 1
19068  ACTACCCCTAGCACTGCTCA Diagnostic primer gRNA Site 2
18551  GTCGAGAAGATTTCCTCAAGATA Diagnostic primer gRNA Site 3
18556  CGTCATAATCGAACAATCTCCAGTG Diagnostic primer gRNA Site 4

Diagnostic primer gRNA

153 CGACCCACCCATCTATCTATCTC SCEEB1 & SCEAT1

Diagnostic primer gRNA

580 GAATGTAAGCCGTGACATAAC SCEEB1 & SCEATY

Construction expression cassettes (ymNeongreen, ymScarletl, BbALC and LIALDC)

10320  CATGCGCGGATCACACGAAC Diagnostic primer YTK

10325  ACGTCATCCCAGCGTGTATTG Diagnostic primer YTK

s AAAGCATCGTCTCATCGGTCTCATATGACTACTGCTACT-
759 GTTCCAGC

AAAATGCCCTCTCAGCGTCTCAGCATAGT-
TACTTTCTTTCACATTCAGCTTGGTG

Amplification BbALDC
18760

AAAGCATCCTCTCATCGGTCTCATATGTCTAGATTCTAC-
CAACACCGTAC

AAAATCCCCTCTCAGCTCTCAGCATAGTTATTCTTGAC-
CACCTTCAGAAGC

18763

Amplification LIALDC
18764
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Table 4.3. (continued)

# Sequence (5’ -> 3’) Purpose

Construction integration fragments

18512

TTCTATAGATGTACGTAAAGTTCT-
GCTCTTCTTTTATAGATAAGAGCATTCGACACTCGCCACT-
CGCCCATAATTGCACACG

18513

AGCTCAAGAAAAACCAGCCTATTCGCAGAACAGGA-
TAACCAGCTCTGTAACCACATCAATCATCATGAGCCCT-
CATCACCC

Integration in SeYCL049C

18517

ACATCCCGCAGCCACGTCACGGCOTTGGGCATCATC-
CAAACCCAAGACCCACCAATTCCAGACTCGCCCATA-
ATTGCAGACG

18518

ATATACATATACCTACGTATGTATCTA-
CAGAAAGAAAAAAAAAAAGATCAATCAATATATCAT-
CGATGAGCCGTCATGACCC

Integration in SeYCL036W

18522

CAAATTTCAAACCAACTAAAAACACACCAGCGAACCTC
CCCTTTGTATGAGCTCAAAATAAACTGCCCGATAATTG-
CAGACG

18523

CCTCCTCATTCAAGCAAGAGAAATCGAAAATACTTCTTG-
CAAGAAGCTTGCAAATACTATACATCGATCAGCCCTGAT-
GACCC

Integration in SeYCLo12C

18527

CACAACAAGAACAGTTTGCAGGTCACAAAAATCGAT-
CATTATAGGTCTTGTCACCACAAAACTGGCCGATA-
ATTGCAGACG

18528

TTCATGTAGCCTCGCGTTCAATTTCTTTTAGCAAGC-
TATAAGACGCCTTTCTGCTGGCTCGCATCATCGAGCCCT-
CATCACCC

Integration in SCYCRoO51W

18532

AAAACATCGAAACCCACTAACCTGCTACATAATCTC
TATATATCTACACATAAAATTCCCAACTGGCCCATA-
ATTGCAGACG

18533

TAACAGTATTCTCTATACAACAGCAAACCGTCTCAGT-
CAAGAAATATTTGTTATTACACGGCATGATCACCCGT-
CATCGACCC

Integration in SCcYCR087C-A

18537

CCTCCGCTATCTACATGGATACACGAAAGCCGTTTTTTG-
GTGATTATGTTCACTCGTCAACTACTGGCCCGATAATTG-
CAGACG

18538

CTTAAATTGTGGAACACTCCATCCAACGAGAACGATCAC-
GTATCTGAATTATTCTAAAAGCCATGATGAGCCCTCAT-
GACCC

Integration in SeSite1

18542

ACTCCATCACTCACACCACACGAGCGCTTTAAA-
CAAGACGCAATACATAACCGCATCTCCACTGGCCCA-
TAATTGCACACG

18543

AAATTACTTCTTGTCATTATAAAAAGACTACTACCCTTC
TATACCGTATATTTATTCTCTACATCATGAGCCCTCAT-
CACCC

Integration in SeSite2
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Table 4.3. (continued)

#

18547

Sequence (5’ -> 3’)

AAAGCACACGCTCATTCGTTATATCACACCCAATCGTA-
AAACTAAGGTTCACAACATTAAACTCCGCCCATAATTG-

CAGACG

18548

ATATCTCTTACGCCAGAATATCTTATTTAACCCTTA-
AAACCACTTAGAAGATCGACACGCCCATCATCAGCCGT-

GATGACCC

Purpose

Integration in SeSite3

18552

CCAATCACCCTGTGTTTTATATACCTCTCTTATATA-
ATTTAAGAAACAACTCCTTATTCTACTGGCCCATAATTG

CAGACG

18553

TGTTCGGTTTTATAAGCCCATTGATTGTTTGTTTGA-
CAGTCTTAAAGTCAAATAACACCTGCATGATCAGCCCT-

GATGACCC

Integration in SeSite4

18981

GGTACACAAACTCCATCCGGCGCATTCCAAAGCACAC-
CGTGGGGAGCATGGTAAATAGAGAACTGGCCGATA-

ATTGCAGACG

18982

TTTTCGCTATTTTTCAAGATTAGCAAAAACATCAAGA-
TATCAACTATTTTCATATTTGTCCATCATGAGCCGTGAT-

GACCC

Integration in SCEEB1

18985

TGCTGTCTGCCGTTCATTTCGGGCCTGACAC-
CACAAGAAAGTGCCTTACCTACATCAAGATTACTGGC

CGATAATTCCACACG

18986

CCAAGCTCCACACCTATACAAACTCCAAAATAAAAC-
CGAACCCTCGCAACAGGGCTTACAACATCATCAGCCGT-

GATCGACCC

Integration in SCEAT1

18768

CGCTCAGATCGCATACAATCTAGATAAGTTGCGCTG-
TAGCAGCAAGCTGAATACGCGATGCCATGATGACCCGT-

GATGACCC

GCATCGCTATTCAGCTTGCTGCTACAGCGCAACT-
13047  TATCTAGATTGTATCCCATCTCACCGGCCCATAATTGC-

CACGACGAAC

In vivo assembly SHR CB flank
incorporation

Diagnostic primers for integration verification

18514

TCAGTTAGAGTGACAGTTGC

18515

GTTGTGCGTTTTACGTGC

Integration in SeYCL0o49C

18519

TCCGTCAGTATTCCAGGC

18520

TCTTCGAACCTATCCTGGC

Integration in SeYCL0o36W

18990

GGCTCGAATTTTATTGAGTGG

18991

GCTATCTAAAATGCGTTCAAGG

Integration in SeYCL012C

18529

CCATTCATTCGTTTAAGTTTCGGG

18530

GCTTTTCTTTCACTCTACAACG

Integration in ScYCRo51W

18534

CGAATACCTCTTCCGAAACGTTGCAG

18535

ATCACGTCGCACTGGCAGC

Integration in SCYCR087C-A

18539

GGACATCAAAGAGCCCAG

18540

CTCAAACGCTACAAAGGAAGC

Integration in SeSite1
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Table 4.3. (continued)
18544  CGTTGGAAAGAGTTGTTACTTTCTG
18545  GCTTTACACTGATATCAAATAGCC
18549 GAGGTCAAAATGTTCGATAATTAGGAG
18550  GCATTTGTAATATTTCCAAGCTGC
18992  GGAATATGTGACTTCGGGC
18993  ACCTAATCAACGTGAAGGC
15944  AGTGCCGCTTCGAAATCATC
15945  TTCTGCATCTGGTTGCCTAC
15950  CTGGGTTGGAACGAAGTTTG
15951  ACCGTCATGACTGTAGTCAG

Integration in SeSite2

Integration in SeSite3

Integration in SeSite4

Integration in SCEEB1

Integration in SCEAT1

the manufacturer’s instructions using milliQ as eluent solvent. Golden Gate cloning
was performed using 25 fmol of each fragment with BsmBI or Bsal restriction enzymes
(New England Biolabs) according to (Engler et al., 2008, Lee et al., 2015). Gibson
Assembly was performed with 200 fmol of each fragment using NEBuilder® HiFi DNA
Assembly Master Mix (New England BioLabs) and one hour incubation at 50 °C (Gibson
etal., 2009). Constructed plasmids were transformed to E. coli XL1-blue (New England
Biolabs) chemically competent cells. Plasmids were isolated from the E. coli cells with
the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) according to the supplier’s
manual with milliQ as eluent solvent.

CRISPR-Cas9 plasmid construction

The gRNA sequences for the introduction in Casg platform plasmid pUDPoo2 (Juergens
et al., 2018) were designed in such a way that they yield compatible sticky ends for
ligation upon restriction with Bsal, following the Golden Gate cloning strategy for
gRNA cloning described by Gorter de Vries et al., 2017. The plasmids pUD1205-pUD1209,
pUD1243, pUD1244, pUD1212 and pUD1213 (GeneArt, Thermo Fisher) contain the gRNA
sequences targeting SeYCL049C, SeYCL036W, SeYCL012C, ScYCR051W, ScYCR087C-A,
SeSite1, SeSite2, SeSite3 and SeSite4, respectively, and are flanked by the HammerHead
(HH) and Hepatitis Delta Virus (HDV) ribozymes. Correct Golden Gate cloning of these
gRNAs into the platform plasmid pUDPo002 resulted in pUDP269-pUDP273, pUDP283,
pUDP284, pUDP276 and pUDP277, which were verified by diagnostic PCR with primer
4068 binding to SHR | and primers 18516, 18521, 18526, 18531, 18536, 18541, 19067,
19068, 18551 and 18556 binding to the respective gRNA spacers.

Cloning of the gRNAs targeting SCEEB1 and ScEAT1 into pUDP002, resulting in pUDP168
and pUDP172 was confirmed in a diagnostic PCR with primers 1153 & 580.

The plasmid pUDE1111 and pUDE1112 that express the ymNeongreen gene and the
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ymScarletl gene, respectively, were constructed using Golden Gate cloning with
plasmids pYTKo09, pYTKo53 (Lee et al., 2015), pGGKp304 (ymNeongreen (Botman et
al., 2019)) or pGGKp302 (ymScarletl (Botman et al., 2019)) and pGGKdo34 (Table 4.2).
Correct construction of pUDE1111 and pUDE1112 was verified by diagnostic PCR with
primers 10320 & 10325.

Construction of acetolactate decarboxylase gene expressing plasmids

aldC genes from Brevibacillus brevis (CP087980.1), excluding the secretion signal
peptide, and Leuconostoc lactis (CP042420.1) were codon optimized for yeast, and
ordered as synthetic genes (GeneArt, Thermo Fisher), resulting in plasmids pUD374
and pUD376. Genes were amplified from these plasmids using primer pairs 18759 &
18760 and 18763 & 18764, respectively, incorporating golden gate compatible flanks.
Golden gate assembly with pGGKdo15, pYTK009, pYTKo51 and the PCR-amplified aldC
gene fragment resulted in plasmids pUD1218 and pUD1220, respectively, for BbaldC
and LlaldC, which were verified by diagnostic PCR using the primer pair 10320 & 10325.

CRISPR-Casg genome editing in S. pastorianus and S. cerevisiae strains

CRISPR-Cas9 genome editing in S. pastorianus strains was performed by transforming
CBS 1483 or WS 34/70 with 500 ng gRNA plasmid and 1000 ng repair fragment (Table
4.4). As negative control, transformations from which the repair fragment was omitted
were performed. Yeast transformation was performed by electroporation using 50
pL of competent cells in 0.2 cm chilled Gene Pulser® Cuvettes (Bio-Rad) and pulsed
with for 5 ms with 1.5 kV by the MicroPulser (Serial No. 411BR5600, Bio-Rad). The
transformed cells were incubated in 0.5 mL YPD during 2 h, followed by re-suspending
in 100 L sterile demi-water and plating on selective medium. CRISPR-Casg genome
editing in S. cerevisiae strain CEN.PK113-7D was performed by transforming 500 ng
gRNA plasmid and 1000 ng repair fragment according to the LiAc/ss-DNA/PEG chemical
transformation method (Gietz & Woods, 2002).

The ymNeongreen integrations were performed by co-transforming the gRNA
plasmid and the corresponding repair fragment consisting of the ymNeongreen
expression cassette flanked by 60 bp homologous sequences for recombination. The
ymNeongreen repair fragments were obtained by PCR amplification using pUDE1111 as
template and primer pairs 18512 & 18513 for SeYCL049C, 18517 & 18518 for SeYCL0o36W,
18522 & 18523 for SeYCL012C, 18527 & 18528 for ScYCRo51W, 18532 & 18533 for
ScYCR087C-A, 18537 & 18538 for SeSite1, 18542 & 18543 for SeSite2, 18547 & 18548 for
SeSite3 and 18552 & 18553 for SeSite4. For replacement of the ScEEB1 and ScEAT1 in
S. pastorianus and S. cerevisiae strains, the ymNeongreen repair fragment was obtained
via PCR amplification with primer pairs 18981 & 18982 and 18985 & 18986, respectively,
with pUDE1111 as template. The aldC gene expression cassettes for integration in
ScYCR087C-A were obtained by PCR amplification with primers 18532 & 18533 using
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pUD1218 or pUD1220, respectively, as template.

In vivo assembled integration of ymNeongreen and ymScarletl was performed with
two fragments to repair the CRISPR-induced DSB. The ymNeongreen fragment was
amplified from pUDE1111 with primers 18512 & 18768 incorporating the SeYCL049C flank
and the SHR CB flank, while the ymScarletl fragment was amplified from pUDE1112
with primers 13047 & 18513 incorporating the SHR CB and SeYCL049C flanks.

Yeast genomic DNA for diagnostic purposes was isolated using the lithium acetate
(LiIOAC)-SDS method (LGSoke et al., 2011). Gene integrations in SeYLC049C were
confirmed with primers 18514 & 18515, SeYCL036W with 18519 & 18520, SeYCL0o12C
with 18990 & 18991, ScYCR051W with 18529 & 18530, ScYCR087C-A with 18534 & 18535,
SeSite1 with 18539 & 18540, SeSite2 with 18544 & 18545, SeSite3 with 18549 & 18550,
SeSite4 with 18992 & 18993, SCEEB1 with 15944 & 15945 and ScEAT1 with 15950 & 15951.

Flow cytometry and cell sorting

After the transformation procedure, the cell suspension was plated onto selective
medium (1/5"" of the cells) and transferred to 20 mL liquid selective medium in
vented tubes (4/5" of the cells) and cultivated for 5 days at 20 °C while shaking at
200 rpm. Then, 1 mL of the cell suspension was transferred to 20 mL fresh YPD hygR
medium in shake flasks and grown for three days. Finally, 1 mL cell suspension was
transferred to non-selective YPD medium for optimal fluorescent gene expression.
In vivo assembly efficiency of ymNeongreen and ymScarletl genes in CBS 1483 was
analysed by measuring fluorescence levels in the BD FACSAria™ Il SORP Cell Sorter
(BD Biosciences, NJ) equipped with 355, 445, 488, 561 and 640 nm lasers and a 70
pum nozzle, and operated with filtered FACSFlow™ software (BD Biosciences). The
fluorophore ymScarletl was excited by the 561 nm laser and emission was detected
through a 582 nm bandpass filter with a bandwidth of 15 nm. The fluorophore
ymNeongreen was excited by the 488 nm laser and emission was detected through
a 545 nm bandpass filter with a bandwidth of 30 nm. The cytometer performance
was evaluated prior to each experiment by running a CST cycle with CS&T Beads
(BD Biosciences) and the drop delay for sorting was determined by running an Auto
Drop Delay cycle with Accudrop Beads (BD Biosciences). For each sample, 100.000
events were analysed. Cell morphology was analysed by plotting forward scatter
(FSQ) against side scatter (SSC) and the appropriate cell size was gated. Gated cells
were used to determine the fluorescence intensity of the cells. Gating windows for
fluorescence intensity were based on the fluorescence of the cells transformed with
solely ymNeongreen or ymScarletl as repair fragment for sole integrations. Cells in the
gate ymNeongreen*ymScarletl* were sorted separately on non-selective YPD plates
and grown for five days. FACS data was analysed using the Flowing Software version
2.5.1 (Turku Centre for Biotechnology, Finland).
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Fermentation in septum flasks

Frozen aliquots of CBS 1483, IMI504-IMI508, IMI510-512, IMI483 and IMI485 were
inoculated in 20 mL of YPD media in 50 mL Greiner tubes with air vents at 12 °C shaking
at 200 rpm. Wake-up cultures were transferred to precultures in 100 mL YPD in 500
mL shake flasks grown at 12 °C shaking at 200 rpm. Exponentially growing cells were
washed and transferred into 100 mL septum bottles containing 60 mL full malt wort
at 5.7 °P for strains CBS 1483, IMI504-IMI508, IMI510-512 or in full malt wort at 17 °P for
strains CBS 1483, IM1483 and IMI485 at a starting ODeso Of 0.2 mL". The cultures were
incubated at 12 °C and at 200 rpm for five (5.7 °P) or eight days (17 °P) with regular daily
sampling to determine cell density, sugar consumption, ethanol production, esters
and ketones concentrations throughout the fermentations.

Analytical techniques

Sugars (glucose, fructose, maltose, maltotriose) and ethanol concentrations were
measured using HPLC (Agilent Technologies, 1260 HPLC system) equipped with a Bio-
Rad HPX-42A column (300 x 7.8 mm, 25 micron) (Bio-Rad) and an 1260 Refractive Index
Detector. The column was operated at 75 °C, and the elution was performed using
milliQ at 0.5 mL min* for 30 min. Compounds were measured using a RID at 35 °C.
Samples were 0.2 um filter-sterilized before analysis.

Vicinal diketone (diacetyl, 2, 3-pentadione) concentrations were measured using static
headspace gas chromatography in a 7890A Agilent GC (Agilent) with an electron
capture detector on a CP-Sil 8 CB (50 m x 530 um x 1 um) capillary column. 0.5 mL of
each sample was heated up to 65 °C for 30 min prior to injection. A split flow of 8 mL
N: min' was used, with a split ratio of 1:1. The injector temperature was set at 120 °C.
The oven was set at 35 °C for 3 minutes, followed by a 10 °C min* ramp to 95 °C. The ECD
temperature was set at 150 °C with a make-up flow of 30 ml min”N..

Higher alcohols and esters were analyzed using static headspace gas chromatography
(GC) with a flame ionization detector FID (Agilent technologies 7890A) and a DB-
WAXetr capillary column (30 m x 320 um x 1 um). 2.5 mL samples were heated up to 50
°C for 5 min using a CTC Combi Pal headspace auto-injector prior to the injection. A split
flow of 9.88 mL N. min” was used, with a split ratio of 5:8:1. The temperature of the
injector was 250 °C, with a flow of 10 mL N.min™. The oven temperature profile started
at 55 °C followed by an increase of 20 °C min” to 160 °C with a hold time of 4.75 min. The
FID temperature was set at 250 °C with a make-up flow of 10 ml min™N..

Whole genome sequencing

Yeast genomic DNA of transformants was isolated using QIAGEN Genomic-tip 100/G
kit (Qiagen). Genomic DNA concentrations were measured with the BR dsDNA kit
(Invitrogen, Carlsbad, CA) using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).
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In-house DNA sequencing was performed using MiSeq System (lllumina, San Diego,
CA). Extracted DNA was mechanically sheared to an aimed average size of 550 bp
with the M220 ultrasonicator (Covaris, Wolburn, MA). DNA libraries were prepared
using the TruSeq DNA PCR-Free Library Preparation Kit (lllumina) according to the
manufacturer’s manual. Quantification of the libraries was done by qPCR using the
KAPA Library Quantification Kit for lllumina platforms (Kapa Biosystems, Wilmington,
MA) on a Rotor-Gene gPCR cycler (Qiagen). The library quality was verified on the
TapeStation System 4150 (Agilent). All libraries were normalized to 2 nM before the
multiplexing step.

All lllumina sequencing (Table S1) data are available at NCBI (https://www.ncbi.nlm.
nih.gov/) under the bioproject accession number PRJNA911296 (study SRP412695).
The raw lllumina reads (Table S1) were aligned against a chromosome-level reference
genome of CBS 1483 (NCBI bioproject accession number PRINA522669, https://www.
ncbi.nlm.nih.gov/) (Salazar et al., 2019) using the Burrows-Wheeler Alignment tool
(BWA) (Li, 2013) and further process with SAMtools (Danecek et al., 2021).

Identification of unique landing sites

Identification of unique landing sites on CHRIIl of the CBS 1483 was performed
using sequence available at NCBI (https://www.ncbi.nlm.nih.gov/) as bioproject
accession numbers PRINA522669 (Illumina) and PRIJNA522669 (Nanopore). The
coding sequences and additionally 800 bp upstream and 300 bp downstream were
subtracted from the SeScCHRIII sequence. These non-coding sequences of SeScCHRII!
were extracted with bedtools (getfasta option) (Quinlan & Hall, 2010). The remaining
sequence was used to generate k-mers with k = 200 and k = 500 with the ara package
(https://github.com/AbeelLab/ara). The resulting k-mers were aligned to the CBS 1483
genome using a MUMmer alignment (Marcais et al., 2018) and eliminated upon a match
other than its original location in SeScCHRIII. Next, the unique regions were subjected
to manual inspection for presence of other essential DNA sequences and discarded
when present. Finally, manual screening of the unique landing sites for other essential
DNA regions was performed. Genes with non-essential functions as described in the
SGD database (https://www.yeastgenome.org/) were selected.

CHRIII configuration analysis

S. pastorianus genomes deposited at NCBI (Bioprojects PRINA522928 (Langdon et al.,
2019), PRJDB4073 (Okuno et al., 2016), PRINA504476, PRINA169496) were mapped
to the concatenated genome sequences of S. eubayanus (CBS 12357) and S. cerevisiae
(CEN.PK113-7D) using the Burrows-Wheeler Alignment (BWA) tool (Li, 2013) and
further process with SAMtools (Danecek et al., 2021). Coverage of 500 bp window was
calculated across the reference and CNV was determined based on Magnolya (Nijkamp
etal., 2012).
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4.3. Results

Targeting homoeologous genes in CBS 1483 results in unpredictable loss of
heterozygosity

To illustrate the unpredictability of the outcome of CRISPR editing in allo-aneuploidy
yeast, individual knockout of genes ScEEB1 and ScEAT1 was attempted. ScEEB1 is carried
by ScCHRXVI (two copies) and has an homoeolog (SeEEB1) on SeCHRXVI (two copies).
ScEAT1 is present on ScCHRVII (one copy) and its homoeolog SeEAT1 is on SeCHRVII
(three copies). Deletion of the two copies of ScEEB1 in S. pastorianus CBS 1483 was
performed by co-transforming pUDP168 that expresses a gRNA targeting ScEEB1 and
a repair fragment containing the ymNeongreen gene flanked by 60 bp nucleotides
homologous to upstream and downstream the ScEEB1 open reading frame. Similarly,
deletion of ScEAT1was performed using pUDP172 and aymNeongreen containing repair
targeting the ScEAT1 locus (Figure 4.1AB). Integration of ymNeongreen at the target
site resulted in green fluorescent colonies when excited by blue light (Figure 4.1AB).
Despite the previously shown successful editing of SelLV6, SeATF1 and SeATF2 in CBS
1483 with CRISPR-Casg (Corter de Vries et al., 2017), integration of the ymNeongreen
marker targeting of SCEEB1 or ScEAT yielded efficiencies of 0.19% and 0.48%, respectively
(Figure 4.1C). Even though fluorescent transformants were observed, none of them
showed the right genotype (Figure 4.1DE). To eliminate the possible weak activity of
the gRNA to programme Cas9 targeting at both sites, the same two deletions were
also performed in the haploid S. cerevisiae CEN.PK113-7D. Contrasting with the poor
efficiency observed in CBS 1483, all CEN.PK113-7D fluorescent transformants tested
were harbouring the correct deletion (Figure 4.1CFG).

Assuming that the Casg9 guided by the respective gRNAs introduced the DSB
successfully, the remaining question is how does S. pastorianus repair the DSB
event that, if not repaired, is lethal for the cell. To elucidate this mechanism, four
non-fluorescent transformants from ScEEB1 deletion transformation were randomly
selected and subjected to whole genome sequencing.

Sequencing analysis confirmed that transformants had failed to incorporate the
supplied repair fragment, but instead repaired the DSB with the homoeologous
S. eubayanus CHRXVI as template for HDR resulting in loss of heterozygosity (Figure
4.2, Figure S1, Table S1). Each transformant exhibited a different pattern: colony 1
(IMK1062), colony 4 (IMK1064) and colony 3 (IMK1063) were repaired by a 5 kbp, 10
kbp and 26-kbp region surrounding the ScEEB1 gene, respectively, while in colony 6
(IMK1065) over 700 kbp from the ScCHRXVI was replaced by the homologous sequence
from the SeCHRXVI sequence and only the subtelomeric regions of SCCHRXVI were
retained (Figure 4.2, Figure S1, Table S1). Therefore, loss of heterozygosity resulting
from preferential usage of the homoeologous chromosome is an undesired side-effect
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Figure 4.1. Genome editing in haploid S. cerevisiae CEN.PK113-7D and allo-aneuploid S. pastori-
anus CBS 1483. A) Schematic representation of the transformation setup and genomic modifi-
cation. B) Genome editing efficiencies in S. pastorianus CBS 1483 (purple bars) and S. cerevisiae
CEN.PK113-7D (blue bars) targeting the S. cerevisiae allele (CBS 1483) or gene (CEN.PK113-7D)
ScEEB1 and ScEAT1 thereby aiming for ymNeongreen integration. Editing efficiencies were
calculated based on number of green fluorescent colonies over the total number of colonies
on the transformation plates. Values are derived from three individual transformations. Trans-
formation plates and genotyping of transformants of ymNeongreen integration in ScEEB1 in
S. pastorianus CBS 1483 (C), ScEEB1 in S. cerevisiae CEN.PK113-7D (D), ScEAT1 in S. pastorianus
CBS 1483 (E) and ScEAT1 in S. cerevisiae CEN.PK113-7D (F). Integration of ymNeongreen results
in green fluorescent colonies. Genotyping confirmed integration of ynNeongreen in ScEEB1 and
ScEAT1in S. cerevisiae CEN.PK113-7D, but not in S. pastorianus CBS 1483.

of Cas9-mediated genome editing and has major impact for the editing specificity and
efficiency in allo-aneuploid yeasts, including S. pastorianus CBS 1483.

A systematic strategy to identify unique landing sites for CRISPR-Cas9 targeting

Genome editing with CRISPR-Cas9 allows to make gene deletions, gene integrations
and gene modifications. In the case of gene deletions and gene modifications, the user
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Figure 4.2. Whole genome sequencing reveals that CRISPR-Cas9 editing in the allo-aneuploid
yeast S. pastorianus CBS 1483 aiming to integrate ymNeongreen in SCEEB1 on ScCHXVI results in
loss of heterozygosity in all four colonies tested. The red and blue color indicate chromosome
assigned as S. eubayanus and S. cerevisiae, respectively.

is restricted to the location of the gene of interest in the genome. On the other hand,
additional genes can be integrated at any user-chosen genomic location. Therefore,
identification of chromosomal regions (landing sites) devoid of homoeologous
regions for gene integrations with CRISPR-Cas9 in the allo-aneuploid yeast strain
S. pastorianus CBS 1483 would be of a prime importance. Landing sites should meet the
following criteria: i) the frequency for LOH is low, ii) the gRNA targets the protospacer
with high efficiency and iii) gene integration does not result in undesired changes in
the cell’s physiology. To prevent unwanted repairs that would use the homoeologous
chromosome, the search for landing sites was first limited to the chimeric SeScCHRIII
that is composed for two-third from the S. eubayanus parent and one-third from
S. cerevisiae (van den Broek et al., 2015, Salazar et al., 2019). First, a systematic approach
to find suitable integration sites on SeScCHRIII was developed. Since modification at
a landing site should remain metabolically neutral, in other words should not impact
yeast physiology, coding sequencesincluding 800 bp upstreamand 300 bp downstream
covering the promoter and terminator regions were subtracted from the SeScCHRIII
sequence. This in silico thorough analysis revealed a set of 23 non-coding regions
(total of 34.7 kbp) ranging from 30 bp to more than 6 kbp (Figure 4.3, Table S2). These
non-coding sequences were used to generate k-mers of 100, 150, 200, 300 and 500
nucleotides which were aligned to CBS 1483 genome using MUMmer (Marcais et al.,
2018). K-mers with small, partial alignments to other chromosomes were discarded to
avoid selection of sequences containing homology with other parts of the genome and
only k-mers that returned one hit located on SeScCHRIII were selected. This resulted
in a total of 283 and 50 unique k-mers for respectively k = 200 and k = 500, residing in a
total of 26 regions (total 22.4 kbp, average length of 863 bp) and 17 regions (total 23.9
kbp, average length of 1403 bp), respectively. Since unique k-mers could be adjacent
and overlap to one another, the 17 unique regions of the k =500 output were identified
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Figure 4.3. Strategy to identify non-coding unique DNA sequences in S. pastorianus CBS 1483
SeScCHRIIL In the first step, non-coding regions were obtained by subtracting the coding
sequences plus 800 bp upstream and 300 bp downstream covering for promoter and terminator
regions. In the second step, the unique regions were obtained by selecting unique k-mers when
aligning to the CBS 1483 genome and the non-unique sequences were eliminated. In the next
step, the non-coding unique sequences were checked for the presence of essential DNA regions.
Additionally, potential landing sites identified by manual screening of non-essential genes were
selected, resulting in a total of nine landing sites.

spanning lengths from 198 to 3213 bp. These 17 unique regions were manually checked
for presence of other essential DNA regions, such as tRNAs, telomeres, centromeres
and autonomous replication sequences. Out of the 13 regions that passed the final
check, four landing sites distributed over SeScCHRIII referred to as Site 1, 2, 3 and 4,
were chosen to investigate their potential use for genomic integrations in CBS 1483.
Secondly, a manual screening of SeScCHRIII for non-essential genes was deployed to
find landing sites located in gene encoding regions. The search resulted in 13 genes
suitable as landing sites (Table S3) of which the following five genes distributed over
the chromosome were selected: SeYCL049C, SeYCL036W, SeYCL012C, ScYCR051W and
ScYCRo087C-A. In total, nine genes and sites were retained as potential landing sites on
CBS 1483 SeScCHRIII (Table 4.4, Figure 4.3).
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Table 4.4. Overview of the selected landing sites on SeScCHRIIlin S. pastorianus CBS 1483.

Landing site Start coordinate  Stop coordinate Strand Size (bp)

SeYCLo49C 35643 35915 - 884
SeYCLo36W 54552 56237 + 1685
SeSite 1 79419 80823 n.a. 1404
SeYCLo12C 93151 93617 - 466
SeSite 2 118822 120628 n.a. 1806
SeSite 3 146704 147799 n.a. 1095
SeSite 4 164540 165542 n.a. 1002
ScYCRoO51W 209678 210346 + 668
ScYCR087C-A 259551 259985 - 434

n.a. Not Applicable

CRISPR-Cas9 targeting of unique landing sites allows efficient gene integration

To evaluate the landing sites for genomic integrations, gRNAs for all landing sites were
designed considering GC-content, secondary structure, off-targets and allelic variation
that may occur within the four copies of the CBS 1483 chimeric SeScCHRIII (Table S4).
To evaluate the CRISPR-editing in the nine selected landing sites, the CRISPR-plasmid
co-expressing Streptococcus pyogenes iCasg®#" 4" and the respective gRNA (Juergens
et al., 2018) were co-transformed with the ymNeongreen repair fragment, allowing
visual screening of edited colonies, into CBS 1483.

Targeting the landing sites SeYLCo049C, SeYCL0o36W, SeYCLo12C, ScYCRo51W,
ScYCR087C-A, SeSite2, SeSite3 and SeSite4 resulted in high editing efficiencies, which
is reflected by the number of green fluorescent colonies on the transformation plates
(Figure 4.4). Genotyping of ten colonies for each landing sites showed 100% correct
ymNeongreen integration in SeYCL0o49C, SeYCLo12C, ScYCRo51W, ScYCR087C-A,
SeSite2, SeSite3 and SeSite4 (Figure S2). Genotyping of SeYCL036W showed that
eleven out of the twelve assessed colonies were correctly edited and showed correct
integration of the ymNeongreen expression cassette (Figure S3).

Only integration at SeSite1 did not result in high editing efficiencies, possibly due to the
low gRNA efficiency (Figure 4.4). Therefore, eight out of nine identified landing sites
showed high potential for standard genomic integrations in S. pastorianus CBS 1483 as
they were targeted with high efficiency and do not cause loss of heterozygosity.
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Figure 4.4. A) Overview of the identified landing sites in CBS 1483. B) Genome editing
efficiencies in S. pastorianus CBS 1483 targeting the identified landing sites on SeScCHRIII there-
by aiming for ymNeongreen integration. Editing efficiencies were calculated based on number
of green fluorescent colonies over the total number of colonies on the transformation plates.
Values are derived from three individual transformations.

Some of the landing sites can be used in multiple S. pastorianus strains: the example of
Weihenstephan 34/70

The use of these integration sites is not just restricted to the CBS 1483 strain. Genome-
wide analysis of different S. pastorianus genomes deposited at NCBI (https://www.
ncbi.nlm.nih.gov/), revealed that the large majority of the strains (45 out of 47 strains)
harbours the chimeric SeScCHRIII in various copy numbers, either as sole CHRIII
configuration (two strains) or in combination with ScCHRIII (39 strains) or SeCHRIII
(four strains) (Figure 4.5A). In any configuration, the entire SeScCHRIII, if present alone
as in CBS 1483, or part of it is unique. This is exemplified by the S. pastorianus WS 34/70
strain, which counts three copies of the chimeric SeScCHRIII and one full length copy of
the ScCHRIII (Figure 4.5B). Whereas the sequence similarity of the shared ScCHRIII part
is close to 100%, the sequence homology between the SeCHRIII part and the ScCHRIII
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Figure 4.5. A) Overview of CHRIII genetic configurations in 47 different S. pastorianus strains.
B) Chromosome Il configurations in S. pastorianus WS 34/70. In comparison to CBS 1483, WS
34/70 has an additional ScCHRIII and one less hybrid SeScCHRIII. C) Genome editing efficiencies in
S. pastorianus WS 34/70 targeting the identified landing sites thereby aiming for ymNeongreen
integration. Editing efficiencies were calculated based on number of green fluorescent colonies
over the total number of colonies on the transformation plates. Values are derived from three
individual transformations.

partis only 80-85%. In this genome configurationit means that only the distal S. cerevisiae
sequence of SeScCHRIII including the ScYCRo51W and ScYCR087C-A sites could lead to
efficient editing. To test this hypothesis, the WS 34/70 strain was transformed with the
gRNA expressing plasmids targeting the eight most efficient landing sites previously
identified and their respective repair DNA containing the fluorescent marker. The
integration sites lacking homoeologous sequences, ScYCRO51W or ScYCR087C-A,
showed as anticipated a high targeting efficiency exceeding 50% (Figure 4.5B). For the
proximal landing sites SeYCL049C, SeYCL036W, SeYCL0o12C and SeSite2 there was a
significant drop in efficiency (<50%). Remarkably, the efficiency of the editing at SeSite3
and SeSite4 was to a lesser extent not hampered by the presence of the S. cerevisiae
sequence contrasting with results at other chromosomal sites indicating as well that
other genetic factors might play a role.
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Figure 4.6. Physiological characterization of landing site disruptions under brewing conditions.
A) Growth curves as function of ODeso nm of the S. pastorianus strain CBS 1483 and derived strains
IMI504 (ASeYCL049C), IMI505 (ASeYCL036W), IMI506 (ASeYCL0o12C), IMI507 (AScYCRO51W),
IMI508 (AScYCR087C-A), IMI509 (ASeSite1), IMIs10 (ASeSite2), IMIs11 (ASeSite3), IMI512
(ASeSite4) harboring a ymNeongreen expression cassettes inserted at single landing sites
grown in septum flasks under brewing conditions with full malt wort (5.7° P) at 12 °C. The values
represent averages + mean deviations of data obtained from independent triplicate cultures.
At B) t19, €) t68 and D) t116 hours supernatant samples were analysed for extracellular sug-
ars (glucose, fructose, maltose, maltotriose), ethanol, glycerol, vicinal diketones (diacetyl,
2,3-pentadione), higher alcohols (isoamyl alcohol, isobutanol) and ethyl (ethyl acetate, ethyl bu-
tyrate) and acetate (isoamyl acetate) esters. Concentrations relative to the reference strain CBS
1483 are represented in heatmaps and fold-change in concentrations are color-coded according
the scale provided right to heatmap D).

Genomic integrations at landing sites do not result in changes in physiology and
brewing characteristics

One of the criteria for a good landing site is that integration of DNA at this location
should not have a physiological effect on the cell in comparison to the parental CBS
1483 strain. To investigate potential physiological effect on genomic integrations,
the strains CBS 1483 and IMI504-8 and IMI510-512 containing ymNeongreen in their
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respective landing site, were cultivated in septum flasks under brewing conditions (full
malt wort at 5.7 °P and at 12 °C). Deviations in growth, sugar consumption, flavour
molecule production and ethanol production were evaluated relative to the parental
strain CBS 1483 (Figure 4.6). Early in the fermentation, the deviations in produced
metabolites (e.g. glycerol (0.013 + 0.033 g L" for CBS 1483 and 0.000 * 0.000 g L for
all other strains, compared to > 0.700 g L respective end concentrations) and ethyl
acetate (0.147 + 0.127 mg L™ for CBS 1483 and 0.000 + 0.000 mg L for six other strains,
compared to > 1.100 mg L" respective end concentrations) can have large effects on
the fold change, but represent only a very small fraction of the final concentrations.
Integration in the landing sites SeYCL049C, SeYCL036W, SeYCL012C, ScYCRO51W,
ScYCR087C-A, SeSite2 and SeSite3 did not have a significant effect on the physiological
behaviour of the strain and are therefore suited for gene integrations. In contrast,
IMI512 (SeSite4::ymNeongreen) showed slower growth as well as sugar consumption
and ethanol production compared to the parental strain CBS 1483. Also, the production
of vicinal diketones and esters that contribute to beer flavour was lower for ethyl
acetate, isoamyl alcohol, isoamyl ester and isobutanol, whereas the production of
ethyl butyrate was higher compared to CBS 1483 after 6 days of cultivation. These
observations demonstrated that SeSite4 was less suitable for integration of genes of
interest.

Integration of acetolactate decarboxylase to eliminate diacetyl production

To demonstrate the reliability of the selected sites, lager brewing yeast strains with
reduced diacetyl production were constructed. The vicinal diketone diacetyl is one of
the main off-flavours in lager-style beers. The lagering period after the fermentation
is required for the reduction of diacetyl and has a major impact on the time and
energy of the brewing process. Diacetyl is formed in the supernatant by spontaneous
decarboxylation from excreted a-acetolactate, an intermediate of valine and leucine
biosynthesis. During the lagering, the brewing yeast reduces diacetyl sequentially to
acetoin and 2,3 butanediol (Godtfredsen & Ottesen, 1982, Bamforth & Kanauchi, 2004).

To prevent o-acetolactate leakage, an a-acetolactate decarboxylase (aldC) that
catalyzes the decarboxylation of a-acetolactate to acetoin can be expressed. a-aldC
genes from prokaryotic origin have already been successfully expressed in brewing
yeasts, including S. cerevisiae (Sone et al., 1988, Blomqvist et al., 1991), S. uvarum
(Sone et al., 1988, Yamano et dal., 1995) and S. carlsbergensis (Fujii et al., 1990) and S.
pastorianus (Suihko et al., 1990) and have shown great reduction in diacetyl formation
resulting in significant shortening of the lagering. We chose two different a-aldC
genes originating from Brevibacillus brevis (BbaldC) and Leuconostoc lactis (LlaldC).
To ensure high gene expression levels, the genes were placed under control of the
constitutive ScPCK1 promoter (Knijnenburg et al., 2009) and the ScADH1 terminator.
Linear fragments containing the expression cassettes with 60 bp homologous flanks
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Figure 4.7. Performance of CBS 1483 strains expressing different prokaryotic aldC genes.
A) Growth curve and B) diacetyl concentration of CBS 1483, IM1483 (expressing BbaldC) and
IMI485 (expressing LlaldC) grown on full malt wort (17 °P, 12 °C). The values represent averages
+ mean deviations of data obtained from independent triplicate cultures.

were co-transformed with the CRISPR-plasmid pUDP273 targeting the landing site
ScYCR087C-A into CBS 1483. The transformation efficiency, calculated based on the
percentage of positive colonies verified by diagnostic PCR, was 100% and 79% for
BbaldC and LlaldC, respectively (Table S6). The correctly edited transformants were
named IM1483 (BbaldC) and IM1485 (LlaldC).

The strains IMI1483 (BbaldC) and IMI485 (LlaldC), were assessed for diacetyl production
in septum flask cultivation on 17 °P full malt wort at 12 °C and compared to CBS 1483.
In agreement with previous results (Godtfredsen & Ottesen, 1982, Godtfredsen et al.,
1984, Sone et al., 1988, Fujii et al., 1990, Blomqvist et al., 1991, Yamano et al., 1994,
Yamano et al., 1995, Guo et al., 2001), heterologous expression of an a-aldC gene in
CBS 1483 likely eliminated the diffusion of a-acetolactate into the extracellular space
preventing formation of diacetyl and therefore the need of its reduction (Figure 4.7).
Nonetheless, the growth of IMI485 was hampered compared to the parental strain
CBS 1483, caused by loss of the ability to consume maltotriose (Figure S4). This case
showed that the landing sites identified for S. pastorianus CBS 1483 were suitable for
efficient and reliable engineering requiring CRISPR-Cas9 guided integration.
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Successful genomic integration through in vivo assembly into ScSeCHRIII landing sites

One of the startling genetic characteristics of S. cerevisiae is its ability to recombine
multiple linear DNA fragments at a single chromosomal locus. This is often referred to
as in vivo DNA assembly. We demonstrated that elimination of competing mechanisms
using the homoeologous chromosome as template improved targeting efficiency
of repair fragment integration at chosen chromosomal sites. To investigate the
possibility to integrate two fragments simultaneously by homology directed repair,
S. pastorianus CBS 1483 was co-transformed with pUDP269, plasmid that expresses a
gRNA targeting the SeYCL049C landing site and two DNA repair fragments. The first
DNA fragment consisted of the ymNeongreen expression cassette that was flanked
by 60 bp homologous flanks upstream to the SeYCL049C genomic locus and 60 bp
SHR sequences (Kuijpers et al., 2013), whereas the second fragment encoded the
ymScarletl gene flanked by 60 bp SHR sequence complementary to that of the first
fragment and 60 bp homologous flanks downstream the SeYCL049C landing site. The
use of fluorescent genes for the integration allows for screening of the transformed
cell population by Fluorescence-activated cell sorting. Screening of the transformant
population revealed that 17.67 * 1.98 % of the transformed cells harboured both
fluorescent markers (Figure S5). To confirm that the fluorescence was derived from
single and not aggregated cells, single cells from the ymNeongreen* ymScarletl*
gated population were sorted on non-selective medium (Figure S5). Cultivation of the
sorted single cells and subsequent flow cytometry analysis of 12 clones confirmed co-
occurrence of both ymNeongreen and ymScarlet! fluorescence (Figure S6). Genotyping
revealed in all 12 screened colonies correct integration of both genes in the SeYCL049C
landing site (Figure S8). These results showed that genomic integration of in vivo
assembled DNA fragments is also possible in the interspecific hybrid S. pastorianus.

4.4. Discussion

CRISPR-mediated gene editing in diploid and more generally polyploid heterozygous
S. cerevisiae is drastically impaired when not all chromosomes are simultaneously
targeted by a programmed CRISPR endonuclease 9 (Gorter de Vries et al., 2018). In such
conditions, the still intact homologous chromosome is used as preferential template
to fix the double strand break by homology-directed repair. This resolution of the
introduced cut can result in chromosome recombinations, which can lead to loss of
heterozygosity (Ma et al., 2017, Gorter de Vries et al., 2018, Lombardi et al., 2022). LOH
competes with an intended gene-editing repair event and results in reduced editing
efficiencies and possibly in extensive genetic changes. In this study, we demonstrated
that this mechanism could also occur between homoeologous chromosomes in the
interspecific hybrid yeast S. pastorianus. While in diploid yeasts the problem might be
restricted to few heterozygous locations and easily solved by designing guide-RNA
targeting all chromosomes, in an interspecific hybrid that retained the quasi complete
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Figure 4.8. Genomic integration into landing site SeYCL0o49C of two in vivo assembled DNA
fragments expressing ymNeongreen and ymScarletl. A) Schematic overview of the genomic
integration strategy for in vivo assembly of ymNeongreen and ymScarletl DNA fragments. B)
Fluorescent profile of the transformed population when aiming for integration of two fluores-
cent expression cassettes. The fluorescence corresponding to ymNeongreen and ymScarletl is
plotted for 100.000 events. Flow cytometry was performed for three biological replicates; one
representative replicate is shown. C) Genotyping of the sorted ymNeongreen*ymScarletl* single
colony isolates.
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parental genomes, the problem is extended to every single nucleotide since any edit
on the chromosome of one of the sub-genome e.g. S. cerevisiae, can be repaired with
its homoeologous counterpart e.g. S. eubayanus. As observed in this study, whether
repaired by the donor repair DNA or by the homoeologous chromosome, the resulting
chromosomal locus was converted identically in all copies suggesting that the first
repaired site preferentially converts the other. This unpredictability unfortunately
affects the progress of functional genetic studies in hybrid, industrial yeasts since
introduction of accurate genetic alterations would have to rely on HDR without
introduction of a DSB (Baudin et al., 1993, Wach et al., 1994), methods that require the
use of selectable markers and are iterative in nature since it can replace one allele at
the time (e.g. deletion of a gene carried by a trisomic chromosome will require three
rounds of transformations) (Duong et al., 2011, Bolat et al., 2013). Therefore, improving
the predictability of the editing event is critical to enable efficient gene deletion or in
vivo site-directed mutagenesis.

Genome-wide analysis of different S. pastorianus genomes deposited at NCBI (https://
www.ncbi.nlm.nih.gov/) showed that chimeric SeScCHRIIl chromosome was nearly
always present (found present in 45 out of the 47 S. pastorianus genomes analysed
(Figure 4.5A)) as sole CHRIIl or in combination with either a SeCHRII or ScCHRIII
version. In any configuration, the entire CHRIII or part of it is unique. In contrast to
targeted sites on other chromosomes, the targeting efficiency of the site on SeScCHRIII
region devoid of homoeologous sequences was high and reached up to 100% in some
instances. Refuting previous statements, these results demonstrated that homologous
recombination was not impaired in S. pastorianus but was instead masked. We
could also exclude that genome complexity, increased ploidy and chromosome
copy number was hindering efficient repair of DSB, as S. pastorianus CBS 1483 could
efficiently repair tetrasomic SeScCHRIII. CRISPR-Cas9 mediated in vivo recombination
of two DNA fragments further confirmed that at selected loci S. pastorianus could
perform elaborated homology directed repair with high efficiency. Improving the
targeting efficiency in lager brewing yeasts, provides new opportunities to accurately
and time-effectively engineer S. pastorianus strains with new characteristics. Such
strategies could swiftly and efficiently improve a wide range of phenotypic traits
and fermentation characteristics, including wort sugar utilization, fermentation rate
and energetic performance (Ekberg et al., 2013, Brickwedde et al., 2017), reduction of
off-flavor (Suihko et al., 1990, Duong et al., 2011) and balanced flavour profiles, and,
moreover, engineering of novel flavors (Hansen et al., 2009, Denby et al., 2018).

However, it remainsimportant to evaluate the targeted integration on the genetic level
and screen multiple colonies on phenotype to avoid loss of relevant characteristics
resulting from secondary effects. It is indeed known that transformation procedures
are mutagenic and in such an allo-aneuploid organism may lead to chromosome copy
number variations that could impact other phenotypic traits unintentionally (van den
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Broek et al., 2015, Gorter de Vries et al., 2020). To completely eliminate this possibility,
systematic genome sequencing of engineered strains could be implemented.

Even though S. pastorianus is the most industrially used interspecific hybrid between
Saccharomyces species yeasts, numerous independently formed natural hybrids
between Saccharomyces species (e.g. S. cerevisiae x S. kudriavzevii, S. cerevisiae x
S. eubayanus and S. cerevisiae  S. kudriavzevii x S. eubayanus) have been isolated from
wine, beer, or cider fermentations (Hawthorne & Philippsen, 1994, Masneuf et al.,
1998, Le Jeune et al., 2007, Arroyo-Lépez et al., 2009, Gangl et al., 2009, Borneman et
al., 2012). Natural interspecific hybrids are not limited to the Saccharomyces species
group. Several examples have also been described in Zygosaccharomyces (Ortiz-Merino
et al., 2017) and Millerozyma (Louis et al., 2012). Often, these hybrids exhibit better
characteristics in fermentation processes than the parental strains, as this heterosis
provides a competitive advantage by enabling transgressive phenotypes in man-made
environments, and also drives adaptation and fungal evolution. The guiding principles
presented in our study should also be helpful to dissect the genetic background of
heterosis in yeast hybrids other than S. pastorianus and contribute to engineer these
yeasts in the future.

Data availability

Supplementary information can be accessed via the online publication.
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Chapter 5

Abstract

Despite being present in trace amounts, ethyl esters play a crucial role as flavour
compounds in lager beer. In yeast, ethyl hexanoate, ethyl octanoate and ethyl
decanoate, responsible for fruity and floral taste tones, are synthesized from the
toxic medium chain acyl-CoA intermediates released by the fatty acid synthase
complex during the fatty acid biosynthesis, as a protective mechanism. The aim
of this study was to enhance the production of ethyl esters in the hybrid lager
brewing yeast Saccharomyces pastorianus by improving the medium chain acyl-
CoA precursor supply. Through CRISPR-Casg-based genetic engineering, specific
FAS1 and FAS2 genes habouring mutations in domains of the fatty acid synthase
complex were overexpressed in a single and combinatorial approach. These
mutations in the ScFAS genes led to specific overproduction of the respective ethyl
esters: overexpression of SCFAS13°%4 and ScFAS2*% significantly improved ethyl
hexanoate production and ScFAS1*®% boosted the ethyl octanoate production.
Combinations of ScFAS1 mutant genes with ScFAS2¢%%° greatly enhanced
predictably the final ethyl ester concentrations in cultures grown on full malt
wort, but also resulted in increased levels of free medium chain fatty acids causing
alterations in flavour profiles. Finally, the elevated medium chain fatty acid pool
was directed towards the ethyl esters by overexpressing the esterase ScEEB1. The
genetically modified S. pastorianus strains were utilized in lager beer production,
and the resulting beverage exhibited significantly altered flavour profiles, thereby
greatly expanding the possibilities of the flavour palette of lager beers.
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5.1. Introduction

The spectrum of flavour molecules that defines the taste of beer is highly diverse. The
interplay of these flavour molecules at varying concentrations significantly broadens
the potential flavour profiles achievable in a beverage. Additionally, synergism, where
flavour molecules can intensify or dampen specific aromas, even below the human
sensory threshold (HST), is noteworthy (Verstrepen et al., 2003a, Pires et al., 2014).
Traditionally, hops play a dominant role as the primary flavour-contributing ingredient
inlager brewing, but the role of brewing yeast, Saccharomyces pastorianus, is central for
flavour enhancement during fermentation. This yeast (Dunn & Sherlock, 2008, Nakao
et al., 2009, Salazar et al., 2019), an interspecific hybrid of Saccharomyces cerevisiae
and the cryotolerant Saccharomyces eubayanus (Libkind et al., 2011), naturally produces
a wide spectrum of molecules with aromatic properties, including higher alcohols,
carbonyl compounds, vicinal diketones, and esters (Nordstrom, 1964, Peddie, 1990,
Rengeretal., 1992, Verstrepen et al., 20033, Pires et al., 2014).

Esters, present in only trace amounts and still being the most important aromas (Pires
et al., 2014), can be categorized into two groups based on their precursors: acetate
esters (e.g., isoamyl acetate, ethyl acetate and phenylethyl acetate) and ethyl esters
(e.g., ethyl hexanoate, ethyl octanoate) (Figure 5.1A). The formation of acetate
esters involves fusel alcohols, products of the Ehrlich pathways that is involved in
degradation of carbon skeleton of some class of amino acids, or ethanol and acetyl-CoA
(Hazelwood et al., 2008, Romagnoli et al., 2012). This acetylation reaction is performed
by alcohol acetyltransferases (AATases) encoded by ATF1 and ATF2 (Fujii et al., 1994,
Fujii et al., 1996, Yoshimoto et al., 1998, Yoshimoto et al., 1999, Mason & Dufour, 2000,
Verstrepen et al., 2003b). On the other hand, ethyl esters, the class discussed in this
manuscript, are formed by the condensation of ethanol and an acyl-CoA of which the
carbon chain may vary from two to ten. Acyl-CoA and ethanol are converted to their
ethyl ester derivative by acyl-coenzymeA:ethanol O-acyltransferase esterases (AEAT)
encoded by EEB1 (Saerens et al., 2006) and EHT1 (Mason & Dufour, 2000, Saerens et
al., 2006, Knight et al., 2014), with EEB1 encoding the main enzyme responsible for this
conversion (Saerens et al., 2006). Several hypotheses have been postulated regarding
the physiological role of ester biosynthesis, but the most pertinent remains that ester
formation contributes to detoxification of higher alcohols and medium chain fatty
acids (MCFA) (Saerens et al., 2010). In the case of ethyl esters, their toxicity is lower
than that of their respective acids, especially butanoic (C,), hexanoic (Cs) and octanoic
acid (Cs) (Hundové & Fencl, 1977, Legras et al., 2010, Besada-Lombana et al., 2017,
Baumann et al., 2021). Therefore, the formation of ethyl esters mitigate accumulation
of the acid and facilitate export by diffusion across the plasma membrane which as
well helps to shift the reaction equilibrium towards the ester biosynthesis (Nordstrom,
1964, Saerens et al., 2010, Liu et al., 2013).
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Figure 5.1. A) Overview of metabolic pathways involved in ester biosynthesis in brewing yeasts.
B) Strategy for integration of ScFAS1 and ScFAS2 genes and mutant variants in S. pastorianus
CBS 1483 based on CRISPR-Cas9. Integration sites SeYCL049 (ScFAS2 and ScFAS2¢%°) and
ScYCR087C-A (ScFAS1, SCFAS13°%4) ScFAS1R®34K and ScFAS13°64R1834K) on the hybrid SeScCHRIII (4
copies) were chosen. The ScEEB1 gene was overexpressed in the genomic location SeYCL036W
on the SeScCHRIII (4 copies).

In brewing context, attempts to enhance ethyl ester concentration above human
sensory threshold by overexpressing acyl-coenzymeA:ethanol O-acyltransferase
esterases EEB1 and EHT1 remained largely unsuccessful (Table 5.1) (Saerens et
al., 2006, Yin et al., 2019). This absence of phenotype suggests that native acyl-
coenzymeA:ethanol O-acyltransferase esterase capacity may not be limiting, but
rather the precursor concentrations (Saerens et al., 2006, Saerens et al., 2008).
Hitherto, no studies attempted to deregulate the supply of short and medium acyl CoA
in Saccharomyces species alone or in combination with the overexpression of an acyl-
coenzymeA:ethanol O-acyltransferase esterases. Thus, improving acyl-CoA precursor
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supply sounds a logical metabolic engineering target to enhance and tune ethyl ester
formation.

In Saccharomyces cerevisiae, the fatty acid synthase (FAS) complex consists of two
subunits, the B-chain encoded by FAS1 that harbours the domains acetyl transferase
(AT), enoyl reductase (ER), dehydratase (DH) and malonyl/palmitoyl transferase
(MPT) and the a-chain encoded by FAS2 that harbours the domains acyl carrier protein
(ACP), ketoacyl reductase (KR), ketoacyl synthase (KS) and the phosphopantetheine
transferase (PPT). The fatty acid synthesis starts as a two-carbon chain from acetyl-
CoA, that is extended two carbons at a time by the addition of an acetyl group from
malonyl-CoA. The KS domain is responsible for the condensation of an acyl substrate
(either the starter molecule acetyl or an ACP-bound elongated acyl-chain) with malonyl
moieties. The resulting B-ketoacyl intermediate is processed sequentially by the KR,
DH and ER domains, to a fully reduced acyl-chain. The resulting acyl-chain is processed
in a subsequent cycle. The process repeats till the final fatty acid is cleaved off, which in
S. cerevisiae happens typically when the fatty acid reaches 16 or 18 carbons (Wakil et al.,
1983). Thus, MCFA with carbon length ranged from C6 to C10, are only intermediates of
this biosynthetic process probably originating from premature release of the nascent
fatty acids.

Several approaches, including overexpression of ScFAS1 and ScFAS2 genes (Furukawa
et al., 2003) or expression of thioesterases with specificities for shorter acyl-CoA
successfully resulted in the production of MCFA (Leber et al., 2015). Moreover, specific
mutations in FAS1 or FAS2 genes, particularly in active sites involved in chain elongation,
yielding rate imbalance between the coordinated steps in fatty acid biosynthesis,
have been demonstrated to enhance and tune MCFA release in S. cerevisiae for
various purposes (e.g. beverages (Aritomi et al., 2004) and fine chemical production
(Fernandez-Moya & Da Silva, 2017, Gajewski et al., 2017a, Gajewski et al., 2017b)). The
I1306A mutation in the AT domain of FAS1 causes an elevated acetyl uptake. By forcing
the initiation of a new fatty acid production cycle instead of elongating the existing
chain, the current elongated chain is released from the FAS complex in shorter fatty
acid form (Gajewski et al., 2017b). Additionally, the mutation R1834K affects the MPT
domain of FAS1 by making it less favourable for malonyl to bind. As malonyl is used for
elongating the existing fatty acid chain, this mutation will result in early termination
of the iterating elongation cycle (Gajewski et al., 2017b). Lastly, the G1250S mutation
in the KS domain in FAS2 prevents short chain intermediates from entering the KS
domain and thus being released (Aritomi et al., 2004, Gajewski et al., 2017b).

In the present study, we aimed to modify the ethyl ester profile in S. pastorianus by
augmenting the supply of the precursors MCFAs. This was achieved by introducing
mutations in specific domains of the fatty acid synthesis complex and overexpressing
single and combinatorial mutants of ScFAS1 and ScFAS2, and overexpressing the
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Table 5.1. Flavour compounds found in beer, with their corresponding Human Sensory Thresh-
old (HST) value obtained from literature, and their concentrations in lager beer brewed with CBS
1483 in tall European Brewing Convetion (E.B.C.) tubes on 17 P° wort as a reference (Brickwedde
etal., 2017), * (Stewart, 2017), ® (Olaniran et al., 2017), ¢ (Engan, 1972), ¢ (Ferreira & Guido, 2018), ©
(Meilgaard, 1982), f (Xi et al., 2011), & (Schieberle & Hofmann, 1997).

Concentrations in
lager beer (mg L")

Flavour Compound Taste HST (mg L")

Acetate esters

Ethyl acetate Sweet, fruity, solvent-like  3.0%, 20-40° 49.38
Isobutyl acetate Fruity, banana, pineapple 0.7° 0.16
Isoamyl acetate Banana, pear 1.2 5.26
Phenylethyl acetate Rose, honey 0.4° -

Ethyl esters

Ethyl butanoate Sweet, fruity, berry 0.0018 0.68
_ e

Ethyl hexanoate Apple, fruity, sweet 8;230'25 ’ 0.43

Ethyl octanoate Apple, aniseed 0.9° 0.76

Ethyl decanoate Floral 0.2f 0.16

Higher alcohols

Isoamyl alcohol Alcohol 65° 68.31
Isobutyl alcohol Solvent 70° 13.40
Propanol Solvent 200° -
2-Methyl butanol Banana, medicinal 65° -
Phenylethyl alcohol Roses, sweet 1252 -

Carbonyl compounds

Acetaldehyde Grass, green apple 10-20° -

Vicinal diketones

Diacetyl Buttery, butterscotch 8'?57d_o'15 ’ 82.13%
2,3-pentanedione Fermented dairy 0.015¢ 25.81

* Lagering period was unfinished in this fermentation

esterase EEB1. This genetic engineering approach resulted in elevated levels of specific
ethyl esters and alterations in flavour profiles. The genetically modified S. pastorianus
strains were subsequently employed for lager beer production, and the resulting
beverages underwent sensory evaluation to assess the modified flavour profile.
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5.2. Materials and Methods

Strains and cultivation conditions

All yeast strains used in this study are listed in Table 5.2. Yeast were grown on complex
medium that contained 10.0 g L' bacto yeast extract, 20.0 g L" bacto peptone and
20 g L" glucose (YPD). For selection of transformants or when selective pressure was
required, YPD medium was supplemented with 200 mg L of hygromycin (YPD hygR).
Solid YPD media was obtained by addition of 20 g L' bacto agar. S. cerevisiage and
S. pastorianus strains were cultivated at 30 °C and 20 °C, respectively, while shaking
at 200 rpm in an Innova 43/43R incubation shaker (Brunswick, Nijmegen, the
Netherlands). On solid media, S. pastorianus strains were incubated at 20 °C in a
temperature controlled room. Fermentations were performed with full malt wort at
either 17 °P or 5.7 °P (Heineken, Zoeterwoude, The Netherlands) supplemented with 1
mL L pluronic acid 6100 PE antifoam (BASF, Ludwigshafen, Germany).

Escherichia coli XL1-Blue (New England Biolabs, Ipswich, MA) cultures were grown in
15 mL Greiner tubes containing 5 mL lysogenic broth (LB) medium supplemented with
10 mg L" ampicillin (LB Amp) for selection and cultivated at 37 °C while shaking at 200
rpm in an Innova 4000 Incubator Shaker (Eppendorf AG, Hamburg, Germany). Solid
medium was prepared by addition of 20 g L" bacto agar to the medium.

Frozen stock cultures of S. pastorianus, S. cerevisiae and E. coli strains were prepared
by addition of 30% (v/v) glycerol and stocks were stored as 1 mL aliquots at -80 °C.

Molecular biology techniques

PCR amplifications for cloning purposes were performed using Phusion High Fidelity
Polymerase (Thermo Fisher Scientific, Landsmeer, The Netherlands) according to the
manufacturer’s instructions. Diagnostic PCRs were performed with DreamTaq PCR
Mastermix (Thermo Fisher Scientific) according to the manufacturer’s instructions. All
plasmids and primers (Sigma Aldrich, Zwijndrecht, The Netherlands) constructed or
usedinthisstudyarelistedin Table 5.3and Table 5.4, respectively. DNA was visualized by
electrophoresis on 1% agarose gels with the GeneRuler™ Ladder Mix (Thermo Scientific)
for size verifications. PCR products were purified from gel using the Zymoclean
Gel DNA Recovery Kit (Zymo Research, Irvine, CA) following the manufacturer’s
instructions. Alternatively, PCR mixtures were digested with FastDigest Dpnl enzyme
(Thermo Fisher Scientific) to remove circular templates. Digested PCR products were
purified using the GeneJET PCR Purification Kit (Thermo Fisher Scientific) following
the manufacturer’s instructions using milliQ as eluent solvent. Gibson Assembly was
performed with 200 fmol of each fragment using NEBuilder® HiFi DNA Assembly
Master Mix (New England BioLabs) and one hour incubation at 50 °C (Gibson et al.,
2009). Gate assembly was done according to Lee et al., 2015 with 20 fmol of each
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Table 5.2. Strains used in this study

Strain Relevant genotype Reference

CEN.PK1137D  MATa MAL>-8¢ SUC2 (Entian & Kotter,

2007)
CBS 1483 Group Il brewer’s yeast, Heineken bottom yeast, isolated (Dunn & Sherlock,
July 1927 2008)
IMI541 CBS 1483 AScYCR087C::ScFAST This study
IMI542 CBS 1483 ASCYCR087C::ScFAS130A This study
IMI543 CBS 1483 AScYCR087C::ScFAS1E34K This study
IMI544 CBS 1483 ASCYCRO87C::SCFAS306ARi834K This study
IMI545 CBS 1483 ASeYCL049C::ScFAS2 This study
IMI546 (CBS 1483 ASeYCL049C::ScCFAS292505 This study
IMI547 CBS 1483 ASeYCL049C::ScFAS2 ASCYCRO87C::ScFAST This study
IMI548 CBS 1483 ASeYCL049C::ScFAS2 ASCYCR087C::ScFAS3004 This study
IMI549 CBS 1483 ASeYCL049C::ScFAS2 ASCYCR087C::ScFAS1R83# This study
IMI550 (BS 1483 ASeYCL049C::SCFAS2 ASCYCRO87C::SCFASTH®AR834  This study
IMI551 CBS 1483 ASeYCL049C::ScFAS2925%5 ASCYCR0O87C::ScFAST This study
IMI552 CBS 1483 ASeYCL049C::ScFAS2¢™%> AScYCR087C::ScFAS13%4  This study
IMI553 CBS 1483 ASeYCL049C::SCFAS2¢%% AScYCR087C::ScFAS1F3#  This study
IMI577 XES\;CZ}SS ésce::ysccﬁ\lsﬁg;g&iﬁsigjviLo 36W:SCEEBY This study
IMI578 CBS 1483 ASeYCL036W::ScEEB1 This study

fragment with restriction enzyme Bsal (Thermo Fisher Scientific) and T7 DNA ligase
(Thermo Fisher Scientific). Constructed plasmids were transformed to E. coli XL1-blue
(New England Biolabs) chemically competent cells. Plasmids were isolated from the E.
coli cells with the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) according
to the supplier’s manual with milliQ as eluent solvent. Diagnostic plasmid digestions
were performed using Fast Digest enzymes (Thermo Fisher Scientific) and the Green
Fast Digest Buffer (Thermo Fisher Scientific) on 500 ng plasmid DNA.
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Plasmid construction

The plasmids expressing S. cerevisiae FAS genes were constructed via Gibson assembly
(Cibson et al., 2009). The plasmid backbone (p426-pTEF1-amdS) containing the
ScTEF1 promotor, ScCYC1 terminator, E. coli pBR322 origin of replication and ampicillin
resistance marker and the yeast 2um origin of replication and Aspergillus niger amdS
auxotrophic marker (Solis-Escalante et al., 2013) was linearized by PCR amplification
with primers 5921 & 7812. To introduce mutations in the ScFAS1 and ScFAS2 genes, the
genes were PCR amplified from the S. cerevisiae CEN.PK113-7D genome using primers
containing the mutations, and split into two or three parts depending on the number
of mutations, with each fragment containing homology flanks for proper assembly. For
ScFAS1, two fragments were obtained with primers 19699 & 19710 and 19748 & 19700
and assembled into the p426-pTEF1-amdS backbone, resulting in pUD1295; ScFAS15°%
fragments with primer pairs 19699 & 19703 and 19704 & 19700 were assembled
resulting in pUD1296; ScFAS1R3# fragments with primer pairs 19699 & 19705 and
19706 &19700 were assembled and resulting in pUD1297; and for ScFAS13°6AR834K three
fragments amplified with primers 19699 & 19703, 19704 & 19705 and 19706 & 19700
were assembled resulting in pUD1298. For ScFAS2, two fragments were obtained
with primers 19701 & 19742 and 19743 & 19702, assembled into the p426-pTEF1-amdS
backbone and resulted in pUD1299; ScFAS2¢ fragments were obtained with primer
pairs 19701 & 19707 and 19708 & 19702 and assembled resulting in pUD1300.

To verify the correct assembly of the FAS genes into the backbone, diagnostic PCRs
were performed with primers 2399 & 2626. Additionally, restriction analysis of the
plasmids was performed with for the ScFAS1 encoding plasmid the restriction enzymes
BamHI and Kpnl and for the ScFAS2 encoding plasmids the restriction enzymes Pvul
and EcoRI.

The primers used to sequence the ScFAS1 genes on the plasmids and PCR-amplified
integration regions were 19699, 19700, 19709, 19710, 19748, 19749, 19750, 19751, 19752,
19753, 19754 and 19706 (only ScFAS17'334), The primers used to sequence the ScFAS2
genes on the plasmids and PCR-amplified integration regions were 19701, 19702, 19711,
19712, 19755, 19756, 19757, 19758, 19759, 19760, 19761, 19762, 19707 (only ScFAS2¢%5%),
19708 (only ScFAS295°%), 19742 (only ScFAS2) and 19743 (only ScFAS2).

The ScEEB1 gene was PCR amplified from S. cerevisiae CEN.PK113-7D genomic DNA using
primers 19949 & 19950. The PCR product was cloned into the pYTKoo01 entry vector for
golden gate cloning according to (Lee et al., 2015). Golden gate with pYTKoo9 (pTDH3),
pGGKp395 (ScEEB1), pYTKo056 (tTDH1) (Lee et al., 2015) and backbone pGGKdo1s
(Hassing et al., 2019), resulting in plasmid pUD1325, which was verified using diagnostic
primers 10320 & 10325. pUD1325 was sequence verified by whole plasmid sequence
(Plasmidsaurus, Eugene, OR, USA).
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Table 5.3. Plasmids used in this study.

Plasmid Genotype Reference
ori bla panARS®"T AgpTEF1-hph-AgtTEF1 ScpTDH3-HH-gRNA

PUDP269 Sy CLo4gC-HDV-SCECYCT AdpTEFr.SpeasgP ™ Pri-sctpios  (Bennis et al., 2023)
ori bla panARS®"T AgpTEF1-hph-AgtTEF1 ScpTDH3-HH-gRNA )

PUDP270 Sy CLo36W-HDV-SCtCYCt AdpTEFI-Speasg? P-sctpHos  (Bennis et al., 2023)
ori bla panARS®"T AgpTEF1-hph-AgtTEF1 ScpTDH3-HH-gRNA .

PUDP273 ¢\ CRO87C-AHDY-SCtCYCT ApTEFI-Spcasg® F-scipHos  (Bennis et al., 2023)

PA26TEFT i bl apim pTEF+amdSYM-ATEF1 pTEF-empty-tCYCr (Solis-Escalante et

amds Hm P P Pty al., 2013)

pUD1295 ori bla 2um pTEF1-amdS-tTEF1 pTEF1-ScFAS1-tCYC1 This study

pUD1296 ori bla 2um pTEF1-amdS-tTEF1 pTEF1-SCFAS13°6A-tCYC1 This study

pUD1297 ori bla 2um pTEF1-amdS-tTEF1 pTEF1-ScFASTR83#-tCYCr This study

pUD1298 ori bla 2pm pTEF1-amdS-tTEF1 pTEF1-ScFAS1300A4 R84+ CY Cq This study

pUD1299 ori bla 2um pTEF1-amdS-tTEF1 pTEF1-ScFAS2-tCYC1 This study
pUD1300 ori bla 2um pTEF1-amdS-tTEF1 pTEF1-ScFAS24"5%-tCY (1 This study

pGGKdo1s  ampR-ColE1 GFP dropout (Hassing et l,

2019)
pYTK009 camR pTDH3 (Leeetal., 2015)
pYTKo56 camR TDH1t (Leeetal., 2015)
pGCKp395  camR ScEEB1 This study
pUD1325 ori bla pTDH3-ScEEB1-tTDH1 This study

Construction of yeast strains

CRISPR-Cas9 genome editing in S. pastorianus strains was performed by transforming
S. pastorianus strains with 500 ng gRNA plasmid and 1000 ng repair fragment. As
negative control, transformations from which the repair fragment was omitted, were
performed. Yeast transformation was performed by electroporation using 50 pL of
competent cells in 0.2 cm chilled Gene Pulser® Cuvettes (Bio-Rad) and pulsed with for
5 ms with 1.5 kV by the MicroPulser (Serial No. 411BR5600, Bio-Rad). The transformed
cells were incubated in 0.5 mL YPD during 2 h, followed by re-suspending in 100 pL
sterile demi-water and plating on selective medium (Corter de Vries et al., 2017).

The ScFAS gene integrations were performed by co-transforming the gRNA plasmid
and the corresponding repair fragment consisting of the ScFAS expression cassette
flanked by 60 bp homologous sequences for recombination. The ScFAS1, SCFAS153°%4,
ScFAS1F834K and ScFAS13°6AREK repair fragments were obtained by PCR amplification
using primer pair 19744 & 19745, which incorporate compatible flanks for the
ScYCRo087C integration site (Bennis et al., 2023), and pUD1295, pUD1296, pUD1297 and
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Table 5.4. Primers used in this study.

Number Sequence (5’->3’) Purpose

FAS expressing plasmid construction

2399 AACACCCAAGCACAGCATAC Diagnostic verification of
FAS genes into p426-pTEF1-
2626 GCTTGAAGAAGTCGCTATC amds
CGAGTAATCTTTCTTTCGTATCGTTAGATTAGAT-
5921 TCAAAA p426-pTEF1-amdS backbone
amplification
7812 TCATGTAATTAGTTATGTCACGCTTACATTC
o6 GCTCATTAGAAAGAAAGCATAGCAATCTAATCTA- o ‘
9999 AGTTTTATGGACGCTTACTCCACAAG Amplification FAS? with
p426-pTEF1-amdsS backbone
GGAGGGCCTCAATGTAAGCGTGACATAACTAATTA compatible flanks
19700 p
CATGATTAGGATTGTTCATACTTTTCCCAGTTG
oo GCTCATTAGAAAGAAAGCATAGCAATCTAATCTA- o A
9/ AGTTTTATGAAGCCGGAAGTTGAGCAAG Amplification FAS2 with
p426-pTEF1-amdS backbone
19702 GGAGGGCGTGAATGTAAGCGTGACATAACTAATTA- compatible flanks
CATGACTATTTCTTAGTAGAAACGGCGACC
19703 GCAATTACTGTATTATTCTTCGCTGGTGTTCGTTGTTAC
GAAGCATACCCAAACACTTCC Introduction 1306A muta-
. CCTAACAACGAACACCAGCCAAGAATAATACAGTA- tionin FAST
9704 ATTGCTTTTCTTACGGAGACG
19705 TAGTTGAAGTTGTGTTCTACAAAGGTATGACTATC-
CAAGTTGCTGTTCC Introduction R1834K muta-
10706 ACTTGCATAGTCATACCTTTGTAGAACA- tionin FAST
9/ CAACTTCAACTAAAGATTCGATAGAC
19707 TGAGGTTGGTAACTGTTCTGGTTCTTCTATGGGTGGT-
GTTTCTGCCTTACG Introduction G1250S muta-
19708 AACACCACCCATAGAACAACCAGAACAGTTAC- tionin FAS2
9/ CAACCTCAGAAACATGTACG
19710 TCAACTTGTTTACCAGCTGGC Amplification of FASTin two
fragments
19748 GTAAATAAGACTAACTCTCATTTGCC fmp"ﬁcat'on Of FASTIn two
ragments
o CCACCCATACCAGAACCAGAACAGTTACCAACCT- Amplification of FAS2 in two
974 CAGAAACATGTACG fragments
19743 GGTTGGTAACTGTTCTGGTTCTGGTATGGGTGGT- Amplification of FAS2 in two

CTTTCTGCCTTACG

fragments
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Table 5.4. (continued)
Sequencing of FAS1 and FAS2
19709 GCCGATGCTACTTTTGCTGG
19749 CTTCCAATCATCGGGACACCACC
19750 CTTGACCATTGGTGCTGGTG
19751 CCCTTTTGTTCCAGTTTTGG Sequencing FAS1 genes
19752 CTCGAATCTACCATCCAAAACTGCG
19753 CTTCAATAAGTCACCATCGACCG
19754 CATGGTGACTTATTGAAGTTGG
1971 CGCTTTCACATTTGACCGTTTGG
19712 GCTGGACTTGGAGCAGCAG
19755 CTAAAAATGGACTTGGATAACGG
19756 GCTTCAAGTTCAGCAACACTCTCC
19757 CGTCTTGATCACTGGTGCTG
19758 GCACCAATACAACCCTTACCAGC
19759 GGCAATAGCGCTGATGCTGC
19760 CGCAACTCCACTTCGAATGTTAGC
19761 GGCTAATCGACAACAACGAATCTGCC
19762 CGGGATTACCTTCAGATCTACCC
ScEEB1 cloning
AAAGCATCGTCTCATCGGTCTCATATGTTTCGCTCGG  Amplification SCEEB1 from

Sequencing FAS2 genes

19949 GTTACTATC CEN.PK113-7D genomic DNA
19950 ETATTACTAGA%GGCTT(;GTCCCAGGTCTCAGGATTTATAAAACTAAC? ;gi cloning as YTK type 3
10320 CATGCGCGGATGACACGAAC Diagnostic primers for
10325  AGTCATCCGAGCGTGTATTG pUD1325 verification

Yeast genomic integration

AAAACATCAAACCCACTAACCTGCTACATAATCTC
19744 TATATATCTACACATAAAATTCCCACATAGCTTCAAAAT-
GTTTCTACTCCTTTTTTACTCTTCC Adds complimentary flanks

for ScYCR087C site

TAAGAGTATTCTGTATACAACAGCAAACGGTCTCAGT-
19745 CAAGAAATATTTCTTATTACACCGGCCGCAAATTA-

AAGCCTTCGAG
18534  GAATACCTCTTCGAAACGTTGAG Diagnostic PCR for
18535  ATGAGTGGACTGGCAGC SCYCRO87C integrations
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Table 5.4. (continued)

Number Sequence (5’->3’) Purpose

TTCTATAGATGTACCTAAAGTTCT-
19763 GCTCTTCTTTTATAGATAACAGCATT-
CAGACTCGCCCATAGCTTCAAAATCTTTC-
TACTCCTTTTTTACTCTTCC Adds complimentary flanks

for SeYCLo49C site
AGCTCAAGAAAAACCAGGCTATTCGCAGAACAGGA-
19764 TAACCAGCTCTGTAACCACATCAATGGCCGCAAATTA-
AAGCCTTCGAG
18514 TCAGTTAGAGTCACAGTTCC Diagnostic PCR for
18515 GTTGTGCGTTTTACGTGC ScYCRo87C integrations
AGATGCGGCAGCCAGTGAGGGCGTTGGGCATGATC
18517 GAAAGCCAAGACCCACCAATTCGAGACTGGCCGATA-
ATTGCAGACG Adds complimentary flanks
ATATACATATACGTACGTATGTATCTA- for SeYCLO36W site
18518 CAGAAAGAAAAAAAAAAACATCAATCAATATATCAT-
GATGAGCCGTGATGACCC
18519 TCCGTCAGTATTCGAGGC Diagnostic PCR for
18520 TCTTGGAACCTATCCTGGC SeYCLo36Wintegrations

pUD1298 as template, respectively. The ScFAS2, and ScFAS2?5% repair fragments were
obtained by PCR amplification using primer pair 19763 & 19764, which incorporate
compatible flanks with the SeYCL0o49C site (Bennis et al., 2023), and pUD1299 and
pUD1300 as template, respectively. Single ScFAS gene integrations were performed
by co-transforming the respective ScFAS1 repair fragment together with pUDP273
encoding the gRNA targeting ScYCR087C, or the respective ScFAS2 repair fragment
together with pUDP269 encoding the gRNA targeting SeYCL049C into CBS 1483,
resulting in IMI541 (ScFAS1), IMI542 (ScFAS15°%), IMI543 (ScFAS1R834) IMI544
(ScFAS13°6AR1834) [ 1M1545 (ScFAS2) and IMI546 (ScFAS29%°%). To construct strains with
both, ScFAS1 and ScFAS2 genes, the strains IMI545 (ScFAS2) and IMI546 (ScFAS29'25°%)
were co-transformed with pUDP273 and a respective ScFAS1 repair fragment, resulting
in the strains IMI547 (SCFAST SCFAS2), IMI548 (SCFAS1364 SCFAS2), IMI549 (SCFAS1RE34
SCFAS2), IMI550 (ScFAS13°64R834K SCFAS2), IMI551 (SCFAS1T SCFAS292595)) IMI552 (ScFAS13004
SCFAS2¢55°5)  IMI553 (SCFAS1R834K SCFAS2¢25°5) and IMI554 (SCFAS13064R1834K SCFAS2612505),

The expression cassette for overexpression of ScEEB1 was amplified from pUD1325
using primers 18517 & 18518 adding compatible flanks for SeYCL0o36W for genomic
integrations. The PCR amplified fragment was co-transformed with puDP270 (Bennis et
al., 2023) into IMI554 and CBS 1483, resulting in strains IMI577 and IMI578, respectively.

Yeast genomic DNA for diagnostic purposes was isolated using the lithium acetate-
SDS method (Looke et al., 2011). Gene integrations in SeYLC049C were confirmed with
primers 18514 & 18515, SeYCL036W with 18519 & 18520, and ScYCR087C with 18534 &
18535 (Bennis et al., 2023).
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Whole genome sequencing

Yeast genomic DNA of IMI551, IMI552, IMI553, IMI554 and IMI577 was isolated using the
QIAGEN Genomic-tip 100/G kit (Qiagen, Hilden, Germany), following manufacturer’s
instructions. Genomic DNA concentrations were measured with the BR ds DNA kit
(Invitrogen, Carlsbad, CA) using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).
The DNA quality was verified on the TapeStation System 4150 (Agilent). In-house
nanopore sequencing was performed for strain IMI551, IMI552, IMI553 and IMI554
using a MinlON sequencer (Oxford Nanopore Technologies, Oxford, United Kingdom)
onaR10.4 flow cell (ONT). The sequencing library for MinlON sequencing was prepared
using the native barcoding sequencing kit SQK-NBD114.24 (ONT), allowing multiplexing
of the four samples on one flow cell. Data acquisition from the MinION sequencer was
performed using the MINKNOW software (ONT, version 23.04.6). Guppy (ONT, version
6.5.7GPU) was used for basecalling. Resulting .fastq files were filtered on length
(> 1kb) and mapped to a CBS 1483 derived reference strain with in silico added ScFAS1,
ScFAS2 (mutants) and ScEEB1 sequences using Minimap2 (Li, 2018).

lllumina sequencing of strains IMI551, IMI552, IMI553, IMI554 and IMI577 was performed
on a NovaSegX 10B system (Macrogen-Europe, The Netherlands). The libraries were
prepared using a PCR-free TruSeq kit (350 bp insert size and 150 bp paired end). The
sequencing reads were mapped to the CBS 1483 with ScFAS1, ScFAS2 (mutants) and
ScEEB1 in silico constructed reference genome using the Burrows-Wheeler Alignment
(BWA) tool (version 0.7.15) (Li & Durbin, 2009) and further processed using SAMtools
(version 1.3.1) (Li etal., 2009) (Tabel S5.1). Chromosomal copy number was estimated
by the Magnolya algorithm (Nijkamp et al., 2012) (Tabel S5.2). The sequences analyzed
by visualizing the .bam files in the Integrative Genomics Viewer (IGV) software (version
2.8.9) (Thorvaldsdéttir et al., 2013). All sequencing data (Tabel S5.1) are available at
NCBI (https://www.ncbi.nlm.nih.gov/) under the bioproject accession number
PRJIJNA1087702.

Fermentation in septum bottles

Frozen aliquots of CBS 1483, IMI541-IMI554, IMI577 and IMI578 were inoculated in 20
mL of YPD media in 50 mL Greiner tubes with air vents at 20 °C shaking at 200 rpm.
Wake-up cultures were transferred to precultures in 100 mL YPD in 500 mL shake
flasks grown at 20 °C shaking at 200 rpm. Exponentially growing cells were washed
and transferred into 100 mL bottles sealed with rubber stopper septum containing 60
mL full malt wort at 5.7 °P for strains CBS 1483, IMI541-IMI554, IMI577 and IMI578 at a
starting ODeso of 0.5 mL". The cultures were incubated at 20 °C and at 200 rpm for five
days with regular daily sampling to determine cell density, sugar consumption, ethanol
production, esters and ketones concentrations throughout the fermentation.
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Fermentation in laboratory scale mini European Brewing Convention (E.B.C.) tubes

Frozen aliquots of CBS 1483, IMI541-IMI554, IMI577 and IMI578 were inoculated in 20
mL of YPD media in 50 mL Greiner tubes with air vents at 12 °C shaking at 200 rpm.
Wake-up cultures were transferred to precultures in 100 mL YP maltose (YPM) (6%)
in 500 mL shake flasks grown at 12 °C shaking at 200 rpm. Exponentially growing cells
were washed and transferred into 250 mL wort (17 °P) to obtain a starting cell density of
approximately 5 x 106 cells mL". Then, 80 mL of the prepared inoculum was transferred
into laboratory scale tubes with a diameter/length ratio akin to tall E.B.C. tubes (Enari,
1977) in duplicate. The laboratory scale E.B.C tubes were equipped with Ankom system
gas monitors for online CO. measurements (Ankom, Macedon NY), which were set to
release pressure at 100 mbar and recording interval to 30 seconds. The fermentations
were performed at 12 °C in a stationary incubator. After 14 days the fermentation was
stopped and the supernatant was collected for analytical measurements including
sugar, ethanol, ester and ketone concentrations and fatty acid extractions.

Fermentation in tall E.B.C. tubes

Frozen aliquots of CBS 1483, IMI552-IMI554 were inoculated in 100 mL of YPD media
in 500 mL shake flasks at 12 °C shaking at 200 rpm. Wake-up cultures were transferred
to precultures in four times 100 mL YPM (6%) in 500 mL shake flasks grown at 12 °C
shaking at 200 rpm. Exponentially growing cells were washed and transferred into
5 L wort (17 °P) to obtain a starting cell density of approximately 3.5 x 10° cells mL".
Then, 2.25 L of the prepared inoculum was transferred into the tall tubes in duplicate.
The tall tubes were equipped with Bronkhorst EL-FLOW® Prestige mass flow meters
(Bronkhorst, The Netherlands) for online CO. measurements. The fermentations were
performed at 12 °C using cryostats for cooling. Samples for cell counts, °Plato, pH, sugar,
ethanol and flavour compounds concentration determinations were taken daily. Cell
count and viability were determined using a NucleoCounter YC-100™ (Chemometec
A/S, Allerod, Denmark) according to the manufacturer’s recommendations. Wort
density was measured using an Anton Paar DMA35 portable density meter according
to the manufacturer’s recommendations. After 17 days the fermentation was stopped
and the beer was collected by filtering the fermentation broth using Nalgene™ Rapid-
Flow™ bottle top (45 mm, 0.2 um) (Thermo Fisher Scientific). The beer was diluted to
5% ABV using carbonated water and stored in brown-glass beer bottles at 4 °C.

Fatty acid extraction

Fatty acids in supernatant were analysed as methyl-ester derivatives by gas
chromatography with flame-ionization detection (GC-FID). Supernatant was aliquoted
in 10 mL portions in 15 mL Greiner tubes and to each aliquot 100 pL of internal standard
solution (30 mg heptanoic acid in 15 mL hexane) was added. For acidification, 1mL1 M
HCl was added, followed by addition of 2.5 mL of a mixture of equal amounts (v/v) of
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methanol and chloroform and 5 min vigorously shaking of the sample. The sample was
spun down at 2000 rcf for 10 min and the chloroform layer was transferred to a glass
trans-methylation tube with a glass Pasteur pipet. The chloroform was evaporated
under nitrogen gas flow. For methylation, 1.5 mL methanol, 0.3 mL HCL solution (8%
w/v solution made from 9.7 mL of concentrated HCl and 41.5mL of methanol) and 1
mL hexane were added in the respective order. The mixture was vortexed for 1 min
and heated to 80 °C for 1hour with vortexing the tubes briefly every 15 min. Thereafter,
the samples were cooled on ice and 1 mL water was added and vortexed. To separate
the organic and aqueous phase, the sample was spun down for 5 min at 1900 rcf. The
organic layer was transferred into a GC vial using a Pasteur pipet and loaded onto the
GC.

Analytical measurements

Sugars (glucose, fructose, maltose, maltotriose) and ethanol concentrations were
measured using HPLC (Agilent Technologies, 1260 HPLC system) equipped with a Bio-
Rad HPX-42A column (300 x 7.8 mm, 25 micron) (Bio-Rad) and an 1260 Refractive Index
Detector (RID). The column was operated at 75 °C, and the elution was performed
using milliQ at 0.5 mL min” for 30 min. Compounds were measured using a RID at 35 °C.
Samples were 0.2 um filter-sterilized before analysis.

Vicinal diketone (diacetyl, 2,3-pentadione) concentrations were measured using static
headspace gas chromatography in a 7890A Agilent GC (Agilent) with an electron
capture detector on a CP-Sil 8 CB (50 m x 530 um x 1 um) capillary column. 0.5 mL of
each sample was heated up to 65 °C for 30 min prior to injection. A split flow of 8 mL
N. min™ was used, with a split ratio of 1:1. The injector temperature was set at 120 °C.
The oven was set at 35 °C for 3 minutes, followed by a 10 °C min“ ramp to 95 °C. The ECD
temperature was set at 150 °C with a make-up flow of 30 ml N> min™.

Higher alcohols and esters were analysed using static headspace gas chromatography
(GC) with a flame ionization detector FID (Agilent technologies 7890A) and a DB-
WAXetr capillary column (30 m x 320 pm x 1 um). 2.5 mL samples were heated up to 50
°C for 5 min using a CTC Combi Pal headspace auto-injector prior to the injection. A split
flow of 9.88 mL N. min™ was used, with a split ratio of 5:8:1. The temperature of the
injector was 250 °C, with a flow of 10 mL N> min™. The oven temperature profile started
at 55 °C followed by an increase of 20 °C min” to 160 °C with a hold time of 4.75 min. The
FID temperature was set at 250 °C with a make-up flow of 10 ml N, min-.

Fatty acid methyl esters were analysed on an Agilent Technologies 7890A GCFID
system equipped with an FID-1000-220 Gas Station (Parker Balston, Haverhill, MA) and
an Agilent Technologies 7693 Autosampler. A VF-5 ms column (30 m X 25 um, 0.25 um,
Agilent part no. CP9013) was used for separation, and H. was used as carrier gas at a
constant flow of 25 mL min™. 1 uL sample was injected at a split ratio of 10:1. The oven



Unlocking lager’s flavour palette by metabolic engineering of Saccharomyces pastorianus for enhanced
ethyl ester production

temperature was initially set at 50 °C and held for 4 minutes and then increased to 180
°C at a rate of 10 °C min™. Inlet temperature was set at 150 °C, and FID temperature
at 330 °C. The Supelco FAME mix #7 C6-C10 (VWR International B.V, Amsterdam, The
Netherlands) was used to calibrate the GC-FID system for quantification of individual
fatty acid methyl esters. Data was corrected using the internal standard concentrations.

Sensory analysis

The institutional Human Research Ethics Committee (HREC) approved the tasting
session under ID3948. Sensory analysis of the brewed beer was conducted internally
by a tasting panel of 14 participants who had received prior sensory training. All
participants consented verbally after being informed about the study's details. An
attribute list to described odour, taste, flavour and mouthfeel was composed. The
attribute list served to evaluate the sensory difference of the samples, beers produced
with strains IMI552, IMI553, IMS554 compared to the control beer produced by the
strain CBS 1483. The participants could identify different attributes between a sample
and the control and score the difference with + or — with plus denoting a higher
attribute intensity and minus a lower attribute intensity relative to the control. For
the evaluation, 25 ml of each sample was served in beer glasses. The samples were
anonymized and served at 4 °C and examined at room temperature. The sensory data
were collected manually. The tasting session was not replicated.

Data analysis and statistics

GraphPad Prism software (GraphPad Software version 10.3) was used to perform
statistical analysis and data visualization. Data were analysed by one-way (bar plots)
or two-way (time-course) ANOVA, followed by Tukey’s multiple comparisons tests.
Significance is indicated as * p < 0.01and ** p < 0.0001, unless indicated otherwise.
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5.3. Results

Single FAS mutant overexpression resulted in specific ethyl ester production profiles

To study how mutations in the FAS complex affect ethyl ester level in lager brewing
yeast fermentation, mutant alleles of ScFAS1 and ScFAS2 were expressed alongside
their non-mutated counterparts in S. pastorianus CBS 1483. For this, alleles encoding
non-synonymous mutations 1306A and R1384K in ScFast and G1250S in ScFas2 were
introduced in landing sites ScYCR087C and SeYCL049C located on SeScCHRIII which
counts four copies, respectively using CRISPR-Cas9 genome editing (Bennis et al., 2023)
(Figure5.1B, Figure S5.1). Assuch, astrain setincluding IM1542 (AScYCR087C::ScFAS13°64),
IMI543  (ASCYCRO87C:SCFASTR34) IMI544 (ASCYCRO87C::SCFASI6ARE34K)  |MI546
(ASeYCL049C::ScFAS2¢%%) was constructed. Control strains carrying an extra ScFAS1
or ScFAS2 integration IMI541 (AScYCR087C::ScFAS1) and IMI545 (ASeYCL049C::ScFAS2)
were also constructed. To prevent imbalance in expression of these extra ScFAS1 and
ScFAS2 alleles, they were cloned under the control of the same regulatory sequences,
the ScTEF1 promoter and ScCYC1 terminator (Table 5.2, Supplementary information).

The strains IMI541-546 were evaluated for ethyl esters production using 5.7 °P full
malt wort at 20 °C. The strains were grown in bottles sealed with rubber stoppers to
maintain anaerobic conditions characteristic of brewing fermentation, but it is also
known that ethyl ester synthesis is notably low in this type of cultivation format
probably caused by the building CO. concentration. To illustrate this, the reference
S. pastorianus strain CBS 1483 neither produced detectable ethyl hexanoate nor ethyl
octanoate under these conditions. Overexpression of wild type ScFAS2 (IMI545)
displayed a similar phenotype (Figure 5.2, Figure S5.2) while overexpression of ScFAS1
(IMI541) resulted in 0.07 + 0.00 mg L" of ethyl octanoate (Furukawa et al., 2003) (Figure
5.2BC, Figure S5.2). Conversely, expression of both mutant alleles resulted in significant
increase of ethyl ethers (Figure 5.2BC, Figure S5.2). The expression of the ScFAS13°%4
mutation (IMI542), located in the AT domain causing elevated uptake of acetyl forcing
the start of a new fatty acid synthesis cycle, specifically increased ethyl hexanoate
production to reach 0.10 + 0.00 mg L (p < 0.0001), while expression of ScFAS1R&4
(IM1543), located in the MPT domain and lowering the affinity for malonyl moiety,
increased ethyl octanoate production up to 0.15 + 0.00 mg L* (p < 0.0001) (Figure
5.2BC, Figure S5.2). The combination of these mutations led to production of both
ethyl hexanoate and ethyl octanoate. The strain IMI544 (ScFAS13°4f834K) produced
0.09 * 0.00 mg L' (p < 0.0001) of ethyl hexanoate and 0.095 + 0.01 mg L" of ethyl
octanoate (p < 0.0001) demonstrating that the expression of the double mutation in
FAS1 was additive as in contrast to the single mutants ScFAS13°%* and ScFAS1*34 that
led to increase in ethyl hexanoate and ethyl octanoate respectively, where the double
mutant of FAS1 (FAS13°64R®34K) combined these improvements. The expression of the
ScFAS2¢%5°* mutation, preventing short chain intermediates from entering the KS
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Figure 5.2. Evaluation of single ScFAS1 and ScFAS2 mutants in CBS 1483 on ethyl ester biosyn-
thesis. Growth and ethyl ester profiles of septum flasks fermentation (5.7 °P, 20 °C, 200 rpm)
with engineered strains IMI541-IMI1546 and parental strain CBS 1483 were monitored during
fermentation septum flasks on 5.7 °P wort and cultivated at 20 °C shaking at 200 rpm. A) Growth,
B) ethyl hexanoate and C) ethyl octanoate profiles were measured.

domain, favoured ethyl hexanoate production over ethyl octanoate. The strain IMI546
(ScFAS2%%55) resulted in production of ethyl hexanoate (0.085 mg L", p < 0.0001) and
ethyl octanoate (0.10 mg L", p < 0.0001) (Figure 5.2BC, Figure S5.2). These mutations
enhanced ethyl ester concentrations without impacting growth behaviour (Figure
5.2A, Figure S5.3), aligning with expected changes in fatty acid levels and offering
potential for tailored ethyl ester profiles.

Combinations of SCFAS1and ScFAS2 mutations resulted in a synergistic increase in ethyl
ester production.

To investigate the combined effects of mutations in the FAS complex
on ethyl ester production, strains [IMI545 (ASeYCL049C::ScFAS2) and
IMI546 (ASeYCL049C::ScFAS2¢%5°) were used as host strains for integrating the ScFAS1
variants at the ScYCR0o87C genomic location (Figure 5.1B, Figure 5.3, Figure S5.1).
Similar to single overexpression of native ScFAS1, overexpression of both native ScFAS1
and ScFAS2 genes (IMI547 (ASeYCL049C:ScFAS2 AScYCR087C::ScFAS1)) resulted in
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Figure 5.3. Evaluation of the combinatorial effect of ScFAS1 and ScFAS2 mutants in CBS 1483 on
ethyl ester biosynthesis. Growth and ethyl ester profiles of septum flasks fermentation (5.7 °P,
20 °C, 200 rpm) with engineered strains IMI547-IMI554 expressing combinations of ScFAS1 and
ScFAS2 mutant genes and the parental strain CBS 1483 were monitored during fermentation
septum flasks on 5.7 °P wort and cultivated at 20 °C shaking at 200 rpm. A) Growth, B) ethyl
hexanoate and C) ethyl octanoate profiles were measured.

the production of ethyl octanoate, confirming the contribution of Fas1 to increased
production of C8 fatty acid and its ethyl ester derivative (Figure 5.3C, Figure S5.2).
Overexpression of ScFAS13°¢* and/or ScFAS1*34 combined with overexpression of
the ScFAS2 (IMI548, 549 and 550) resulted in similar ethyl ester production profiles
compared to strains without ScFAS2 overexpression (IMI542, 543 and 544) (Figure
5.3BC, Figure S5.2). The combination of ScFAS15%4 (IM1548) or ScFAS1F (IMI549)
with ScFAS2 resulted in 20% ethyl hexanoate and in 33% ethyl octanoate increase
respectively relative to the single ScFAS1 mutants IMI542 and IMI543. Overexpression
of SCFAS1364R1834K together with SCFAS2 (IMI550) resulted in similar production profiles
(0.09 £ 0.00 mg L ethyl hexanoate and 0.11 = 0.00 mg L™ ethyl octanoate, p > 0.01) as
single SCFAS13064R1834 gyerexpression (Figure 5.3BC, Figure S5.2).
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Combining the ScFAS1 variants with overexpression of ScFAS29%% resulted in a
systematic increase in the total ethyl ester production demonstrating the relevant
role of the ScFAS2¢%°° mutation. This synergistic effect was obvious when comparing
the performance of IMI542 (ScFAS13°%4) and IMI552 (ScFAS153%4 ScFAS2¢%5%5), IMI552
exhibited a 3.4-fold significant higher ethyl hexanoate concentration. Additionally,
IMI552 was also capable of ethyl octanoate concentration up to 0.13 * 0.00 mg L
(Figure 5.3C, Figure Ss.2). Similarly, the combination of ScFAS2¢%°5 and ScFAS1R®34
(IM1553) resulted in the highest concentration of ethyl octanoate (0.33 + 0.00 mg L?,
p < 0.0001compared to IMI543 and IMI546), and high concentration of ethyl hexanoate
(0.18 £ 0.01 mg L"). Combining all three mutations (IMI554, SCFAS1306AR1834K ScFAS2¢12505)
did not further increase ethyl ester synthesis but still resulted in second highest final
concentrations of the ethyl esters (0.30 + 0.01 mg L" of ethyl hexanoate and 0.25 *
0.00 mg L of ethyl octanoate, p < 0.0001 relative to IMI544 and IMI546) (Figure 5.3BC,
Figure S5.2). Growth and sugar metabolism remained similar to the control strain
(Figure 5.3A, Figure S5.4) results demonstrate that the combination of these mutations
have a direct, synergistic effect on the ethyl ester production and can produce a broad
range of flavour profiles.

Characterization of ethyl ester producing strains in laboratory scale mini E.B.C. tubes

In the exploration of flavour molecule production during fermentation, the design of
brewing reactors holds paramount importance. To emulate brewing conditions on a
laboratory scale, mini tubes with a diameter/length ratio akin to E.B.C. tubes (Enari,
1977) were employed for lab-scale fermentations. These tubes were inoculated with
engineered strains IMI541 to IMI554 alongside the parental strain CBS 1483 in 17 °P
wort and statically incubated at 12 °C while meticulously monitoring the cumulative
pressure. Following a 14-day incubation period, the supernatant of these mini tubes
was collected and subjected to analysis. Notably, strains IMI551-IMI554, expressing
the ScFAS2»% allele combined with the native ScFAS1 gene, exhibited remarkable
performance (Figure 5.4). Ethyl ester concentrations were more than quadrupled
for ethyl hexanoate and doubled for ethyl octanoate and ethyl decanoate (Figure
5.4ABC) relative to CBS 1483. Ethyl hexanoate concentration increased to 1.94 * 0.07
mg L in strain IMI552, specialised for Cs acyl chain ester production, compared to
0.36 = 0.03 mg L" for the parental strain CBS 1483. Similarly, strain IMI553, tailored
for Cs acyl chain ester synthesis, yielded 1.03 + 0.18 mg L" ethyl octanoate versus 0.50
+ 0.06 mg L' for CBS 1483. Strain IMI554, encompassing all three examined ScFAS
mutations (SCFAS13°64R1834€ and ScFAS2¢1%5°), produced 1.62 + 0.04 mg L" and 0.93 + 0.01
mg L ethyl hexanoate and ethyl octanoate, respectively (Figure 5.4ABC). While ethyl
decanoate concentration fell below detection limit during septum flask cultivation,
mini tube fermentations led to a significant rise in ethyl decanoate concentration for
the engineered strains compared to the parental strain CBS 1483 (Figure 5.4ABC).
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Furthermore, an investigation into whether fatty acid intermediates accumulate in the
engineered strains as a consequence of the incorporated mutations was conducted.
Particularly, strains IMI551-IMI554, containing ScFAS2¢%° and one of the ScFAS1
variants, exhibited a significant increase in hexanoic acid excretion, paralleling the
fold-change observed in the ethyl ester derivative (Figure 5.4DEF). Overall, the ethyl
ester concentration exhibited a correlation with the fatty acid concentration in the
supernatant, indicating equilibrium in the reaction.

Enhanced ethyl ester production via combined expression of ScFAS mutants and acyl-
coenzymeA:ethanol O-acyltransferase esterase ScEEB1

The extracellular concentrations of fatty acids markedly increased upon expression
of combinations of ScFAST and ScFAS2 mutations (Figure 5.4) suggesting that in
these strains, the limitation shifted from MCFA supply by the FAS complex to the
esterification reaction catalysed by the AEAT enzymes encoded by EHT1 and EEB1. We
hypothesized that with the increased production of acyl-CoA intermediates caused by
ScFAS1 and ScFAS2 mutants expression, overexpressing ScEEB1 could divert the flux
from the elevated levels of acyl-CoA intermediates to ethyl esters and potentially lower
extracellular fatty acid concentrations. S. pastorianus CBS 1483 genome harbours two
EEB1 alleles one from S. cerevisiae and another from S. eubayanus subgenomes. These
two alleles shared an identity of 77% at DNA and 83% at amino acid level.

Thus, to test this hypothesis, the SCEEB1 gene was integrated into CBS 1483 and IMI554
(SCFAS13°6AR34K SCFAS2C12505) at the SeYCLO36W genomic location (Bennis et al., 2023),
resulting in strains IMI577 (SCFAS1306AR834K ScFAS¢12505 ScEEBT) and IMI578 (ScEEB1).
Solely overexpressing the main esterase encoded by ScEEB1 (IMI578) did not notably
enhance ethyl ester production in septum flask cultivation (5.7 °P full malt wort at
20 °C) (Figure 5.5ABC, Figure 5.5). However, in combination with ScFAS13064R1834€ and
ScFAS2¢%5° genes with ScEEB1 resulted in a significant increase in ethyl octanoate
production (0.20 + 0.01 mg L" for IMI554 versus 0.25 + 0.01 mg L for IMI577, p <
0.01), while the ethyl hexanoate concentration was not significantly affected under
these conditions (Figure 5.5BC). In lab-scale E.B.C. mini tubes, IMI577 (SCFAS1306AR834K
ScFAS2¢%5°S ScEEB1) exhibited a 28%, 22% and 35% increase in ethyl hexanoate, ethyl
octanoate and ethyl decanoate respectively relative to IMI5s54 (Figure 5.5DEF),
reaching levels above sensory thresholds for the Cs and Cio esters. In the meantime,
expression of SCEEB1 was accompanied by an increase in Cs, Cs and Cio carboxylic acids
(Figure 5.5GHI). These results suggest that despite having a positive impact on ethyl
ester profiles, the expression of SCEEB1 was not sufficient or not well balanced with the
FAS activity to reduce fatty acid concentrations.
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Towards large scale brewing fermentations: S. pastorianus strain assessment in Tall
E.B.C. tubes

The cultivation standard to predict and evaluate the stability of brewing characteristics
of a lager yeast strain is the E.B.C. tall tube (Enari, 1977), relatively high liquid column
fermenter of approximately 2L with dimension ratio close to industrial fermentation
equipment. Thus, to more accurately predict the suitability of the engineered strains
for producing proper ethyl ester flavour profiles at larger scale, the strains IMI552
(SCFAS13064 ScFAS291505) IMI553 (ScFAS1R®34 ScFAS295°%) and IMI554 (SCFAS1306AR834K
ScFAS2¢35°) were cultivated on 17 °P full malt wort in 2.25 L E.B.C. tall tubes operating
at12°C.

The ethyl ester profile was notably enhanced relative to the parental strain CBS 1483.
Specifically, IMI552 (ScFAS15°4 ScFAS2¢%595) exhibited a significant increase in ethyl
hexanoate production, yielding 2.92 + 0.02 mg L' compared to 0.56 £ 0.01 mg L’
produced by CBS 1483 (p < 0.0001) (Figure 5.6A). Additionally, both IMI553 (SCFAS17834
SCFAS2925°%) and IMI554 (SCFAS13°6AR1834K ScFAS2C12505) 3lso showed significantly higher
ethyl hexanoate production (1.88 + 0.02 mg L' and 2.00 + 0.01 mg L", respectively, p
< 0.0001) compared to CBS 1483 (Figure 5.6). IMI552 and IMI553 produced the largest
amount of ethyl octanoate (1.12 + 0.01 mg L"and 1.06 + 0.01 mg L"), representing a 1.42-
and 1.24-fold higher concentration than that of CBS 1483 (0.85 + 0.00 mg L") (Figure
5.6B). Moreover, ethyl decanoate levels in the engineered strains were all significantly
higher than in CBS 1483 (0.09 + 0.00 mg L", p < 0.0001). IMI553 achieved the highest
ethyl decanoate concentrations (0.30 + 0.01 mg L"), followed by IMI554 (0.24 £ 0.01m
L") and IMI552 (0.16 + 0.01 mg L") (Figure 5.6C). The engineering of the FAS complex
did not alter sugar consumption and ethanol production profiles (Figure S5.6, Figure
Ss5.7). Similarly, profiles of other volatile components (e.g. diacetyl, 2,3-pentadione,
isobutanol, isoamyl alcohol) remained unaffected (Figure Ss.7, Figure Ss5.8). This
was contrasting with two phenotypes: i) Remarkably, throughout fermentation,
the cell counts of strains expressing ScFAS mutant genes were lower relative to S.
pastorianus CBS 1483 and was also accompanied by a lower cell viability near the end
of fermentation. The viability of the engineered strains ranged from 89% to 93% when
that of CBS 1483 never dropped below 96% (Figure S5.5). ii) The level of acetate esters
(ethyl acetate, ethyl butyrate, isoamyl acetate, and isobutyl acetate) were consistently
lower in the engineered strains IMI552-IMI554 than in CBS 1483 (Figure S5.8). In
contrast, the concentration profiles of higher alcohols and vicinal diketones were not
affected (Figure S5.9 and Figure S5.10).

Figure 5.5. Overexpression of ScEEB1 increases ethyl ester concentrations in FAS mutant strains,
but does not affect the fatty acid concentrations. A) Growth, B) ethyl hexanoate and C) ethyl
octanoate concentrations of septum flasks fermentation (5.7 °P, 20 °C, 200 rpm) with engi-
neered strains IMI578, IMI554 and IMI577 and parental strain CBS 1483. The strains were also
cultivated in stationary lab scale E.B.C. tubes (17 °P, 12 °C). After 14 days of cultivation, the ethyl
esters (D,E,F) and respective fatty acid (G,H,l) concentrations were measured (* p < 0.01, ** p
< 0.0001).
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Figure 5.6. Ethyl ester profiles of CBS 1483 (—e—), IMI552 (—8—), IMI553 ( ) and IMI554 (

) cultivated in tall tube fermentations. A) Ethyl hexanoate, B) ethyl octanoate and C) ethyl deca-
noate profiles of CBS 1483, IMI552, IMI553 and IMI554 cultivated during 17 days in stationary tall
tube fermentations (17 °P, 12 °C).

Sensory analysis of beers produced with IMI552 (ScFAS13°%* ScFAS2¢'5°%), IMI553
(SCFAS1R834 SCFAS2¢%5°5) and IMI554 (SCFAST364R1834K SCFAS2612505)

At the end of E.B.C.-tall tube fermentations, the contents of the duplicate fermenters
were mixed and subsequently subjected to filtration through a 0.2 ym filtration
membrane. The resulting filtrate was then diluted to an alcohol by volume (ABV)
concentration of 5% with carbonated water and bottled. Following a 14-day storage
period at 4°C, the four produced beers underwent sensory analysis conducted by a
panel comprising of 14 trained tasters. The three beers brewed with the engineered
strains manifested distinguishable characteristics from the beer brewed with
S. pastorianus CBS 1483. Notably, they showcased heightened aroma intensities
attributed to the presence of ethyl esters. Specifically, notes reminiscent of pineapple
and aniseed, indicative of ethyl hexanoate and ethyl octanoate, respectively, were
more pronounced in beers fermented by IMI552, IMI53, and IMI554 than in the CBS
1483 beer (Figure 5.7). Additionally, IMI552 exhibited a distinct red fruit note, an aroma
determinant often associated with ethyl hexanoate. This observation correlated with
the measured level of ethyl hexanoate in IMI552 fermentation (Figure 5.6A). However,
these positive sensory attributes were counterbalanced by flavours associated with
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Figure 5.7. Sensory evaluation of beers brewed with strains A) IMI552, B) IMI553 and C) IMI554
compared to the control strain CBS 1483. After 17 days of cultivation in stationary tall tube fer-
mentations (17 °P, 12 °C), the fermentation broth was collected, the yeast was filtered out, the
beer was normalized to 5% ABV (36.6 g L™ ethanol) using carbonated water and stored in brown
bottles at 4 °C. A panel consisting of fourteen trained accessors with a ‘difference to control’
analysis.
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MCFA. Flavours such as sweaty, carton-like, acidic, and acetic acid were detected in
beers brewed with the engineered strains. Notably, the sweaty flavour identified
in IMI553 and IMI554 is characteristic of hexanoic acid (Figure 5.7), also known as
caproate, with its etymological roots derived from "capra", Latin for goat, due to its
resemblance to the scent of goat's milk, which is rich in this carboxylic acid.

Collectively, these findings underscore that elevated levels of ethyl esters resulting
from yeast biosynthesis during fermentation contribute to pineapple and aniseed
aromas in the finished beer. However, the presence of aroma determinants derived
from MCFA may exert an influence on the overall taste profile.

5.4. Discussion

The delicate balance of flavour components in beer profoundly influences its quality,
as extreme concentrations of individual compounds or their synergistic interactions
can detrimentally affect the overall flavour profile. Among these flavour-enhancing
molecules, esters play a pivotal role despite their occurrence in relatively minute
quantities (Verstrepen et al., 2003a). While the research focus on acetate esters has
been more pronounced, ethyl esters are equally important in shaping the profile of
flavoured fermentation products.

Various methods can be employed to adjust ethyl ester levels, including augmenting
acetyl-CoA supply or employing metabolic 'pulling' strategies involving the
overexpression of ethanol-acyltransferase alone or in combination with a thioesterase.
Regardless of the medium-chain fatty acid (MCFA) species involved, these approaches
consistently resulted in elevated ethyl ester levels but without exceeding HST levels.
In our efforts to enhance ethyl ester production in S. pastorianus, we focused on
increasing the supply of acyl-CoA precursors. While several strategies have been
explored to boost MCFA production in S. cerevisiae focussed on the esterase reaction
(Fernandez-Moya & Da Silva, 2017, Wernig et al., 2020), we chose to modify the fatty
acid synthase (FAS) complex by incorporating three distinct mutations, each enabling
a unique mechanism to stimulate premature MCFA release. These genetic alterations
not only led to an overall increase in ethyl esters, but also allowed for precise
adjustment for specific ethyl ester profiles. Our findings are consistent with prior
research indicating that overexpression of the native ScFAS1 gene enhances Cs-MCFA
production (Furukawa et al., 2003). Specifically, mutations 1306A in ScFAS1 and G1250S
in ScFAS2 were designed to enhance ethyl hexanoate production, with G1250S having
the most significant effect. Conversely, the R1834K mutation in ScFAS1 elevated ethyl
octanoate production. These distinct genetic modifications enable fine-tuning of ethyl
hexanoate and ethyl octanoate levels, facilitating flavour customization according to
user preferences.
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These profiles are ultimately controlled by the ability of these esters to diffuse outside
the cell. The diffusion rate over the cellmembrane decreases proportionally as the chain
length increases, ranging from 100% for ethyl hexanoate to 8-17% for ethyl decanoate,
while even longer-chain fatty acid ethyl esters tend to remain within the cell (Nykanen
etal., 1977, Suomalainen, 1981, Bardi et al., 1998, Bardi et al., 1999, Saerens et al., 2008),
which is matching with our observations on the reduced extracellular concentrations.
Ethyl-hexanoate levels were in most engineered strains higher than ethyl-octanoate
levels which were higher than ethyl-decanoate, attributing to the reduced membrane
transport.

While the endeavour to enhance the contribution of ethyl esters to the taste and aroma
profile of beer was deemed successful, sensory analysis of the fermentation products,
coupled with medium-chain fatty acid (MCFA) analysis, revealed a significant increase
in fatty acid concentration (up to 4-fold) in the supernatant of the engineered strain
fermentations (Figure 5.4). This increase manifested in off-notes, including sweaty
and cardboard-like flavours, characteristic of the presence of hexanoic, octanoic, and
decanoic acids. Efforts to mitigate this side effect also known as "caprylic flavour"
(Clapperton, 1978), by expressing an acyl-coenzymeA:ethanol O-acyltransferase
esterase (ScEeb1) in strains harbouring variants of the FAS complex showed limited
feat, as no significant reduction in fatty acid content of the beer was observed.
Despite an increase in ethyl ester concentrations, the acyl-coenzymeA:ethanol
O-acyltransferase esterase may still serve as the rate-limiting step for ethyl ester
biosynthesis. In S. cerevisiae ScEEB1 is not the only AEAT encoding gene, it harbours
a paralog ScEHT1 as well as the ethanol acetyltransferase encoded by ScEAT1, which
alone or in combination could be tested to improve ethyl ester : MCFA ratio in the
future.

Altering the aroma compound profile in beer necessitates maintaining a balance
between the metabolites present in the final product within certain limits. This
implies that strain engineering may not necessarily aim for high yield and titre of a
single compounds as is common in regular metabolic engineering studies. The ratio
between ethyl esters and MCFA is critical, as MCFA can be directly converted into ethyl
esters. However, the link to other metabolites may be less apparent and as critical.
For instance, strains combining mutations in ScFAS1 and ScFAS2 (IMI552, IMI553, and
IMI554) not only exhibited higher ethyl ester biosynthesis rates, but also significantly
lower levels of acetate esters (ethyl acetate, isoamyl acetate, and isobutyl acetate)
(Figure S5.8), which also contribute to the final aromatic bouquet. These results might
connect to potential competition for acetyl-CoA which serves as the precursor for acyl-
CoA biosynthesis involved in ethyl ester formation, while also serving as a substrate for
acetate esters. This suggests that future strainimprovement strategies should embrace
metabolic pathway balancing to avoid accumulation of unwanted intermediates (e.g.
carboxylic acids) by investigating gene dosage, tuning transcriptional modulation or

195



https://www.sciencedirect.com/science/article/pii/S1096717624001058

Chapter 5

applying post-translational variation based on for instance synthetic protein scaffolds
to optimize and control metabolic fluxes.

Often regarded as non-genetically tractable, this study unequivocally demonstrates
that Saccharomyces pastorianus can indeed undergo metabolic engineering
approaches, enabling the prototyping of new lager brewing strains with customizable
aroma profiles. However, precision genetic engineering remains more complex in
lager yeasts than in laboratory haploid S. cerevisiae strains due to the challenge of
conserving the ploidy of the engineered strain. Transformation may have a mutagenic
effect by altering the ploidy of S. pastorianus. In this study, several engineered strains
showed the loss of one or more chromosome copies (Tabel S5.2) (Gorter de Vries et al.,
2020). Recurrently, brewing-relevant phenotypic traits, such as the ability to consume
maltotriose (e.g. strain IMI541, Figure S5.3), may be lost upon transformation. This
necessitates screening for transformants that have retained the phenotypic trait
(Bennis et al., 2023). The reason behind this phenotype loss is still not understood. To
ensure strain stability, the strain is transferred to new medium at least three times
before sequencing. Further systematic deep-sequencing of engineered strains (e.g.
IMI551-554) with illumia and nanopore technology did not reveal trace of recombination
supporting genomic stability of engineered strains. In particular, redundancy of the
pTEF1and tCYC1 regulatory sequences used to control the expression of FAS alleles did
not show chromosomal rearrangement of ScSeCHRIII. Despite these potential pitfalls,
these brewing phenotypic determinants would be exceedingly challenging to achieve
through traditional strain improvement methods. Therefore, this approach holds
significant promise for the development of novel lager brewing strains with enhanced
or unique characteristics, potentially changing the brewing industry.
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6.1. Outlook and valorisation aspects

Thefast and transformative developmentsin genome editing, sequencing technologies
and data science have accelerated fundamental and application-inspired research in
the life sciences, with important current and future impacts on society (Netherlands
Commission on Genetic Modification (COGEM), 2023). These developments have also
contributed to making the budding yeast Saccharomyces cerevisiae the genetically and
physiologically best characterized and genetically most accessible eukaryote. As a
result, S. cerevisiae is an intensively used model for research on healthy and diseased
human cells and a ‘jack of all trades’ workhorse in microbial biotechnology, with
products ranging from car fuel to pharmaceuticals.

S. cerevisiae x S. eubayanus hybrids known as S. pastorianus are of immense economic
importance due to their role in brewing of lager-type beers. Major breakthroughs
regarding the understanding and engineering of these yeasts are, however, impeded
by the complexity of their hybrid genomes, limited knowledge on their metabolic
network and its regulation, and an incomplete understanding on how alleles derived
from the two parental species contribute to shaping their hybrid phenotypes.

Next-generation short-read sequencing technologies, provided by companies such
as Illlumina and lon Torrent, and third-generation long-read sequencing platforms,
provided by companies such as Oxford Nanopore Technology and Pacific Biosciences,
contributed to sequencing with much higher throughput, increased accuracy, rapid
pace and diverse outputs (Hyman, 1988, Schadt et al., 2010). Real-time single molecule
DNA sequencing has been integrated in standardized laboratory procedures, while
RNA or even protein sequencing and single-cell genome sequencing are progressing
towards a similar level of accessibility (McCarthy, 2010, Alfaro et al., 2021, Hu et al.,
2021, Wang et al., 2021). Combining long (10 kbp to 100 kbp) and short (50 to 300 bp)
sequencing reads allows for highly complete and accurate chromosome-level genome
assemblies. In particular, the use of long reads enables the generation of much less
fragmented genome assemblies and can also capture sequences that contain repeats.
This advantage contributes to improved resolution of the sequences of (sub)telomeric
regions, which harbour industrially relevant sequences, such as MAL loci and FLO
genes. Complete, high-quality genome assemblies are essential to investigate the
contribution of such genes to brewing-related phenotypes. High-coverage short-
read sequencing remains a highly valuable and complementary tool for determining
copy numbers of chromosomes and/or individual alleles and allows for accurate
heterozygosity mapping.

Assembly of complete and accurate genome sequences of diploid, polyploid or
alloploid yeasts remains challenging. Currently, two fully assembled and annotated
genomes of two S. pastorianus strains are available: WS34/70 (Nakao et al., 2009) and
CBS 1483 (Salazar et al., 2019). These chromosome-level genomes of S. pastorianus



contribute to a comprehensive understanding of genotype to phenotype relations,
genome plasticity and evolutionary history. Furthermore, these currently available and
new reference genomes are essential for efficient genome engineering in the context
of fundamental research and industrial strain improvement. However, the haploid
representation of these genomes offers only snapshots of reality (Pattersonetal., 2015,
Abou Saada et al., 2021, Shirali Hossein Zade et al., 2022). Chromosome-level assemblies
that provide a single sequence per chromosome yield a consensus assembly that fails
to capture chromosome heterozygosity, which can be a significant source of genetic
variation. The ability to reconstruct complete chromosomes including copy-specific
allelic variations would enable analysis of heterozygosity, structural variants and
allele-specific phenotypes. Such haplotyping has been performed on diploid genomes,
including the human genome (Wenger et al., 2019). However, applying haplotyping to
allo-aneuploid genomes, including those of brewing yeasts, remains challenging due
to the polyploidy and copy number differences between chromosomes. Haplotype-
level genome assemblies of brewing yeast generated from raw sequencing data
will contribute to understanding contributions of allelic variants to phenotypes,
structural variation, history of hybridization, and will improve the efficiency of genetic
engineering. To allow for implementation of this approach in brewing yeast research,
DNA-sequencing platforms capable of generating longer reads with (even) lower
error rates are required, as well as user-friendly algorithms for analysing the resulting
sequencing outputs.

The CRISPR-Cas DNA-editing technology has transformed genetic engineering and
modification of S. cerevisiae. Innovations in CRISPR-Cas editing methodologies have
been validated for rapid, highly accurate and multiplexed genome editing. The gEL DNA
methodology described in Chapter 2 has eliminated the laborious PCR amplification
and cloning steps, thereby allowing high-throughput S. cerevisiae strain construction in
shorter time frames. The continuous search for new, alternative CRISPR endonucleases
with greater flexibility in design options, for example by their use of different PAM
recognition sequences, improved targeting efficiencies (Hu et al., 2018), alternative
crRNA expression systems and multiplex editing possibilities, will continue to further
expand the genetic toolbox for genetic modification of S. cerevisiae. Furthermore,
other CRISPR-based technologies that rely on inactive Cas protein (dead Cas) (Jinek et
al., 2012, Qi et al., 2013), nicking Cas protein (nicking Cas) (Cong et al., 2013) and fusion
proteins consisting of Cas variants combined with deaminases (base editors) (Komor
et al., 2016, Nishida et al., 2016), reverse transcriptases (prime editors) (Anzalone et
al., 2019), transcriptional effectors (Bikard et al., 2013, Perez-Pinera et al., 2013), or
engineered DNA polymerases for targeted mutagenesis (Halperin et al., 2018) have
been developed, each with their tailored application. Cas proteins active on RNA (East-
Seletsky et al., 2017) or proteins (Hu et al., 2022) even further expand the molecular
toolbox. Combination of orthogonal CRISPR-Cas systems are bound to unlock even
more sophisticated applications in the future.




One of the primary challenges associated with CRISPR-Cas systems is the species-
specific variation in their editing efficiency, coupled with the imperfect predictability
of the editing efficiency for individual gRNA sequences. Applicability of CRISPR-Cas
architectures has been extended based on gRNA-expression cassettes relying on RNA
polymerase Il or lll, carried on different expression vectors, and by using Cas expression
systems optimized for target species. However, application of these systems to
non-conventional yeast species is still challenging due to unknown intrinsic cellular
processes affecting CRISPR-editing. Until context-dependency of gRNA efficiency is
further elucidated, simultaneous testing of multiple gRNA designs may be required for
fast and efficient editing of new and more common hosts.

The complex patent landscape for Cas-based genome editing, especially for the
hallmark endonucleases SpyCasg (Jinek et al., 2012) and FnCas12a (Zetsche et al.,
2015), poses a hurdle for applying the technology to industrial strains. This also holds
true when the commercial end product no longer contains genetic information that
can be traced to the applied Cas nuclease or gRNA. Access to CRISPR systems with
clearer and less restrictive IP rights can promote democratization of the CRISPR
editing technologies. Next to having interesting editing characteristics, ErCasi2a is
currently the only Cas nuclease with a free commercial research license (Chapter 3).
While the patent ‘war’ on CRISPR-Cas technologies continues (Ledford, 2017, Ledford,
2022), it is interesting to note that the first patents, filed in 2013, will expire in about a
decade, thereby clearing the room for royalty-free application of this world-changing
technology.

While CRISPR-Cas genome editing in haploid yeast species is relatively straightforward,
editing of the genomes of diploid, or more generally, polyploid heterozygous
yeasts is drastically impaired when not all chromosomes carrying a (homoeolog) of
the targeted allele can be targeted by the same gRNA (Gorter de Vries et al., 2018)
(Chapter 4). In such scenarios, massive and unpredictable loss of heterozygosity,
extending far beyond the targeted locus, can result from homology-directed repair
with an intact homologous chromosome, instead of the provided repair fragment, as
repair template. This loss of heterozygosity mechanism predominates the outcome
of CRISPR-Cas9 genome editing in heterozygous diploid and hybrid (alloploid) yeast,
such as S. pastorianus, and Zygosaccharomyces parabaiili (Gorter de Vries et al., 2018,
Bennis et al., 2023, Jayaprakash et dal., 2023), thereby hindering gene editing of these
hybrid yeasts. Chapter 4 demonstrates that genome regions in S. pastorianus strains
that are devoid of homoeologous regions can be used as ‘safe’ targets for CRISPR-
Cas9-mediated integration of expression cassettes. The ability to efficiently integrate
genesin S. pastorianus and potentially other hybrid yeasts provides new opportunities
to accurately and time-effectively engineer strains with new characteristics. However,
gene deletions and subtle sequence modifications at specific loci requires other
measures. Simultaneous targeting of all chromosome homoeologs avoids loss of



heterozygosity and enables modifications of the gene of interest. However, studying
allele-specific contributions to phenotypes using allele specific knock-out strains
or gene-specific homozyogte strains is severely impaired under this condition, as
generation of these strains require allele-specific editing (Gorter de Vries et al., 2017).
Alternative genetic engineering tools that do not result in loss of heterozygosity upon
targeting heterozygote sequences remain to be developed for S. pastorianus and
other hybrid yeasts to achieve these types of genetic modifications.

Genetic engineering has the potential to swiftly, safely and efficiently improve a
wide range of phenotypic traits and fermentation characteristics of brewing yeasts,
including wort sugar utilization, fermentation rate and energetic performance,
reduction of off-flavours (Gjermansen et al., 1988, Sone et al., 1988, Fujii et al., 1990,
Blomgvist etal., 1991, Yamano et al., 1994, Yamano et al., 1995, Guo et al., 2001) (Chapter
4) and balanced flavour profiles (Yin et al., 2019) (Chapter 5), and implementation of
novel flavours (Denby et al., 2018). In contrast to metabolic engineering efforts for
production of chemicals, which aim to maximize titer, rate and yield (‘TRY’), targets
in strain improvement of brewing yeasts are much more subtle. Flavour palette,
taste and other sensory qualities of beer requires fine-tuning of the metabolic fluxes
towards multiple desired and less-desired compounds (Denby et al., 2018). Ideally, a
plug-and-play brewing yeast toolkit containing thoroughly characterized native gene
overexpression cassettes, gene deletion fragments, gene mutants and heterologous
genes would be available to allow editing of different brewing yeast strains. An outline
of such a toolkit is already emerging with strategies for introducing acetolactate
decarboxylases (eliminating diacetyl formation), sugar transporters (extending or
improving substrate uptake capacity), monoterpene synthases (production of hop
compounds) and ethyl ester biosynthesis genes (tuning and extending aroma profiles).
This development is likely to continue to expand with future metabolic engineering
efforts in S. pastorianus allowing tailored, on-demand strain design, construction and
implementation.

The growing demand for diversification of beers is reflected in the strong upsurge of
craft-and microbreweries, which prioritize the production of distinctive and innovative
beers, emphasising quality and flavour uniqueness. While craft breweries are rapidly
entering the booming market, the large beer companies remain rather conservative.
The use of genetically modified yeasts is a potential risk for market sales of established
companies, resulting from society’s view on acceptance on genetic modification.
On the other hand, craft and micro-breweries aim at these more progressive beer
markets. Especially, brewing yeasts engineered for unique flavours palettes or more
environmentally sustainable beer production are attractive for explorative, health-
aware or environmental-conscious consumers. The latter includes eliminating the
energy intensive lagering step, replacing hops (cultivation emission of 4.0 kg CO. kg")
by yeast-derived hop flavours, or more efficient use of sugars for process optimalisation




and intensification. Yeast producers, including Berkeley Yeast, Lallemand Brewing and
Omega Yeast, all located in the US, are rapidly developing and commercializing such
genetically engineered yeast strains. It will be very interesting to see if entrepreneurs
with the drive and stamina needed to navigate the European regulatory and public-
acceptance landscape will introduce this trend in Europe as well.

Especially in Europe, acceptance of genetic engineering technologies by society
remains the biggest challenge for large-scale market introduction of beer brewed with
engineered yeasts. Addressing and resolving societal concerns regarding the use of
genetically modified microorganisms in the food and beverage industry is essential
to be able to realize their potential commercial and societal value. Applying genetic
engineering techniques to increase the sustainability of a food or beverage production
process, to produce healthier (e.g. low calorie) products, to intensify production
processes or diversifying the products, could contribute to a more positive societal
attitude towards these innovative techniques. Public awareness of the similarities and
differences of classical strain improvement approaches, which have been applied at a
large scale for the better part of a century, and targeted strain engineering techniques,
which despite the half-century history of recombinant-DNA technology are still
concerned by many as ultra-new, is very low. Raising understanding of the potential
benefits of modern biotechnology, while openly and honestly discussing emotions and
(perceived) risks related to its application in the food and beverage industry continues
to be important.

Rapid developments in precision fermentation might stimulate the acceptance of
genetically modified microorganisms for food and beverage production. Precision
fermentation relies on the use of specifically engineered microorganisms as cell
factories to produce high-value functional food ingredients with high yield and purity.
One promising example is single-cell protein (SCP) production in which microorganisms
convert renewable ‘zero-emission’ feedstocks to protein-rich biomass as protein
complement or substitute for food and feed supply by the agricultural industry. As
the world population will outgrow the nutritional resources supplied by agriculture,
SCP production is a promising technology to tackle the protein deficiency problem
worldwide. Increasing the protein yield, changing biomass composition to increase its
nutritional value, altering the starting material or improving the production process
are potential (genetic) engineering targets. The path towards acceptance in the food
and beverage industry is still under construction and will, also in the coming years,
require patience and persistence from, amongst others, scientists.
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