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Samenvatting

Micro-organismen worden al sinds de oudheid gebruikt om gefermenteerd voedsel en
dranken te maken, zoals wijn, brood en bier. Met de huidige technieken in de
moleculaire biologie kunnen microbiéle prestaties worden verbeterd die betrekking
hebben op producten die een micro-organisme van nature produceert. Bovendien is
het mogelijk om micro-organismen aan te passen om producten te maken die van
nature alleen door andere organismen worden gemaakt, of zelfs producten te laten
maken die niet in de natuur voorkomen. De op deze wijze gemaakte, zogenaamde
microbiéle celfabrieken, kunnen brandstoffen en chemicalién produceren die de
verontreinigende en niet duurzame industrie van fossiele brandstoffen kan vervangen.
Saccharomyces cerevisiae, ook wel bekend als bakkersgist, wordt al decennialang
gebruikt als een favoriete celfabriek om een scala aan industrieel relevante producten
te produceren. Daarnaast is deze gist een belangrijk modelorganisme in fundamenteel
onderzoek. Naast zijn simpele voedingsbehoeften en makkelijke hanteerbaarheid,
heeft S. cerevisiae zijn populariteit ook te danken aan zijn opmerkelijke vermogen om
DNA-moleculen efficiént en precies aan elkaar te maken via homologe recombinatie
(HR). S. cerevisiae gebruikt dit natuurlijke mechanisme om potentieel schadelijke
breuken in zijn genetische materiaal te repareren. Moleculair genetici gebruiken HR
daarentegen om DNA naadloos in te bouwen of te verwijderen. De combinatie van het
CRISPR/Cas-systeem voor genoom-modificatie en de HR-precisie-reparatie maakt een
hermodellering van het genoom voor de bouw van celfabrieken mogelijk. Het huidige
nadeel van deze aanpak is dat slechts een gelimiteerd aantal DNA-veranderingen in
één transformatieronde kan worden bewerkstelligd. Dit maakt uitgebreide
hermodellering van het genoom nog steeds tot een tijdrovend proces. Het doel van dit
proefschrift was om een strategie te ontwikkelen en te evalueren om het metabolisme
van S. cerevisiae efficiént en op grote schaal aan te kunnen passen.

Het genoom van S. cerevisiae (en van eukaryoten in het algemeen) wordt
gekarakteriseerd door een mozaiekstructuur, waarin genen, ongeacht hun cellulaire
functie, over de 16 chromosomen verspreid liggen. Bovendien vertoont het
gistgenoom een grote mate van genetische redundantie, waarbij meerdere eiwitten
dezelfde functie uitvoeren. Sommige van deze eiwitten kunnen misschien belangrijk
zijn onder een specifieke groeiomstandigheid, terwijl ze onnodig zijn in een
gecontroleerde laboratoriumsituatie of in industriéle processen. Verwijdering van de
genen die coderen voor deze eiwitten, zou genetische modificatie sterk kunnen
vereenvoudigen. Het centrale koolstofmetabolisme (CKM) omvat ongeveer 53
biochemische reacties en vormt een belangrijk deel van het centrale
stofwisselingsnetwerk van bakkersgist. Het CKM is de leverancier van de essentiéle
bouwstenen, co-factoren en energierijke moleculen die nodig zijn voor het maken van
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alle industrieel relevante producten die door bakkersgist worden gemaakt. Ook het
CKM wordt gekarakteriseerd door een hoge mate van genetische redundantie. In een
vorig onderzoek is een eerste stap gezet om deze genetische complexiteit te reduceren,
door 13 van de 26 genen betrokken bij de glycolyse en alcoholische fermentatie te
verwijderen. De 50% reductie van het aantal genen betrokken bij deze
stofwisselingsroutes in de resulterende “minimale glycolyse” (MG) giststam had
opmerkelijk weinig invloed op de fysiologie. Dit bleek onder meer uit een vergelijkbare
groeisnelheid onder een breed scala van groei- en stresscondities. Gebruikmakend van
de MG-stam als uitgangspunt, word in Hoofdstuk 2 de genetische reductie uitgebreid
naar het gehele CKM, met inbegrip van de pentosefosfaatroute, citroenzuurcyclus,
anaplerotische reacties, mitochondriéle transporteiwitten, glyoxylaatcyclus,
gluconeogenese, acetyl-CoA-metabolisme en glycerolsynthese. In totaal werden 35
van de betrokken 111 genen in het CKM verwijderd, wat resulteerde in een reductie
van genetische complexiteit in het CKM van 32%. Deze reductie leidde tot slechts een
marginale reductie in groeisnelheid in gecontroleerde bioreactoren op een synthetisch
medium met glucose als koolstofbron. Ook onder de meeste andere onderzochte
groei- en stresscondities werd geen of weinig reductie in groeisnelheid waargenomen.
Opvallende afwijkingen, waarbij significante verschillen in fysiologie werden
gedetecteerd, werden slechts gevonden bij groei op pyruvaat en ethanol als
koolstofbron, bij anaerobe groei op glucose en bij groei onder hoge osmotische stress.
Gebruikmakend van een grote verscheidenheid aan intermediaire deletie-stammen
konden voor een aantal van deze groeicondities de verantwoordelijke
snelheids-reducerende gen-deleties worden geidentificeerd. Voor andere
groeicondities leidden deze experimenten tot eliminatie van een aantal hypotheses
over de oorzaak van langzamere groei. De minimale CKM-stam is een uitstekende basis
voor fundamenteel onderzoek naar het gistmetabolisme en voor intensieve en
uitgebreide genoommodificatie met de strategieén die worden geintroduceerd in
Hoofdstuk 4 en 5.

Zelfs als het CKM versimpeld kan worden door redundante (overbodige) genen te
verwijderen, blijft aanpassing omslachtig door de verspreide ligging van de
overgebleven genen in het genoom. In een eerdere studie is het concept van “pathway
swapping” ontwikkeld. Hierbij worden genen betrokken bij een metabool proces op
één locatie van het genoom geclusterd, zodat het gehele proces in twee stappen kan
worden verwisseld voor een alternatief ontwerp. Met de combinatie van glycolyse en
alcoholische fermentatie als modelsysteem werden als "proof of concept" de 13
overgebleven genen in de MG-stam geclusterd op één enkele chromosomale plek
(locus) en de genen van hun natuurlijke plekken (loci) verwijderd. Terwijl de MG-stam
geen merkbare verschillen in fysiologie vertoonde, groeide de stam met de geclusterde
glycolyse en alcoholische fermentatie, SwWYG (Switchable Yeast Glycolysis) genaamd,



substantieel langzamer dan een controlestam die de complete set van verspreide
genen voor glycolyse en alcoholische fermentatie bevatte (10-30% langzamer
afhankelijk van de meetcondities). In Hoofdstuk 3 wordt de oorzaak van deze reductie
in groeisnelheid onderzocht. Met behulp van een hypothese-gestuurde benadering
werden meerdere potentiéle oorzaken uitgesloten, waaronder gebruik van “marker
genes”, verandering van glycolytische capaciteit en globale veranderingen van
genexpressie of DNA-replicatie als gevolg van de organisatie van het integratielocus.
"Adaptive laboratory evolution" en "reverse engineering" maakten het mogelijk de
groeisnelheid van de SwYG-stam te herstellen naar die van de ouderlijke stam. In de
aldus geévolueerde gist werden twee verantwoordelijke mutaties, in ATG41 en SURZ,
geidentificeerd. Beide genen zijn direct of indirect betrokken bij autofagie. Op basis van
deze waarneming werden twee, mogelijk samenhangende, hypotheses opgesteld: Een
ongewenste nevenmutatie in VPS15, een gen dat ook indirect gelinkt kan worden aan
autofagosoomvorming, kan verantwoordelijk zijn voor de verminderde groeisnelheid.
De tweede hypothese veronderstelt een mogelijke, maar niet onderzochte
“moonlighting”-activiteit van fosfoglyceraatkinase (Pgkl) in autofagie, een goed
gekarakteriseerde functionaliteit van het humane ortholoog van Pgk1. Hoewel een in
de SWYG-stam waargenomen lagere enzymatische capaciteit van Pgkl geen negatieve
gevolgen leek te hebben voor de glycolytische flux, zou deze wel autofagie kunnen
beinvloeden. Deze hypothese zou daarmee een positieve invloed van de mutaties in
ATG41 en SUR2 in de geévolueerde SwYG-stammen kunnen verklaren. De in dit
hoofdstuk onderzochte effecten vormen een treffende illustratie van de uitdagingen in
onderzoek aan micro-organismen waarin complexe genetische modificaties zijn
geintroduceerd.

Doordat het CKM van belang is voor aanlevering van bouwstenen, energie (ATP) en de
redoxbalans tijdens productvorming, zal er bij programma’s voor optimalisering van
celfabrieken rekening moeten worden gehouden met het gehele CKM. Alleen op deze
wijze kunnen celfabrieken worden aangepast om een maximale productconcentratie
(titer), productiesnelheid en productopbrengst te behalen. Intensieve en uitgebreide
hermodellering van het CKM kan in principe worden vergemakkelijkt door de
uitbreiding van het “pathway swapping” concept van de glycolyse naar het gehele CKM.
Dit betekent echter dat een groot aantal genen (76 in het geval van de
geminimaliseerde CKM in Hoofdstuk 2) zal moeten worden gecentraliseerd op één
chromosoom, wat het risico met zich meebrengt van verstoring van de natuurlijke
structuur, functie en expressie van gistchromosomen. In Hoofdstuk 4 wordt de
toepasbaarheid van een nieuw, extra, 174d¢ (neo)-chromosoom onderzocht als platform
om genen voor metabolisme te assembleren, tot expressie te brengen en aan te passen.
Bij dit onderzoek werd gebruik gemaakt van de opmerkelijke HR-machinerie die
bakkersgist in staat stelt om DNA sequenties nauwkeurig en met hoge efficiéntie te



assembleren. Ontwerp-strategieén zijn belangrijk voor de constructie van dergelijke
neochromosomen. Het ideale scenario om op een zo eenvoudig mogelijke manier het
metabolisme aan te passen, is een modulaire assemblage, gebaseerd op een in silico
ontwerp van individuele transcriptie-eenheden met passende promotor- en
terminatorsequenties. In Hoofdstuk 4 wordt aangetoond dat in één stap 100 kb
test-neochromosomen, voornamelijk bestaande uit niet-coderend DNA, in vivo kunnen
worden geassembleerd uit tot wel 44 DNA-fragmenten (met de grootte van
transcriptie eenheden), met een hoge efficiéntie en sequentie-getrouwheid. Een
belangrijke waarneming hierbij was dat de op deze wijze geassembleerde
neochromosomen extreem stabiel waren voor wat betreft hun replicatie en segregatie
bij vermeerdering of doorkweken. Tenslotte liet verplaatsing van de minimale set aan
genen betrokken bij glycolyse en alcoholische fermentatie naar het neochromosoom
zien dat de neochromosomen gebruikt kunnen worden als “landingsplatform” voor de
genen betrokken bij complete metabole routes, en dat ze sets aan geclusterde genen
kunnen dragen die hoog tot expressie komen en die betrokken zijn bij essentiéle
cellulaire processen.

In Hoofdstuk 5 worden de neochromosomen verder onderzocht en geimplementeerd
als middel voor het aanpassen van de stofwisseling van bakkersgist. De in Hoofdstuk 4
beschreven neochromosomen waren circulair terwijl in Hoofdstuk 5 voor het eerst
wordt aangetoond dat ook 100 kb lineaire chromosomen in één stap in vivo
geassembleerd kunnen worden uit 43 fragmenten, waarbij tegelijkertijd stabiele
eindes van chromosomen (telomeren) worden gevormd. Ondanks dit succes bleek de
assemblage van de lineaire neochromosomen minder efficiént en sequentiegetrouw
plaats te vinden dan die van de circulaire neochromosomen. Eenmaal geassembleerd
vertoonden de lineaire en circulaire chromosomen echter een identieke stabiliteit en
hadden ze een vergelijkbaar effect op de fysiologie van de giststam. Als bewijs van
bruikbaarheid van neochromosomen voor grootschalige aanpassingen aan metabole
processen werd de complete set van genen die benodigd is voor het maken van het
anthocyaan pelargonidine 3-0-glucoside (P3G; een kleurstof en nutraceutical), van
substraat tot product, ge(her)lokaliseerd op het synthetische chromosoom. De
biosynthese van P3G begint bij glucose, en loopt via de glycolyse, de
pentosefosfaatroute, de shikimaatroute naar een vanuit planten afkomstige route naar
anthocyaanverbindingen. Eerst werden 42-43 fragmenten, waaronder een minimale
set aan glycolyse-en pentosefosfaatroutegenen, als mede de genen die in
Escherichia coli coderen voor de enzymen van de shikimaatroute, in één stap in vivo
geassembleerd in circulaire en lineaire neochromosomen. Deze chromosomen werden
vervolgens gebruikt als landingsplatforms voor integratie van de genen van de
anthocyaanroute uit planten. Het uiteindelijke neochromosoom bevatte 41, volledig
functionele genen, waardoor P3G kon worden geproduceerd in bakkersgist. Dit



geslaagde voorbeeld van de implementatie van neochromosomen voor het aanpassen
van het metabolisme, opent mogelijkheden voor grootschalige genoom-modificatie
door middel van neochromosomen. Het is goed mogelijk dat wanneer we de minimale
set aan genen van het CKM gedefinieerd in Hoofdstuk 2 combineren met het “pathway
swapping” concept en de neochromosomen in Hoofdstuk 4 en 5, we toekomstige
celfabrieken kunnen maken met modulaire genomen waarin genen voor het metabole
kernnetwerk en productvormingsroutes zijn gelokaliseerd op gespecialiseerde
neochromosomen die vervolgens kunnen worden verwisseld voor alternatieve
ontwerpen. Daarnaast zouden de neochromosomen kunnen functioneren als
landingsplatform om er andere heterologe functionaliteiten dan stofwisseling op te
plaatsen.
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Summary

Microorganisms have been used by humanity since ancient times to produce
fermented food and beverages such as wine, bread and beer. With the current
molecular biology techniques, it is not only possible to increase microbial performance
for the production of native products, but also to adapt microorganism to make
heterologous or even novel-to-nature compounds. Hereby, microbial cell factories can
produce fuels and chemicals to replace the polluting and unsustainable fossil fuel
industry. Saccharomyces cerevisiae, also known as baker’s yeast has been used since
decades as a preferred host to produce a range of industrial relevant compounds and
as model organism in fundamental research. Next to its simple nutritional
requirements and tractability, the popularity of S. cerevisiae also stems from its
remarkable ability to efficiently and precisely stitch DNA molecules together via
homologous recombination (HR). While S. cerevisiae uses this native mechanism to
repair deleterious breaks in its genetic material while remaining faithful to the original
sequence, HR has been harnessed by genetic engineers to seamlessly introduce or
delete specific DNA sequences. The combination of CRISPR/Cas genome editing ability
with HR precision repair enables genome remodelling for the construction of cell
factories. A current drawback of this approach is that only a limited number of DNA
modifications can be achieved in one transformation round, making extensive
remodelling a time-consuming process. The goal of this thesis was to design and
evaluate a strategy for extensive and efficient engineering of metabolism in
S. cerevisiae.

The genome of S. cerevisiae (and eukaryotes in general) is characterized by a mosaic
structure, in which genes, irrespective of their cellular function, are scattered over the
16 chromosomes, and by genetic redundancy, the fact that multiple proteins can have
the same function. While these proteins might be important under specific
environmental conditions, they could be dispensable in a controlled laboratory
environment or a controlled industrial process. Removal of redundant genes, coding
for these proteins could greatly simplify genetic engineering. The central carbon
metabolism (CCM) encompassing approximately 53 reactions, is an important part of
the metabolic network that delivers precursors, cofactors and energy-rich molecules
that are required for all industrially relevant products made by yeast. CCM is
characterized by a high degree of genetic redundancy. In a previous study, a first step
was made in the reduction of this genetic complexity by removing 13 from the 26 genes
from glycolysis and the ethanolic fermentation. In this minimal glycolysis (MG) strain,
the 50% gene reduction was remarkably harmless, resulting in no measurable
phenotypic effect under a wide range of growth and stress conditions. Using the MG
strain as starting point, Chapter 2 expands this genetic reduction to the entire CCM,

11



including the pentose phosphate pathway, the TCA cycle, anaplerotic reactions,
mitochondrial carriers, the glyoxylate cycle, gluconeogenesis, acetyl-CoA metabolism,
and glycerol synthesis. In total 35 genes of the 111 genes present in the CCM were
deleted resulting in a reduction of genetic complexity of 32%. Only a marginal decrease
in growth rate could be observed in controlled bioreactors with synthetic medium and
glucose as carbon source. No or little decrease in growth rate were observed under a
broader range of stress and growth conditions. Remarkable exceptions, where more
significant changes in physiology were detected, were growth on pyruvate and ethanol
as carbon source, anaerobic growth on glucose and growth under high osmotic stress
conditions. Using a library of intermediate deletion strains, for some of these
conditions genes responsible for the decreases in growth rate could be identified, while
for other conditions, hypothetical targets could be excluded. This minimal CCM strain
presents an excellent platform for fundamental research on yeast metabolism and for
intensive and extensive genome engineering by strategies introduced in
Chapter 4 and 5.

Even though metabolism can be simplified by deleting redundant genes, engineering
metabolism remains cumbersome due to the scattered arrangement of the remaining
genes across the genome. In a previous study the pathway swapping concept was
developed, i.e. the clustering of all genes from a (metabolic) pathway at one genetic
location, such that it can easily be swapped in two steps by an alternative design. Using
glycolysis and ethanolic fermentation as proof of concept, the 13 major paralogs
remaining in the MG strain were clustered at one genomic location and the genes from
the native loci were deleted. However, while the MG strain showed no noticeable
change in physiology, the strain with the clustered glycolysis, called SWYG (Switchable
Yeast Glycolysis), grew substantially slower than the control strain with a full set of
scattered glycolysis and fermentation genes (10-30% slower depending on the
measuring conditions). In Chapter 3 the cause of this decrease in growth rate is
investigated. Following a hypothesis-driven approach several potential causes such as:
marker usage, glycolytic capacity and change in expression or replication at the
cassette integration locus, could be ruled out. Adaptive laboratory evolution and
reverse engineering enabled to increase the growth rate of the SwYG strain to the level
of the unedited parental strain and discover the causal mutations: ATG41 and SURZ.
Both of these genes are directly or indirectly linked to autophagy. Two, possibly
intertwined, hypotheses could be formulated. An unwanted side mutation in VPS515, a
gene also indirectly linked to autophagosome formation, could be responsible for the
decreased growth rate. The second scenario entails a potential, yet unexplored
moonlighting activity of phosphoglycerate kinase (encoded by PGK1) in autophagy, a
well characterized function of its human orthologue. While the lower enzymatic
capacity of Pgkl observed in the SwYG strain is probably not negatively affecting the
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glycolytic flux, it might affect autophagy, a mechanism in line with the mutation
observed in ATG41 and SURZ in the strains evolved from SwYG. This chapter highlights
the challenges faced in intensive strain engineering programs.

Considering the importance of CCM for precursor and ATP supply and redox balancing
for product formation, cell factories improvement programs have to take into account
the whole CCM and to tailor it to reach maximal product titer, rate and yield (TRY).
Intensive and extensive remodelling of CCM could be facilitated by the extension of the
pathway swapping concept from glycolysis to the entire CCM. However, it means that
a large number of genes (76 in case of a minimised CCM set as determined in
Chapter 2) would have to be centralised at one chromosomal location, with the risk of
interfering with the native chromosomal structure, function and expression. In
Chapter 4 the suitability of a supernumerary 17t neochromosome is investigated as
orthogonal platform to assemble, express and remodel metabolism. This achievement
was made possible by the remarkable HR machinery that enables yeast to stitch
together DNA molecules with high efficiency and fidelity. Design considerations are
important for the construction of such neochromosomes for metabolic engineering
approaches. To easily remodel metabolism, the ideal scenario entails the modular
assembly, based on an in silico design of individual transcriptional units with
customized promoters and terminators. In Chapter 4, 100 kb test neochromosomes,
mostly consisting of non-coding DNA, could be assembled in vivo from up to 44
transcriptional-unit-sized DNA fragments with a high efficiency and fidelity.
Importantly, neochromosomes were extremely stable in terms of replication and
segregation as well as genetic stability upon propagation and sub-culturing. Finally,
relocalization of the minimized set of glycolytic and fermentative genes to the
neochromosomes demonstrated that they can be used as landing pads for metabolic
pathways, and that they can carry sets of heavily transcribed, clustered genes coding
for essential cellular processes.

In Chapter 5, neochromosomes are further investigated and implemented as tools for
metabolic engineering. While the neochromosomes built in Chapter 4 were circular,
in Chapter 5 it is demonstrated for the first time that 100 kb linear chromosomes can
be assembled in a single step in vivo from 43 fragments, while simultaneously forming
stable telomeres. Despite this success, the assembly of linear chromosomes seemed to
proceed less efficiently and faithfully than circular chromosomes. Once assembled the
linear and circular chromosomes displayed identical stability and had a similar impact
on the host physiology. As proof of principle of the applicability of neochromosomes
for extensive engineering of metabolic pathways, the complete set of genes for the
formation of the anthocyanin pelargonidin 3-0-glucoside (P3G) from substrate to
product were (re)localised to a synthetic chromosome. The biosynthesis of P3G
(colorant and neutraceutical) proceeds from glucose, via glycolysis, the pentose

13



phosphate pathway, the shikimate pathway and the anthocyanin plant pathway. First
a total of 42-43 fragments, including a minimized set of the glycolytic and pentose
phosphate pathway genes as well as the Escherichia coli shikimate pathway, were
assembled in vivo in one step into circular or linear neochromosomes. These
chromosomes served as landing pad for integration of the anthocyanin plant pathway.
The final neochromosomes harbouring 41 metabolic genes, were fully functional and
enabled the production of P3G in yeast. This successful example of implementation of
neochromosomes for metabolic engineering opens the door to neochromosome-
assisted large scale genome remodelling. Combining the minimal set of genes for CCM
defined in Chapter 2, the pathway swapping concept and neochromosomes
established in Chapter 4 and 5, we can envisage future microbial cell factories with
modular genomes in which core metabolic network and processes, localized on
satellite, specialized neochromosomes can be swapped for alternative configurations,
next to landing pads neochromosomes serving for the addition of (heterologous)
functionalities.
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Chapter 1

General introduction

The section “Synthetic genomics from a yeast perspective “ in the general
introduction, is essentially as a manuscript in preparation for submission
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History of microbial biotechnology

Biotechnology can be described as “the utilization of biological processes, organisms
or systems to produce compounds that are anticipated to improve human lives” (1).
Besides the domestication of plants and animals to serve human needs, humans
already unknowingly started making use of microorganisms very early in history.
Foraging humans in Israel fermented a variety of plants already 13,700 years ago (2),
followed by Chinese fermenting a mixture of rice, honey and fruits into wine (7000 BC)
(3), Sumerians and Babylonians brewing beer (6000 BC) (4) and finally wine
fermentation by ancient Egyptians (3500 BC) (5). Later also a range of non-alcoholic
fermentations emerged, such as pickling to preserve crops and the manufacture of
cheeses (6). van Leeuwenhoek already observed micro-organisms with his microscope
in 1680 and Schwann (7) and Cagniard-Latour (8) observed that alcoholic
fermentation was linked to living microorganisms. However, it was not until Pasteur’s
work (= 1876) on yeast (9) that alcoholic fermentation by microorganisms was
unequivocally proven (10). Armed with this knowledge, the period until 1890 was
marked by improvement of fermentation processes, such as the use of monocultures
and prevention of infection by closed fermentation vessels. Between 1890 and 1940,
the microbial industry greatly widened the range of fermentation products, such as the
Weizmann process to produce butanol for making synthetic rubber (11), glycerol
production to manufacture explosives (12) and sorbose as an intermediate for
vitamin C production (10). The discovery of antibiotics and venture to increase
antibiotic productivity gave birth to the classical non-targeted microbial strain
improvement techniques including strain screening, laboratory evolution and random
mutagenesis techniques (13,14). By these methods biomass-specific penicillin
production was increased over 1000-fold (10). The real breakthrough in biotechnology
was however in the last few decades with the discovery of molecular tools (gel
electrophoresis, restriction-ligation procedures, PCR, sanger sequencing, etc.) for
targeted genetic engineering (1). Finally, the time of modern biotechnology started
with the approval of human insulin produced by recombinant DNA technology by the
US Food and drug administration, marketed by Genentech and Ely Lilly for treating
diabetes (6,10).

Metabolic engineering for the development of microbial cell
factories

The development of microbes for biotechnological processes follows one of two
general strategies (15). The first strategy is to select a natural producer of the molecule
of interest. Using natural producers offer the advantage of the presence of the
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metabolic and secretion pathway of interest, and of innate tolerance to the potential
toxicity of the product. Several current biotechnological workhorses such as
S. cerevisiae for the production of ethanol, Corynebacteria for amino acids,
Penicillium chrysogenum and Streptomyces for antibiotics, and Aspergilli for enzymes
are improved natural producers (16). However, obtaining microbes with economically
relevant product yields, titres and robustness presents a major challenge, and the
chances of success largely depend on the nature of the microbe. Natural producers
might not be tractable and not, or poorly, accessible for performance improvement by
targeted genetic engineering. Process improvement is then limited to empiric
approaches such as random mutagenesis and laboratory evolution. As a powerful
alternative to natural producers, the second strategy involves targeted genetic
engineering of well-known, tractable and genetically accessible organisms by
non-native production of bio-chemicals. This strategy is part of a branch of biology
called metabolic engineering. In metabolic engineering, knowledge of the host genome
and biological processes combined with their genetic accessibility enables to improve
productivity and yields by eliminating side products, enhancing robustness, and
increasing product export or flux in the production pathway. Together with this, the
acquisition of new functionalities via heterologous expression in these hosts allows to
broaden product and substrate range (17). Heterologous production in
microorganisms is key for the industrial production of many relevant compounds of
interest that originate from plants (e.g. anti-cancer drugs) or mammalian cells
(e.g. hormones).

Due to their economic interest, several natural producers (such as the ones mentioned
above) have undergone decades of intensive research, reaching a level of knowledge
and tractability suitable for metabolic engineering and for the development of
heterologous production. Other current industrial hosts for heterologous production,
such as the gram-negative bacterium Escherichia coli (production of diols such as
1,3-propanediol and 1,4-butanediol) or the gram-positive bacterium Bacillus subtilis
(proteins, fine chemicals), were well-studied for fundamental research and easy to
engineer and were thus propelled from laboratory to industrial production (17,18).

S. cerevisiae produces native (ethanol, succinate) as well as heterologous products and
is one of the best-known industrial cell factories and model organism in fundamental
research (15,18). The popularity of S. cerevisiae as model organism and cell factory
stems from its easy manipulation by genetic engineering, the vast knowledge on its
physiology and genomics, and the availability of large scale industrial cultivation
processes (18). S. cerevisiae is well suited for the production of chemicals and proteins
which are natively predominantly produced by eukaryotes since it shares multiple
biochemical processes with higher eukaryotes (16,18). For instance, the plant-derived
drug precursor artimisinic acid, requires cytochrome P450 enzymes for its synthesis.
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Due to the membrane bound nature of these enzymes and the necessary
post-translational modifications, they are difficult to express in bacterial hosts, but
artimisinic acid has been produced using S. cerevisiae (19). Therefore, as cell factory
S. cerevisiae now produces a wide range of recombinant proteins (e.g. insulin against
diabetes, human platelet-derived growth factor against ulcers, and several vaccine
proteins to prevent hepatitis A and B) (20), natural plant compounds such as
resveratrol, organic acids for utilization as food additives or precursors to polymers
(e.g. lactic acid, succinic acid), and fuel additive like bioethanol (21).

Despite several successful examples of microbial production processes, constructing
and optimizing microbes for biochemical production remains extremely challenging,
particularly as the economic feasibility of the process requires extremely high product
yields and productivity. Microbes have been shaped by eons of evolution to survive in
ever-changing natural environments, to replicate themselves and not to make products
for human convenience. Due to the still incomplete understanding of biological
processes, predicting the impact of targeted genetic modifications on product
titer/rate/yield (TRY) remains very difficult. To mitigate this lack of predictability,
metabolic engineering goes through iterative design, build, test and learn cycles
(Figure 1) (22). In the design phase, heterologous genes are selected to be introduced
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Figure 1 - The Design-Build-Test-Learn cycle employed in metabolic engineering. For each
step of the cycle some representative examples are given.
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in the host organism, while native genes are chosen for their increase or decrease in
expression. The following build step involves a number of genetic interventions on the
host cell: integration of heterologous genes under control of chosen promoters and
terminators; deletion of native genes and replacement of native promoters with
alternative promoters. With the test phase, a battery of (omics) analytical techniques
is implemented to evaluate the impact of the genetic changes on the host physiology
and performance. Finally, these acquired data are critically analyzed in the learn phase
leading again to a new design, thereby stepping into a new cycle (22).

For each step of the metabolic engineering cycle a broad range of powerful tools is
available and is rapidly increasing in number. For the design phase, the choice of the
best host-product combination is key but remains largely empiric, as can be seen by
the multiplicity of studies attempting to produce the same chemical using a variety of
prokaryotic or eukaryotic hosts. A good example is the production of succinic acid that
has been attempted with over 15 different prokaryotic and eukaryotic organisms. Each
host has its specific advantages and disadvantages. For succinic acid production, some
organisms such as S. cerevisiae have the advantage to grow at low pH but do not
naturally produce succinic acid. Other organisms such as
Mannheimia succiniciproducens are natural succinic acid producers but are pH
sensitive and harbor several auxothrophies (23). Some studies prefer to start with
several hosts, focusing on the most promising as the research progresses. For example,
the production of artimisinic acid was simultaneously attempted in both E.coli and
S. cerevisiae, where the latter was eventually chosen as a more suitable host (19). The
field would greatly benefit from the availability of databases with characteristics of
starting material, products and organisms accompanied by corresponding software
(i.e. BioCAD) such that the most suitable organism can be chosen for a particular
conversion (22). Genome-scale metabolic models (GEMs) are becoming available for
an increasing number of industrial microbes, and several tools have been developed to
aid in selecting the most promising engineering targets. With flux balance analysis,
GEMS can be used to model all reactions of the cell and link them to the enzymes
catalyzing these reactions and their corresponding genes (24,25). There are now even
models which integrate enzyme constraints and protein 3D structures such as
ecYeast8 and proYeast8PB for S. cerevisiae (18,26).

In the build phase, heterologous product formation requires introduction of one to
several heterologous genes. For example, introduction of 31 (heterologous) genes
were necessary for production of noscapine in S. cerevisiae (27). In addition, a
screening for the highest product titers is often performed comparing heterologous
enzymes from different organisms catalyzing the same enzymatic step (28).
Introduction or screening of this many (heterologous) genes requires large scale and
automated synthesis and assembly of DNA. Moreover, extensive engineering of the
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host’s native pathways and cellular processes is required to redirect flux towards the
product or production and secretion of protein. With the development of different
CRISPR-Cas systems (Clustered Regularly Interspaced Short Palindromic Repeats and
CRISPR-associated proteins) it has become possible to simultaneously, rapidly and
efficiently edit multiple targets (e.g. up until nine simultaneous deletions at five
individual loci in yeast) in an organism (29,30). Due to the lack of predictability of
genetic modification, frequently multiple engineering strategies are tested in parallel
(22). Therefore, CRISPR-Cas has to be optimized for efficient multiplex strain
construction and made compatible with high-throughput strain construction using
liquid handling robots.

For many metabolic engineering efforts, constructed strains are only evaluated on
product titers during the test phase. While product titers provide the most industrial
relevant information, it overlooks the underlying mechanism of why a strain is
preforming better, especially if multiple simultaneous modifications have been
applied. Deep characterization of a strain can be performed using several -omics
techniques. This in-depth knowledge can aid in the subsequent design phase and might
thus decrease the number of metabolic engineering cycles. Using genomics
technologies such as short read sequencing and long read nanopore sequencing, it can
be verified if the genetic modification of the build phase were successful. A
combination of transcriptomics, proteomics, metabolomics and fluxomics together
with growth characteristics of the strain should give an elaborate view on how the
genetic modifications have affected the strain (31).

In the learn cycle, it is important to have software that can integrate all data gathered
in the test phase and process it in a format, such that comprehensible conclusions on
the effect of the genetic modifications can be drawn. Moreover, this software should be
able to suggest new engineering targets for the next design-build-test-learn cycle,
effectively uniting the learn and design phases. Although used scarcely up-to-date,
machine-learning algorithms will probably have an important role to play (22).

Synthetic Biology

Engineering disciplines are characterized by concepts as standardization, modularity,
hierarchy and predictability (32). For example, electronic engineering relies on several
standardized parts such as resistors, capacitors, wires, switches and outputs like
lamps. These can be modularly assembled into a range of possible circuits, each with a
predictable and predefined output. Synthetic biology has been defined as “the design
and construction of new biological systems that do not exist in nature through the
assembly of well-characterized, standardized and reusable components” (33).
Effectively, this sub-branch of metabolic engineering, aims to apply engineering
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principles, like abstraction and standardization of parts, to the fundamental
components of biology (34,35). Hereby desired biological systems possibly producing
interesting biochemicals are built in a hierarchical fashion starting from parts
(promoters, ribosome binding sites (RBS), open reading frames (ORFS) and
terminators), which are clustered into circuits executing a certain function and which
could then be assembled into entire genomes (35,36).

Most extensive research has focused on development of parts and their use in
metabolic engineering (36). An important aspect in metabolic engineering is the tuning
of expression level of genes to obtain an optimum flux. In S. cerevisiae, over 900
promoters have been cloned and characterized on expression level under various
conditions (37). In addition, yeast synthetic promoters have been engineered by
modifying elements in native promoters (38), adapting nucleosome architecture (39),
constructing hybrid promoters (40) or using genetic logic gate controllers (responding
to environmental or cellular stimuli) (36). Moreover, CRISPR technologies have been
used to tune gene expression by fusing activator or repressor proteins to a catalytically
inactive Cas9 (dCas9) targeted to a native promoter (41). Similarly, gene expression
can be tuned by fusing dCas9 to methyltransferases or dioxygenases to change the
methylation profile of DNA and thereby expression, as has been demonstrated in
mammalian cells (42). Expression levels can also be tuned by choice of terminator, for
which several synthetic variants have been studied in S. cerevisiae (36,43). At the
mRNA level, a heterologous RNA interference (RNAi) machinery has been introduced
in S. cerevisiae which does not natively carry this system (35,44). Finally, parts for
translational control have been only scarcely studied (36). Most notable are the
riboswitches which are mRNA structures in the 5’UTR region of an mRNA which can
form a particular conformation (aptamer) able to bind ligands. Upon formation of the
ligand-aptamer complex the ribosome is unable to bind or progress (36).

Functional parts such as promoters, ORFs and terminators can be further assembled
into devices or circuits to achieve more complex functions. One of the first examples
applying this on a large scale is the Biobricks system in E.coli (45). A Biobrick part is “a
basic unit with an indivisible biological function” (46). In the Biobricks system, these
parts are flanked by DNA sequences containing enzymatic restriction sites. All of these
parts are stored in a publicly accessible database (http://partsregistry.org). Using

classical restriction-ligation techniques the scientific community can use each other’s
Biobrick parts to assemble pathways and devices that perform a specific function. In
addition to the Biobricks system there is now a large range of in vitro but also in vivo
techniques, which can be used to assemble not only devices and circuits but even whole
chromosomes and genomes.
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Synthetic genomics from a yeast perspective

A general introduction to synthetic genomics

Synthetic Genomics (SG) is a recent Synthetic Biology discipline that focuses on the
construction of rationally designed chromosomes and genomes. SG offers a novel
approach to address fundamental biological questions by restructuring, recoding, and
minimizing (parts of) genomes (as recently reviewed by (47)). SG, purely academic
until recently, is now spurring technological developments in both academia and
industry (e.g. (48)). Humankind’s best microbial friend, the baker’s yeast S. cerevisiae,
has played, and continues to play a key role in SG advances, both by enabling the
construction of chromosomes for other hosts, and in the refactoring of its own genome.
Here the reasons for this strategic positioning of S. cerevisiae in SG is explored, the main
achievements enabled by this yeast are surveyed and future developments are
reflected upon.

Construction of chromosomes and genomes

While small-sized viral chromosomes were the first to be chemically synthetized, the
breakthrough in the field of SG came with the synthesis and assembly of the 592
kilobase (kb) chromosome of Mycoplasma genitalium (49,50). The unicellular
eukaryote S. cerevisiae has made a key contribution to this famous milestone. To
understand how this microbe, commonly used in food and beverages, contributes to
the assembly of synthetic genomes, let us recapitulate how synthetic chromosomes can
be constructed (Figure 2).
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Figure 2 - Simplified overview of chromosome construction using S. cerevisiae for genome
assembly and production.
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It starts with the customized synthesis of short DNA molecules called oligonucleotides.
Oligonucleotides are mostly synthetized via phosphoramidite chemistry, a 40 year-old
method (51) that, despite decades of technological developments, struggles to deliver
error-free oligonucleotides longer than 200 base pairs (bp). While the implementation
of microarrays has substantially decreased the synthesis cost, it has not increased oligo
length, an achievement that requires new synthesis methods (52). Enzymatic
alternatives for DNA synthesis are under development (53,54), but still have
considerable shortcomings regarding automation and scalability that must be
overcome before commercial scale can be considered (reviewed in (55-58)).
Considering that a theoretical minimal genome would be around 113 kb long (59) and
that the first fully synthesized genome of M. genitalium contains about 583 kb (49),
thousands of oligos must be stitched together to construct a complete synthetic
genome. These DNA oligos can be assembled into longer DNA fragments owing to a
plethora of in vitro methods (reviewed in (56,60,61)). A method that has gained
tremendous popularity since its development is the homology-based Gibson
isothermal assembly (62), devised to assemble the M. genitalium genome. As all in vitro
methods, Gibson assembly is limited by the number of fragments that can reliably be
stitched together in one reaction, usually around a dozen, requiring a stepwise
assembly procedure of increasingly large genomic DNA constructs (63). DNA must be
recovered from the reaction, amplified and verified in each round, to allow further
processing. Selection and amplification of correctly cloned DNA is routinely performed
in E. coli, however, maintenance of large constructs of exogenous DNA, especially from
prokaryotic origins, in this bacterium is often limited by expression and toxicity of gene
products (64). In vitro alternatives for efficient and faithful selection and amplification
of correctly assembled DNA are under development, but these are currently limited in
length of amplified DNA and scalability (65-68). While in principle stepwise in vitro
assembly can lead to a DNA molecule of any size, and selection and amplification in
E. coli worked well for DNA constructs up to 72 kb, E. coli had great difficulties
maintaining quarter M. genitalium genomes, causing Gibson and colleagues to turn to
baker’s yeast (49,50).

S. cerevisiae seems a logical host for SG as it naturally maintains a 12 Mb genome
consisting of 16 chromosomes ranging from 230 to 1500 kb in its haploid version, lives
as polyploid in natural environments, and is extremely robust to changes in genome
content and architecture (69). The extreme robustness of S. cerevisiae to
supernumerary, chimeric chromosomes, a key feature for SG, was already
demonstrated in the late ‘80s (70,71). A second key feature of S. cerevisiae is its
preference for homologous recombination (HR) to repair double-strand DNA breaks, a
rare trait among eukaryotes (72). S. cerevisiae ability to efficiently and with high
fidelity stitch together linear DNA molecules that present homologous regions as short
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as 40 bp (73) at their ends, was rapidly valorized for genetic manipulations and
assembly of heterologous DNA. Recently renamed in vivo (or in yeasto) assembly, this
cloning technique (Figure 2) contributes to the remarkable genetic tractability and
popularity of S. cerevisiae as model and industrial microbe (62,74). The combination of
S. cerevisiae’s HR efficiency and fidelity, chromosome maintenance and propagation
enabled the construction of the full Mycoplasma genome. Reflecting that “in the future,
it may be advantageous to make greater use of yeast recombination to assemble
chromosomes”, this study propelled S. cerevisiae as powerful ‘genome foundry’ (49). In
the challenge to synthesize genomes, Ostrov and colleagues rightfully identified
assembly and introduction of these long DNA constructs as ‘the most critical hurdle’
(55). To date, S. cerevisiae has been key to assembling entire or partial genomes in most
synthetic genome projects (Table 1).

Table 1 - Overview of the contribution of S. cerevisiae in the assembly of microbial and
viral genomes

Number of Size of Size of DNA isolated
Chromosome/ i Refe-
transformed transformed final /
Genome rence
fragments? fragments!  construct transplanted

Herpes simplex Isolated, virus

. 11 14 kb 152 kb . (75)
virus reconstituted
SARS-Cov-2 20 Upto12kb = 305kp | [solatedvirus 0
reconstituted
Mycoplasma
yeopa 25 17-35 kb 592 kb N/A (50)
genitalium
Mycoplasma 6 Upto144kb = 592kb N/A (49)
genitalium
Isolated,
t lanted
MpE IR 11 100 kb 1 Mb ransprantec | o)
mycoides to M.
capricolum
Prechlorococcus
ococctt 2 580-675kb  1.66 Mb Isolated (78)
marinus
Synechococcus
4 100 - 200 kb 454 kb Isolated (79)
elongatus
Acholeplasma
2 121-897 kb ) N/A 80
Laidlawii 3 1.38 Mb / (80)
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Isolated,

Escherichia coli 7-14 6-13 kb 100 kb transplanted (81)
in E. coli
Caulobacter
" 16 38-65 kb 785 kb N/A (82)
crescentus
Phaeodactyl
aeocactyiim 5 106-128kb 497 kb N/A (83)
tricornutum
Chlamydomonas Isolated,
reinhardtii t lanted
! » 6 34-129 kB 230 kb ransplanted gy
chloroplast to C.
genome reinhardtii
Yeast
333 26-39 kb 976 kb
chromosome XII A (85)
Single-
chromosome 153 230-1500 kb 11 Mb N/A (69)
yeast
Isolated,
transplanted
Human HPRT1
ene 13 3-83 kb 125 kb to mouse (86)
g embryonic
stem cells
Human HPRT1
29 3 kb 82 kb N/A (86)
gene

1 In case of a sequential assembly, the fragment number and size of the last assembly is used.
2 Initial assembly of the entire genome failed due to gene toxicity.

3 Assembly was performed by stepwise integration in multiple rounds.

N/A - Not applicable

For instance, the entire 785 kb refactored Caulobacter crescentus (renamed C. ethensis)
genome was assembled in vivo from 16 fragments (82), while the recoded E. coli
genome was split over 10 fragments of 91 to 136 kb individually assembled in vivo, and
then sequentially integrated in the E. coli chromosome to replace native segments
(Table 1) (81). In yeasto assembly is not limited to prokaryotic genomes; the rapid and
faithful HR-based assembly (Figure 2) of S. cerevisiae recently enabled the
reconstruction of a synthetic SARS-CoV-2 genome in a single week (76). More recently,
it was used to assemble and transplant a 101 kb human gene into mouse embryonic
cells (86). Additionally, S. cerevisiae was logically selected for the construction of the
first synthetic eukaryotic genome. The international Sc2.0 consortium, spearheaded by
Jef Boeke, undertook less than ten years ago the daunting task of synthesizing recoded
versions of the 16 yeast chromosomes. Via stepwise, systematic replacement of 30 to
40 kb (using ca. 12 DNA fragments of 2 to 4 kb) of the native yeast sequence, the

25



consortium is close to the completion of the largest synthetic genome to date (87,88),
with the ambition to reshape and minimize the S. cerevisiae genome (89).

While S. cerevisiae is not the only microbial host available for the construction of
(neo)chromosomes (see Table 2), several key features make it superior to its bacterial
alternatives B. subtilis and E. coli as genome foundry: i) S. cerevisiae has the natural
ability to carry large amounts of DNA and therefore to host multiple exogenous
bacterial genomes (90); ii) E. coli frequently struggles with toxicity caused by the
expression of exogenous bacterial sequences (50,64,91), while S. cerevisiae is very
resistant to the presence of heterologous DNA from prokaryotic or eukaryotic origin
(78); iii) S. cerevisiae can, in a single transformation, assemble many DNA
oligonucleotides into (partial)genomes. B. subtilis can also maintain large exogenous
DNA constructs, but requires a stepwise method for DNA assembly, in which each DNA
part is integrated sequentially into B. subtilis genome (92). This approach is
intrinsically more labor-intensive and time-consuming than S. cerevisiae single
transformation assembly.

Surprised by S. cerevisiae's genetic tractability, Gibson and colleagues wondered “how
many pieces can be assembled in yeast in a single step?” (49). In Chapter 4 of this thesis,
this limit was probed by assembling large, modular synthetic chromosomes from many
transcriptional-unit-sized DNA fragments. Once assembled, synthetic chromosomes
can be easily adapted in S. cerevisiae thanks to the powerful combination of its
HR-capacity and toolbox rich in efficient (CRISPR-based) DNA-editing tools.

While S. cerevisiae is natively proficient for SG, several aspects of ‘in yeasto’ assembly
are still far from optimal. Firstly, compared to bacterial genome foundries, S. cerevisiae
cells grow slowly with a maximum specific growth rate around 0.4 - 0.5 h'! and are
hard to disrupt due to their sturdy cell wall. Considering that large DNA constructs
above a few hundred kilobases are sensitive to shear stress, chromosome extraction
and purification from S. cerevisiae is possible, but remains tenuous and inefficient,
leading to low DNA yields and potentially damaged chromosomes (93). Secondly, the
strength of S. cerevisiae can become its weakness, as the HR machinery can be
overzealous and recombine any (short) DNA sequence with homology within or
between the (neo)chromosomes, which may lead to misassemblies. Lastly,
non-homologous end joining and microhomology-mediated end joining, DNA repair
mechanisms that assemble pieces of DNA with no or minimal homology, are present in
S. cerevisiae with low activity (94,95), and can also cause misassemblies. Similar to how
E. coli was engineered to become a lab tool for DNA amplification, these shortcomings
could be alleviated by engineering S. cerevisiae into a more powerful genome foundry.
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Are there future alternatives to S. cerevisiae? Naturally, B. subtilis and E. coli could also
be engineered. However, considering the minute fraction of the vast microbial
biodiversity that has been tested for genetic accessibility and DNA assembly, it is likely
that microbes yet to be discovered are even better genome foundries. Environments
causing extreme DNA damage (high radiation, toxic chemicals, etc.) might be a source
of HR-proficient organisms (e.g. (96,97)) better suited for SG. The choice of host can
also depend on the (industrial) applicability of the organism. For example,
Yarrowia lipolytica, a promising industrial workhorse due to its wide substrate- and
product range, was recently used to assemble a synthetic chromosome, enabling
pathway engineering in this genetically inaccessible yeast (98).

Table 2 - Strengths and weaknesses of in vitro and in vivo assembly methods

In vitro E. coli B. subtilis!  S. cerevisiae
One-pot assembly
Number of fragments Up to 20 Up to 6 (100) 2(101) Up to 29 (86)
(99)
Construct size Up to 144 Up to ca. 180 Up to 200 Up to 1.66
kb (49) kb (100) kb 39 Mb (78)
Sequential assembly
Number of assembled 600 (63)2 - 31 (101) 1078 (77)
fragments
Number of sequential HR 4 - 18 3
events
Final construct size 16.3 kb - 134.5 kb 1.08 Mb
Other factors
Compatibility with ok * ok ok
heterologous genes
DNA yield * okx Unknown ok
Overall proficiency to -3 * ok ok
assemble synthetic
genomes

1 Assembly of fragments in B. subtilis is performed by integration into the host genome.
2Between rounds of sequential assembly, transformation into E. coli is conventional for selection
and amplification of constructs.

3 Requires in vivo amplification and selection in a microbial host
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In a more distant future, in vitro alternatives might replace the need for live DNA
foundries altogether, thereby accelerating and simplifying genome construction.
However, this will require major technological advances in in vitro DNA assembly and
amplification. Already substantial efforts have led to the development of methods for
DNA amplification, such as rolling circle amplification by the phage 29 DNA
polymerase (102), recently implemented for the amplification of a 116 kb multipartite
genome (65) and the in vitro amplification of synthetic genomes using the E. coli
replisome, which already demonstrated to be capable of amplification of 1Mb synthetic
genomes (67). Targets for improvement of these methods are the maximal length of
amplified DNA fragments, the yield of amplification, the need for restriction of the
amplified, concatenated molecules or the formation of non-specifically amplified
products. The development of an in vitro approach that can parallel S. cerevisiae in vivo
assembly capability seems even more challenging. While an interesting avenue might
be to transplant S. cerevisiae HR DNA repair in vitro, it presents a daunting task
considering that all players and their respective role have not been fully elucidated yet
(95,103). Still, considering that highly complex systems such as the transcription and
translation machineries have been successfully implemented in vitro and are
commercially available (104), in vitro S. cerevisiae HR might become a reality in the
coming years.

Outlook for synthetic genomics: building of bottom-up synthetic cells

Since the first genome synthesis in 2008, relatively few genomes have been
synthetized, despite remarkable technological advances. Low-cost, customizable
construction of designer genomes, accessible for small viral, organellar or bacterial
constructs, is still out of reach for large (eukaryotic) genomes. Looking further ahead,
SG is anticipated to assist in the development of new cell therapies and other medical
applications, which is the ambition of the Genome Project-Write (105). Another future
application of SG is the construction of bottom-up synthetic cells to address both
fundamental questions, as well as applied challenges (Figure 3). There are several
research consortia studying bottom-up synthetic cell biology including BaSyC

(http://www.basyc.nl), Build-a-cell (http://buildacell.io), MaxSynBio
(https://www.maxsynbio.mpg.de) and the Synthetic cell initiative

(http://www.syntheticcell.eu) (106). Although a bottom-up synthetic cell has not been
made yet, several achievements have been made in the three main features necessary
for performing the essential functions of life: i) the engineering of
membranes/microenvironments able to enclose and protect cell constituents and
allow exchange of molecules and energy; ii) the restructuring of macromolecules such
as DNA or RNA that contain genetic information used for dictating the function and
dynamics of the cell; iii) the remodeling of metabolic pathways to provide energy and
constituents of the cell to self-maintain, self-renew and self-process information
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(107,108). These synthetic cells can answer question such as: where did life come
from? How do lifeless components interact to form life? Moreover, gained
understanding in biology, chemistry and physics necessary for building a minimal
synthetic cell that is alive, could help in building applied synthetic cells that make
human-desired products. We can envision a future in which modularly assembled
synthetic cells, are specifically build to execute a desired biotechnological function.
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Figure 3 - Comparison between a top-down and a bottom-up approach for constructing
minimal cells. In a top-down approach a maximum of DNA is removed from an existing cell
until no more can be removed, thus resulting in a minimal cell. Sometimes instead of deleting
DNA in the native organism a synthetic minimal genome is assembled based on the native
genome and transplanted in a living recipient cell. In a bottom-up approach life-less
components are (step-by-step) assembled into ever more complex functioning systems until a
viable minimal cell is obtained.
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Top-down approaches to minimal genomes

There are still numerous technical, financial, and computational limitations, as well as
a lack in fundamental knowledge on the absolute requirements of life, that must be
overcome towards the future prospect of bottom-up synthetic cells, tailored to
applications in biobased industry. Therefore, for now, study and production of relevant
chemicals and pharmaceuticals is still based on existing microorganisms. However,
these microorganisms possess complex, mosaic genomes that have evolved to survive
in natural environments. The mosaic architecture of genomes limits genetic
accessibility, since multiple loci have to be targeted to alter a functionality. In addition,
the complexity of microbial genomes limits our fundamental understanding and thus
makes it more difficult to engineer microorganisms for biotechnological purposes.
Moreover, micro-organisms can undergo both smaller-scale duplications (SSD) or
whole genome duplications (WGD), thus introducing paralogous genes. Although these
gene duplicates might confer a selective advantage by neofunctionalization,
sub-functionalization or gene dosage effect, this might be only under very specific
growth conditions (109). These acquired functions might not be relevant for
specialized cell factories, cultured under specific conditions. In microbial cell factories,
it is desired to have cellular energy and resources optimally allocated to perform a
specific biotechnological process. Reducing genetic content by eliminating redundant
genes and non-essential DNA, can improve understanding of the platform organism as
well as cause enhanced genetic accessibility and reduce cellular expenses as illustrated
by Chapter 2 of this thesis (110).

Benefits and applications of minimal genomes

Genome reduction can be defined as: “the repeated deletion of irrelevant genes...” or
other DNA “...by methods of genetic engineering with the purpose of constructing a
functionalized cell for a selected application” (110). One application of genome
reduction is to gain fundamental understanding on the minimal number of genes that
could sustain (self-replicating) life. On the other hand, genome reduction could also
have benefits for biotechnological applications. First, genome reduction could save
energy and carbon, invested in RNA and protein synthesis, unnecessary for a particular
biotechnological process (110-112). Many platform microorganisms are generalists,
which can adapt to changing environments by expression of genes that are not actually
used in the laboratory environment. A study in E.coli suggests that up to 13% of
proteins are only expressed to adapt to fluctuations in growth conditions and are thus
described as the “stand-by proteome” (113). For biotechnological processes,
specialized organisms are required to grow in a controlled environment in order to
produce a specific product. Even though large reactors fluctuate in dissolved oxygen,
pH and nutrient availability (114), thus necessitating some of this “stand-by
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proteome”, still a large number of genes could be saved upon. In this way, energy and
resources can be better allocated to the desired biotechnological product.

Removal of genetic content can also facilitate genetic engineering. For instance, the
effort to remove the rarest stop codon in E. coli by Lajoie et al. (115) would have taken
much less time, if there would have been less genes to edit. In addition, the complexity
of natural microorganisms necessitates the design-build-test-learn cycle adopted in
metabolic engineering. Minimal genomes are easier to model (116,117) and might
consequently result in more predictable phenotypes. The use of minimal genomes
could hypothetically therefore result in less metabolic engineering cycles.

Finally, several theoretical advantages of reducing genome content can be envisioned
(110). On a DNA level, an estimated 1.5% of total ATP is invested in DNA synthesis
(110-112) and reduction of DNA content could decrease ATP cost, which could be
potentially invested in other processes. Furthermore, less DNA to replicate could
possibly result in faster doubling times of the organism. The real impact that can be
achieved by genetic reduction on ATP cost and growth rate might be small and, until
now there have not been any experimental evidence to support either of these
hypotheses.

Top-down approaches with reduction of native genomes

Genome reductions efforts have been made in different microorganisms, including
E.coli, B. subtilis, C. glutamicum, Pseudomonas species, Lactococcus lactis, Streptomyces
species, Schizosaccharomyces pombe, and Saccharomyces cerevisiae (see for instance
(110),(118),(119),(120),(121),(122),(123) (124), (125)). In these studies, two types
of DNA sequences were targeted: cryptic genes and mobile DNA such as prophages and
insertion elements (119-121), and irrelevant/non-essential genes (118,124,125) such
as the flagellar biosynthesis machinery (121). The removal of cryptic genes and mobile
elements showed clear advantages, such as an increased genome stability (121).
Genome reduction efforts by deletion of irrelevant/non-essential genes often led to
changes in phenotype like decreased growth rate (118,119,124,125). The selection of
deletion targets can be executed by a variety of methods including comparative
genomics, deletion libraries, transposon mutagenesis libraries and GEMs (Figure 3)
(110). One example of a genome reduction resulting in quantifiable benefits was the
deletion of 4.3% of genomic content from Pseudomonas putida KT2440 (121). This
genome reduction caused an increase in maximum specific growth rate and biomass
yield in minimal medium, a reduced maintenance coefficient, an increased plasmid
stability and an increase in specific heterologous protein production.

A single study has so far been dedicated to specifically reduce genome content in
S. cerevisiae on large scale. Marakami et al. (125) deleted 15 terminal chromosomal
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regions of S. cerevisiae SH5209, which were predicted to be non-essential for growth
and accounted up to 5% of the genome content (531.5 kb containing 247 ORFs).
Despite many drawbacks (i.e. reduced mitochondrial function, reduced growth rate
and a differential gene expression pattern), the authors managed to obtain a 1.8-fold
increase in ethanol production. In addition, the study of Shao et al. (69), in which they
fused all 16 chromosomes to create one circular chromosome, resulted in a genome
reduction of 9% by removal of telomeres, long repeats and centromeres. Although
under standard laboratory conditions the growth rate was only slightly reduced and
minimal changes in transcriptome were observed, testing under a wider variety of
growth conditions revealed more significant reduction in growth rate.

Interesting, but little used, targets for genome reduction in S. cerevisiae are its
paralogous genes resulting from the WGD and SSD events. S. cerevisiae underwent a
whole genome duplication (WGD) approximately 100 million years ago (109).
Although approximately 90% of these duplicates were lost during evolution, 551 gene
pairs remain. In an effort to reduce the genetic complexity and thereby study sugar
transport Wieczorke et al. (126) engineered a S. cerevisiae strain (Hxt0) in which all 21
hexose transporters were deleted. Unfortunately, the use of the LoxP/cre system
resulted in large chromosomal rearrangement. Wijsman et al. (30), making use of the
CRISPR technology and taking advantage of the homologies between HXT genes,
reconstructed the HxtO strain with no chromosomal rearrangement and only a few
SNPs. In order to make strain engineering more efficient as well as to ameliorate the
understanding of the glycolytic pathway, Solis-Escalante et al. (127) deleted the 13
minor paralogs of glycolysis and alcoholic fermentation. Surprisingly these deletions
did notlead to any change in phenotype on a wide range of growth conditions including
different carbon sources and stress conditions. In Chapter 2 of this thesis, redundant
(paralogous) genes were studied further as a source for genome reduction and to
ameliorate genetic engineering,.

There are several drawbacks to reducing genetic complexity of native genomes. The
more DNA or genes that needs to be deleted the more advanced the genome editing
tools need to be in terms of accuracy and multiplexing. Otherwise, a higher number of
transformation rounds are required to reach the desired number of correct alterations.
Each transformation round and inherent propagation of the strain can lead to
undesired mutations as investigated in Chapter 3 of this thesis. An alternative to
reduction of native genomes is the chemical synthesis of reduced synthetic genomes,
discussed in the following subsections.

Top-down approaches with synthetic genomes
Craig Venter and coworkers demonstrated that synthetic genomes, almost identical to
M. genitalium (580 kb) and Mycoplasma mycoides JCVI-Syn1.0 (1.08 mb) could be
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assembled by in vitro techniques and in vivo assembly in yeast (49,50,77).
Transplantation of the synthetic genome JCVI-Syn1.0 in a M. capricolum recipient cell
that was forced to lose its own genome, resulted in a synthetic cell (77). In pursuit of a
minimal genome, the same group (128) used several approaches to design an in silico
minimal genome. First, by using transposon mutagenesis of M. genitalium, essential,
quasi-essential and non-essential genes were identified. In addition, comparative
genomics of Haemophilus influenzae and M. genitalium together with biological
knowledge on proteins necessary to sustain life, revealed a possible core set of genes.
This in silico minimal synthetic genome, referred to as JCVI-syn3.0, was synthesized,
assembled and transplanted similarly to JCVI-syn1.0 efforts. Interestingly, out of the
473 genes in JCVI-syn3.0, the cellular function of 149 was unknown, highlighting the
gaps in fundamental biological knowledge. This smallest (synthetic) self-replicating
organism had a three times increased doubling time as compared to its M. genitalium
‘parent’ (128).

The largest scale effort of making a synthetic eukaryotic genome is the Sc2.0 project,
discussed earlier (129), in which multiple research groups worldwide collectively
synthetize and assemble a synthetic S. cerevisiae genome. The synthetic genome is
nearly identical to the S. cerevisiae template. However, some changes were introduced
to promote a more stable genome including removal of Ty elements, Long Terminal
Repeats (LTR) and introns. Although the aim of this project was not genome reduction,
these changes resulted in a total genome reduction of approximately 8%. While this
type of genetic reduction of non-coding regions may increase genome stability and
possibly decrease ATP expenses, these alterations by themselves do not really facilitate
metabolic engineering. However, other changes that could facilitate metabolic
engineering, such as addition of LoxPsym sites for inducible evolution (called
SCRAMBLE) and the removal of the TAG stop codon for utilization in an orthogonal
system, were also introduced (129).

A radically new approach to pathway engineering in S. cerevisiae

The Sc2.0 project offers a unique possibility at studying yeast genome architecture and
the SCRAMBLE systems allows for selecting interesting phenotypes by inducible
evolution. Contrary to the discovery-driven approach of engineering S. cerevisiae for
biotech products by the Sc2.0 SCRAMBLE system, this section discusses alternative
approaches based on efficient modular pathway engineering.

Any product will depend on the host core machinery for energy conservation, co-factor
balancing and supply of relevant precursors. Construction of microbial cell factories
with economically relevant TRYs therefore entails intensive and extensive engineering
of these core processes. The central carbon metabolism (CCM), as considered in

33



Chapter 2 (excluding reserve carbohydrates and plasma membrane transporters),

encompasses circa 53 enzymatic reactions (glycolysis, gluconeogenesis, ethanolic

fermentation, pentose phosphate pathway, tricarboxylic acid cycle, anaplerotic

reactions mitochondrial carriers, fumarate reductases, glyoxylate cycle, acetyl-CoA

synthesis, glycerol synthesis, gluconeogenesis), encoded by approximately 111 genes

(Figure 4). The CCM provides most of the relevant precursors, cofactors and energy for
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high-value chemical building blocks and is therefore an important target for genetic
engineering of cell factories (130). The production of farnesene in S. cerevisiae is an
excellent example of the need to rewire the CCM to obtain a relevant TRY for industrial
application. By introducing four non-native reactions, the generation of acetyl-CoA was
altered resulting in higher farnesene yield and titer, while requiring less oxygen than
the control strain (131). Despite this and some other examples (132,133), only limited
knowledge-based engineering of central carbon metabolism has been performed for
three main reasons: (i) the central role of the CCM enzymes in metabolism implies that
the enzymes are functionally entwined with each other and with peripheral pathways,
(ii) the CCM genes/enzymes are under tight and intricate regulatory control
mechanisms and (iii) the CCM genes have only limited genetic accessibility. The latter
point implies that genes cannot simply be deleted and replaced, because most are
essential for survival of the cell. Furthermore, the approximately 111 genes of the CCM
are scattered across yeast’s sixteen chromosomes, making large scale reprogramming
even more tedious. Focusing on the Embden-Meyerhoff-Parnas pathway of glycolysis
as paradigm, Solis-Escalante et al. (127) and Kuijpers et al. (134), proposed a radically
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new approach to rapidly and efficiently edit a key pathway of the CCM in yeast. The
Minimal Glycolysis strain described in the previous section is a powerful platform to
study genetic redundancy and to easily perform single complementation of the
glycolytic and alcoholic fermentation genes. However, the remaining major paralogs
are still scattered across different chromosomes, making a full replacement of
glycolysis laborious and time consuming (127). Starting from the MG strain,
Kuijpers et al. (134) developed a model for pathway swapping (Figure 5). The concept
of pathway swapping is based on relocalising all genes from a particular pathway to
one chromosomal location, such that the entire pathway can be easily replaced by an
alternative design. In the case of glycolysis and fermentation, the 13 remaining major
paralogs of the MG strain were clustered at a single locus on chromosome IX, while
their native copies were removed from their original loci. Remodelling of this single
locus glycolytic pathway could be achieved within 2 weeks, by integrating a second
copy of glycolysis in chromosome V and removing the first copy from chromosome IX.
The SwYG strain has been used to study the effect of watermarking on gene expression
and yeast physiology and could be applied to study the expression, regulation and
product formation of heterologous glycolysis designs (135).

Scope of this thesis

The aim of this PhD thesis is to design, construct and use a versatile yeast synthetic
platform in which the central carbon metabolism (CCM) can be remodeled at will.

The evolutionary forces responsible for the maintenance of genetic redundancy in all
eukaryotic and some prokaryotic genomes are still largely unresolved. This
redundancy presents an obstacle for fundamental studies and for metabolic
engineering programs. The construction of the MG and SwYG strains demonstrates that
genetic redundancy can be reduced without visible impact on physiology and that
strains with reduced genomes can be used to remodel essential pathways in
S. cerevisiae CCM. Inspired by these earlier studies, Chapter 2 aims at extending these
achievements to the whole CCM of S. cerevisiae, with the pathways specified in the
previous section (Figure 4). Based on literature, an attempt was made at reducing CCM
genetic complexity by deleting genes considered as redundant for growth. Redundancy
was defined as null or minor effect (less than 25% decrease) on specific growth rate in
the presence or absence of the genes in, chemically defined medium with glucose or
ethanol as sole carbon source. This top-down approach represents a reduction in
genetic complexity of 32 % in the CCM.

In an era rapidly moving towards designer genomes, the lack of predictability of
biological systems presents a considerable hurdle. Considering the growing
complexity of pathways genetic design, the ability to efficiently design large genetic
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constructs from DNA parts and to predict the outcome of this genetic design becomes
increasingly important. While the MG strain did not show a measurable phenotypic
response under a wide array of growth and stress conditions, the SwYG strain in which
the same set of glycolytic genes is clustered instead of scattered, did show a substantial
decrease in growth rate. This unexpected response could not be explained by a
decreased activity of glycolytic enzymes, but several other mechanisms could be
involved. For instance, integration of this 35 kb glycolytic DNA cassette, irrespective of
the genes carried, could alter structure, transcription or replication at the integration
locus. Alternatively, as glycolytic genes are among the most intensively transcribed in
the cells, a glycolytic DNA cassette might present a transcriptional hotspot, potentially
clashing with replication or interfering with the expression of genes framing the
integration site. To explore the causes of SWYG’s slower growth rate, in Chapter 3 an
in-depth study of its physiology is combined with adaptive laboratory evolution and
reverse engineering. Although the exact mechanism underlying the reduced growth
rate was not unveiled, two realistic hypotheses could be formulated and important
guiding principles for the genetic design of synthetic pathways were identified.

Expanding the pathway swapping approach from glycolysis to the entire CCM would
require the clustering of the 76 major paralogs identified in Chapter 2 at one genomic
locus. Stitched altogether these genes represent a DNA construct of approximately
200 kb, the size range of S. cerevisiae smallest chromosome. Introduction or removal
of a DNA cassette of this size into a native chromosome presents a risk to disrupt or
alter the activity of neighboring genes, or even distort the integrity and stability of
chromosomes. Chapter 4 explores the potential of supernumerary synthetic
neochromosomes to serve as modular platform to engineering pathways in yeast. This
chapter evaluates the assembly efficiency of many overlapping transcriptional-unit
sized DNA fragments into large test-chromosomes mostly consisting of non-coding
DNA. The genomic stability of different test chromosome designs is probed and the
impact on yeast physiology is evaluated. Moreover, a first step towards pathway
swapping using neochromosomes is set in this chapter by relocalising the essential
glycolytic pathway on this synthetic chromosome.

In Chapter 5 the knowledge obtained from the previous chapters is combined in order
to construct a neochromosome which serves as expression platform for native as well
as heterologous pathways. The neochromosome is constructed in a strain in which part
of the CCM (glycolysis, alcoholic fermentation and pentose phosphate pathway) is
reduced in genetic complexity, as demonstrated in Chapter 2. With the knowledge of
neochromosome design and construction from Chapter 3 and Chapter 4,
chromosomes carrying the major paralogs of glycolysis and the pentose phosphate
pathway as well as the genes from the E. coli shikimate pathway were constructed.
Subsequently, the glycolytic and pentose phosphate pathway genes were deleted from

37



their native location, resulting in a strain in which these pathways can be easily
swapped. Finally, the constructed neochromosomes were used as a landing pad for the
plant flavonoid biosynthetic pathway, such that genes encoding all metabolic enzymes
from substrate to product required for anthocyanin production were located on the
neochromosome. This work illustrates the potential of modular genomes in which core
metabolic networks, localized on satellite, specialized neochromosomes can be
swapped for alternative configurations and serve as landing pads for addition of
functionalities.
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