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Students at the Technische Hogeschool Delft, circa 1914. From the 
Almanak of the D.V.S.V. 1914, personal property of the author. 
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The DNA of mitochondria, 'the powerhouse of the cell', 
is passed on through the maternal line. Therefore, I 
would like to dedicate this book to the women who 

have inspired me, and those who inspire the next 
generations of (female) scientists, striving for inclusivity 

and equality in science and society.

you are one person  
but when you move  
an entire community  
walks through you 
 

- You go nowhere alone
Home Body, Rupi Kaur
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Summary
Over the past thirty years, technologies to precisely edit DNA have dramatically improved, kickstarting the 

of living organisms and their functions, making the engineering of cells more predictable, standardized, 
and modular. Synthetic biology is mostly applied to enable the engineering of tissues, (micro)organisms or 

minimal cells. Building synthetic cells is extremely interesting from a fundamental perspective, as the ability 

the minimal requirements to sustain life. This should enhance our understanding about which biological 
parts are minimally required for a cell to live, and how different cellular functions work and interact with 
each other. In addition to this, such a minimal cell can provide new insights in origins of cellular life 
and how this evolved. Besides a fundamental understanding of life, synthetic cells can also be applied 
as synthetic biology tools, for example for synthesis and delivery of therapeutics, or the production 
of compounds that cannot be produced with currently available organisms used as cell factories.  

The research presented in this thesis was performed within the Building a Synthetic Cell (BaSyC) consortium, 
that aims to build a synthetic cell completely from scratch. Starting with simple biological parts, such as 
DNA, RNA, proteins and lipids, the research efforts in BaSyC aim to bring simple biological components 
together to build a synthetic cell. The research within the consortium is split between different parts of the 
synthetic cell, and the presented research focused on building the genome of a synthetic cell. Therefore, the 
overarching goal of the research described in this thesis was to devise a strategy for building the genome of 
this synthetic cell, using baker’s yeast Saccharomyces cerevisiae. 

de novo using 
yeast in vivo S. cerevisiae 
mitochondria. The introductory Chapter 1 provides an overview of approaches that are used to design 
and build synthetic cells and summarizes of the progress and applications of synthetic cells. Additionally, 
it provides a rationale to how mitochondria can be used as starting point of synthetic cells and lists the 
challenges that are associated with research into mitochondrial biology and engineering of mitochondrial 
genomes, including challenges in targeting proteins, DNA and RNA to the mitochondria. 

Building a synthetic genome requires a method to assemble DNA, as either separate genes or expression 
cassettes into a full genome. In Chapter 2, the potential of S. cerevisiae to act as a ‘genome foundry’ is 

the rational design and construction of chromosomes and genomes for synthetic cells and cell factories. 
Currently, progress in synthetic genomics is mostly hindered by the inability to synthesize DNA molecules 
longer than a few hundred base pairs in vitro, while the intended size of the synthetic cell genome would be 
over one hundred kilobase pairs long. Therefore, a method to assemble these small synthetic fragments of 
DNA into long synthetic genomes is needed. A widely used approach for the assembly of pieces of DNA 
is yeast in vivo assembly. In this method, linear fragments of DNA with homologous ends are transformed 

S. cerevisiae
a process called homologous recombination. This approach has already been used to assemble DNA up 
to several hundred kilobase pairs, but its limits have not yet been reached. In Chapter 2, the pivotal role 
of Saccharomyces cerevisiae in the establishment of synthetic genomics is reviewed, and an overview is 
provided of the various genomes that have been assembled using this yeast, while also looking forward to 
the key role that the S. cerevisiae genome foundry will play in the future development of synthetic genomics 
and synthetic cells. 

Nevertheless, the construction of synthetic cells is not advanced to the level where an assembled genome 
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can readily be encapsulated and expressed. As described in Chapter 2, there are still gaps in knowledge 
on the compatibility of yeast in vivo assembly with exogenous or repetitive DNA sequences. To overcome 
these challenges, we envisioned the engineering and expansion of the preexisting minimal genome of 
yeast mitochondria as an intermediate for building synthetic cells. Before the mitochondrial genome can 

S. cerevisiae mitochondria, which was the focus of Chapter 3. A second, more technical challenge is the 
unavailability of DNA editing technologies for the integration of genes in the mitochondrial DNA, which was 
further explored in Chapters 4 and 5.

processing and splicing. In Chapter 3

of mitochondrial RNA. The mitochondrial transcriptome has a polycistronic, and therefore, complex, mosaic 
structure. Additionally, the analysis of the mitochondrial transcriptome is complicated, as the transcriptome 

transcriptome. Because of this, the mitochondrial transcriptome is rarely studied in transcriptome analysis 
and fundamental questions regarding mitochondrial gene expression and splicing remain unresolved, even 

S. cerevisiae.

present in the complex mitochondrial transcriptome, and by enrichment of the mitochondrial transcriptome 
fraction. To this end, a method for enrichment of mitochondrial RNA and sequencing using isolation of 

described in Chapter 3

all transcripts, and resolved RNA splicing patterns with a single base pair resolution. Subsequently, this 
method was applied to explore the transcriptome response of S. cerevisiae grown with glucose or ethanol as 

and splicing. The research presented in this chapter uncovered a remarkable difference in abundance of 
group II introns between yeast grown in mostly fermentative and fully respiratory conditions. Characterization 
of a strain devoid of introns did not show a profound impact on respiratory activity. Therefore, this chapter 
opens new questions as to what impact this accumulation of introns has on mitochondrial functions.

The genetic engineering of a genome often requires the use of auxotrophic selectable marker genes. These 
genes encode a metabolic trait that can be used to select engineered cells by omitting a nutrient in the growth 

ARG8. 
The ARG8 gene encodes the mitochondrially localized acetylornithine aminotransferase, which catalyzes an 
essential step in arginine biosynthesis.
In Chapter 4, a frequently occurring revertant mutation was found that could bypass arginine auxotrophy 
in mutants, rendering the only auxotrophic selectable marker ineffective. Additionally, the arginine 
prototrophic UME6 

is a transcriptional regulator involved in many pathways, including arginine synthesis. The mutation most 
CAR2 gene. Car2 catalyzes 

a reaction leading towards a precursor of arginine, providing the cells with an alternative route for arginine 
biosynthesis. Double deletion of ARG8 and CAR2 caused complete and stable arginine auxotrophy. An 

 strain can be used for future mitochondrial targeting and expression studies using 
the ARG8 marker.

purposes as well as synthetic biology applications. Despite many efforts, the integration of genes in the 

Several studies have reported the import of short RNA in mitochondria, leading to several putative import 
mechanisms and import determinants that may facilitate import of short RNA. However, evidence for RNA 

thesis.indd   9 31-07-2023   11:23



10

 S

import is often circumstantial as there are no methods to directly determine and quantify the import of RNA 

Therefore, Chapter 5 describes the design and testing of experimental strategies to detect and improve the 
S. cerevisiae

was developed to screen for mitochondrial translocation of mRNA containing RNA import signals. Although 
mitochondrial translocation of mRNA was detected, import appeared to be random and dependent on the 

Chapter 5 also 
describes an evolutionary engineering approach for RNA import based on the ARG8 marker described 
in Chapter 4. This approach was employed to identify potential mechanisms for the import of RNA and 

proteomics revealed this was due to altered protein expression and turnover, likely resulting in altered 

achieved despite the extensive evolution under a strong selective pressure, highlighting the complexity 
of mitochondrial RNA import. Nevertheless, this approach is a promising, unambiguous method for future 
import studies with different (shorter) RNAs or yeast mutants.
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Samenvatting
In de afgelopen dertig jaar hebben de technieken om DNA op een heel precieze manier te bewerken een 
verregaande ontwikkeling doorgemaakt. Dit heeft het onderzoeksveld van synthetische biologie tot stand 
gebracht. Synthetische biologie omvat al het onderzoek naar het rationeel ontwerpen en herontwerpen van 
levende organismen. Hierdoor kunnen cellen worden aangepast op een voorspelbare, gestandaardiseerde 

op het gebied van menselijke gezondheid, ecologie of duurzaamheid. Synthetische biologie is oorspronkelijk 

bouwen van een synthetische cel brengt veel fundamentele wetenschappelijke kennis met zich mee. Het op 

in de minimale vereisten die ten grondslag liggen aan het leven. Hierdoor kunnen we beter begrijpen welke 
biologische onderdelen minimaal nodig zijn om een cel in leven te houden, hoe verschillende onderdelen 
van een cel werken en hoe deze onderling met elkaar samenwerken. Daarnaast kan een minimale cel inzicht 
bieden in hoe cellulair leven is ontstaan en is geëvolueerd. Naast een beter fundamenteel begrip van hoe 
levende cellen werken, kunnen synthetische cellen ook als hulpmiddelen toegepast worden, om bijvoorbeeld 
geneesmiddelen te produceren en deze op de juiste plek in het lichaam af te leveren, of voor de productie 

fabrieken’) niet geproduceerd kunnen worden.

Het onderzoek dat in dit proefschrift beschreven wordt, is uitgevoerd binnen het Building a Synthetic Cell 
(BaSyC) consortium. Het doel van BaSyC is om een synthetische cel stapsgewijs op te bouwen, vanuit 
de biologische ‘bouwstenen’ DNA, RNA, eiwitten en vetzuren. Het onderzoek binnen het consortium is 

komen tot een synthetische cel. Het onderzoek dat beschreven wordt in dit proefschrift richtte zich op het 
opbouwen van het genoom van de synthetische cel uit DNA. Het overkoepelende doel van dit onderzoek 
was dan ook om een strategie te bedenken voor het produceren van een synthetisch genoom voor de 
synthetische cel, waarbij gebruik wordt gemaakt van de bakkersgist Saccharomyces cerevisiae.

In dit proefschrift is onderzoek gedaan naar twee verschillende manieren om een synthetisch genoom te 
bouwen, namelijk het volledig opbouwen van een genoom met behulp van bakkersgist en het uitbreiden 
van het reeds bestaande, minimale genoom van mitochondriën in gist. In Hoofdstuk 1 worden verschillende 
manieren om synthetische cellen te ontwerpen en produceren uiteengezet, en wordt de voortgang van 
de constructie en de potentiële toepassingen van een synthetische cel samengevat. Verder wordt in dit 
hoofdstuk beschreven hoe mitochondriën als startpunt van de synthetische cel gebruikt kunnen worden. 
Tevens wordt er een overzicht gegeven van de uitdagingen die gepaard gaan met het onderzoek naar 
mitochondriën, waaronder het bewerken van het mitochondriële DNA en het lokaliseren van eiwitten, RNA 
en DNA in de mitochondriën.

Om een synthetisch genoom te produceren, moet een methode worden ontwikkeld om DNA, in de vorm 
Hoofdstuk 2 wordt 

beschreven hoe dit gedaan kan worden met de gist S. cerevisiae. Deze gist kan gebruikt worden als een 
Synthetic genomics’ 

heet, wordt onderzoek gedaan naar het rationele ontwerp en de bouw van synthetische chromosomen en 
genomen van synthetische cellen en cellulaire fabrieken, De ontwikkelingen op het gebied van synthetische 
genomica worden op dit moment belemmerd doordat het met de huidige technieken niet mogelijk is 

in vitro). Het 
theoretisch benodigde genoom voor de synthetische cel is echter minimaal honderdduizend baseparen 
lang. Een mogelijke oplossing is het ontwikkelen van een methode om korte, in vitro

voegen is al in ontwikkeling, namelijk ‘in vivo
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De in vivo 
Dit gebeurt door middel van een proces dat homologe recombinatie heet, waarbij gebruik wordt gemaakt 

fragmenten met overlappende uiteinden in de gistcel te brengen, kan op deze manier een lang stuk DNA 

baseparen lang gemaakt worden, en de maximale lengte van DNA die deze methode kan produceren is nog 
niet bereikt. In Hoofdstuk 2 wordt de centrale rol van Saccharomyces cerevisiae binnen de synthetische 
genomica besproken, en wordt een overzicht gegeven van alle genomen die tot nu toe met deze gist zijn 

S. cerevisiae 
zal spelen in toekomstige ontwikkelingen binnen het gebied van synthetische genomen en synthetische 
cellen.

Ondanks deze ontwikkelingen op het gebied van synthetische genomica, is het nog niet mogelijk om een in 
gist geproduceerd genoom in een synthetische cel te introduceren en tot expressie te brengen, om zo een 
levende cel te maken. Zoals beschreven in Hoofdstuk 2, is er nog veel onbekend over de in vivo 

Daarom wordt er in dit proefschrift nog een tweede strategie beschreven om een minimaal synthetisch 
genoom te produceren. Hierin wordt een genoom niet vanuit het niets opgebouwd, maar wordt het reeds 
bestaande, zeer minimale, mitochondriële genoom van gist aangepast en uitgebreid als tussenstap voor het 
maken van een synthetisch genoom. Er zijn echter twee uitdagingen die het aanpassen van het mitochondriële 
genoom in de weg staan. Ten eerste is er een beter fundamenteel begrip nodig van de manier waarop de 
mitochondriën van S. cerevisiae genen tot expressie brengen, wat uiteen wordt gezet in Hoofdstuk 3. De 

in het mitochondriële genoom te voegen, dit wordt verder onderzocht in Hoofdstukken 4 en 5.

Het mitochondriële genoom van S. cerevisiae 
meerdere genen bevatten en na transcriptie verder worden verwerkt en gesplitst, in een proces dat ‘splicing’ 
heet. In Hoofdstuk 3 worden openstaande vragen rondom de expressie en het verwerken van mitochondrieel 
RNA, ofwel het transcriptoom, verder onderzocht. Het mitochondriële RNA heeft een complexe structuur, 
en elk transcript kan op verschillende manieren verwerkt worden. Daarnaast wordt het mitochondriële 

cel omvat. Wanneer RNA wordt geïsoleerd uit een cel, gaat het mitochondriële RNA vaak verloren. Hierdoor 
wordt het mitochondriële transcriptoom vaak niet geanalyseerd en is er nog veel onbekend over de expressie 
en splitsing van mitochondriële genen, zelfs in de goed bestudeerde mitochondriën van S. cerevisiae.
Een oplossing hiervoor is het gebruik van nieuwe methodes die lange stukken RNA in één keer kunnen 

structuren in de mitochondriën in kaart gebracht worden. In Hoofdstuk 3 wordt de ontwikkeling van een 

methode is het mitochondriële transcriptoom volledig in kaart gebracht. Daarnaast konden de verschillende 
splitsingspatronen van het mitochondriële RNA tot op de basepaar nauwkeurig in beeld gebracht worden. 
Deze methode is vervolgens toegepast om te meten wat het effect was op het mitochondriële transcriptoom 
van S. cerevisiae
effect dit had op de expressie en het splitsingspatroon van het mitochondriële RNA. Het onderzoek in 
dit hoofdstuk heeft een opzienbarend verschil aangetoond tussen voornamelijk fermenterende gisten op 

intronen, die normaliter uit het RNA worden verwijderd. Er was echter geen aantoonbaar verschil in respiratie 

Deze genen coderen voor een enzym, dat een essentiële stap in de aanmaak van een cellulaire bouwsteen 
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door ze te groeien op voedingsbodem waarin de desbetreffende bouwsteen is weggelaten. Dit zorgt voor 

mitochondriële genoom bestaat er slechts één auxotroof selectiegen, ARG8. Het ARG8
het mitochondriële eiwit acetylornithine aminotransferase, welke een essentiële stap in de aanmaak van het 
aminozuur arginine katalyseert.
In Hoofdstuk 4 is een veel voorkomende mutatie ontdekt in een giststam waarin ARG8 verwijderd was. 
Door deze mutatie kon de gist op een andere manier arginine aanmaken, waardoor het enige beschikbare 

mutatie ontdekt in het gen UME6. Het genproduct van UME6 reguleert de transcriptie van vele metabole 

eiwit, met als gevolg de expressie van het gen CAR2
genproduct van CAR2 katalyseert een reactie die leidt tot een grondstof van arginine, waardoor de cellen 
een alternatieve manier hadden om arginine te produceren. Deletie van zowel ARG8 als CAR2 uit het 

S. cerevisiae stam kan gebruikt worden 
in toekomstige onderzoeken waarin mitochondriële lokalisatie en expressie wordt bestudeerd met behulp 
van het ARG8

ook vanuit een medisch perspectief. Ondanks vele pogingen is men er nog steeds niet in geslaagd om 
een nieuw gen in het mitochondriële genoom te integreren, zelfs niet door middel van het doorgaans 

mechanismen en factoren die de import van RNA in de mitochondriën zouden faciliteren. Het bewijs voor 

Daarom zijn in Hoofdstuk 5

moleculen aan te tonen in S. cerevisiae. Allereerst werd er een methode ontwikkeld en getest om mRNA 

methode de verplaatsing van mRNA naar de mitochondriën werd gedetecteerd, leek het importmechanisme 

een oplossing voor te ontwerpen. Daarom werd in Hoofdstuk 5 een tweede methode ontwikkeld waarbij 

mechanisme. Hierbij werd gebruik gemaakt van het ARG8 Hoofdstuk 4. Door middel 

verandering in het verbruik van arginine in de cel. Deze analyse bevestigde dat de import van RNA niet kon 
worden aangetoond of verbeterd, ondanks de zeer lange evolutie onder een sterke selectiedruk, en toont 
aan hoe complex de import van RNA in mitochondriën is. De methode is echter veelbelovend om de import 
van RNA in de mitochondriën in de toekomst mogelijk te maken, eventueel met andere of kortere RNA's, of 
kan gebruikt worden om mutanten te vinden die RNA in de mitochondriën kunnen importeren.
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1.1 Approaches for building synthetic cells

The role of synthetic biology in society
The ability of humans to precisely edit DNA, the ‘blueprint’ of all living systems, has rapidly increased over 

is preferably done in a standardized and modular way so engineering of microorganisms becomes more 

systems, with applications mostly in therapeutics, industry and manufacturing and sustainable agriculture. 
The host used in synthetic biology efforts varies depending on the application. Synthetic biology in healthcare 
often focuses on engineering mammalian tissues and developing relevant diagnostics and therapeutics, but 
also includes engineering of organisms in human microbiomes and production of medicine and vaccines 

in agriculture is often focused on the engineering and improvement of plants and food crops and the newer 

or microbial CO2

From synthetic biology towards synthetic cells

Figure 1.1. Strategies for construction of synthetic cells.

combined as building blocks for engineering of synthetic cells. Mitochondria can be considered an intermediate between 
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1

cells. Building synthetic cells is extremely interesting from a fundamental perspective, as the path towards 

biological parts are necessary for a cell to divide and maintain life. This will enhance our understanding 
about the minimal requirements of life, how different cellular functions work and interact with each other, 

synthetic cell research would not be to build anything like a prokaryotic or eukaryotic cell, but will consist of 
a much simpler system that can at least replicate autonomously while mimicking the general makeup of any 
living cell. This minimal synthetic cell would consist of a lipid membrane that encapsulates DNA that can be 
transcribed into RNA, which can be translated into protein. The cell would also need a metabolism to provide 
required building blocks for cell division and an energy metabolism that supports the basal functions of the 

functions, although many promising efforts have been made, such as in vitro 

Once successful, these synthetic cells may play roles besides fundamental understanding of life, for example 

promising results, their function could be extended by using synthetic cells. This could include drug delivery, 
or for in in situ
cells also may have implications as synthetic cell factories in an industrial setting. Although the current list of 
available and genetically accessible cell factories and therapeutic microorganisms is rapidly expanding due 

accessible. These technological hurdles can be overcome by using a clean background strain, i.e., a cell 
that can divide and maintain viability under industrially relevant conditions. These cells can theoretically be 
fully ‘programmed’ by adding the required metabolic pathways or cellular functions in the clean background 

development of minimal synthetic cells. The latter would be optimal for applications in therapeutics or as 
clean background strain.

Top-down engineering of synthetic cells

it could be a minimal synthetic cell, which are synthetic cells that only contain the most basal requirements 

modular or better understood genome (Figure 1.1

building synthetic genomes (synthetic genomics, reviewed in Chapter 2) and is mostly performed by a few 
leading institutes or consortia. Bacterial, algal, viral and mammalian synthetic genomics is mostly performed 
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Bottom-up engineering of synthetic cells

cytoskeleton and cell growth and division machineries, as well as functional parts including, but not limited 
to, metabolism, protein expression machineries, and genome maintenance and division (Figure 1.1

Synthetic Cell (BaSyC, www.basyc.nl), of which the research presented in this thesis was part of. BaSyC is 

Even though theoretically the rational design of a synthetic cell would be more suited for the design of 

and several fundamental challenges need to be overcome before a synthetic cell can be built. This includes 
identifying which components are required for the assembly of a synthetic cell, how to reconstitute those 
in vitro

The genome will be the core of any synthetic cell, encoding all the genes required for the structure and 
functions of the cell, which would hypothetically encode between 100 to 200 genes and be approximately 

including in vivo

Saccharomyces cerevisiae as an 

Mitochondria: a type of minimal cell
Mitochondria are a special type of organelle, as they have a cellular origin. The current consensus is that 

ancestor transitioned from an independent cell into an organelle that was dependent on its archaeal host, 

to the nuclear genome of its host, while the mitochondrial ancestor evolved protein machinery to import the 

the mitochondrial ancestor provided metabolic energy and cofactors required for the archaeal proteins and 

contain their own minimal genome and the tools to translate this genome as well as a functional membrane 
and energy metabolism, while the expression of proteins involved in all other mitochondrial processes and 

This study focuses on the use of mitochondria of the yeast Saccharomyces cerevisiae as a starting point 
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Figure 1.2. The morphology of mitochondria. A) S. cerevisiae cells with red fluorescent mitochondria imaged using light 

using transmission electron microscopy, showing the cristae structure of the inner membrane. The scale bar represents 
et al.
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designed synthetic cells can be circumvented (Figure 1.1). By introducing genes or synthetic cell modules, 
the functions of mitochondria can be expanded, or the autonomy of mitochondria can be increased, providing 
a system to test and build (parts of) a synthetic cell. S. cerevisiae is an optimal host for this approach, as 

Before yeast mitochondria can be converted into synthetic cells, there are knowledge and technological 

organelle can be used for synthetic cell research.

1.2 Mitochondrial biology of Saccharomyces cerevisiae

Mitochondrial functions and physiology 

functions that are essential for the cell. The inside of mitochondria, the mitochondrial matrix, is enclosed by a 
protective outer membrane (OM) and a heavily folded inner membrane (IM) coated with proteins. These folded 
structures, known as cristae, provide a large active surface area within the relatively small mitochondrial volume 

(Figure 1.2
are popularly known as the 
‘powerhouse of the cell’, as 
they are responsible for the 
conservation of most of the 
cellular metabolic energy in the 

phosphorylation using the 

or respiratory chain), located 
on the mitochondrial inner 
membrane. Mitochondria also 
conserve energy through 
the TCA cycle, which is 
located in the mitochondrial 

essential functions in the cell, 
including the metabolism 
of reactive oxygen species 
(ROS), biosynthesis of fatty 

clusters and heme, as well 
as the maintenance of redox 

Additionally, mitochondria play 
a key role in cellular processes, 
primarily chronological 

dynamic organelles and their 
morphology and mass shift 

Figure 1.3. Mitochondrial morphology and DNA content of S. cerevisiae under 

different conditions. Mitochondrial mass is shown in green by targeting of a green 
fluorescent protein to the mitochondrial matrix (top), while cellular DNA content is stained 

DNA content changes due to carbon repression and altered respiratory capacity, which 
depends on the carbon source. Mitochondrial morphology is governed by the type of 

and galactose, and growth is fully respiratory on ethanol. Mitochondrial functions are 
repressed by carbon catabolite repression on glucose, yielding tubular mitochondria. 
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through the mitochondrial ETC, mitochondria are spherical and occupy up to 35 % of the cellular mass, while 

the cellular volume (Figure 1.3

The S. cerevisiae mitochondrial genome and proteome
While mitochondria contain a small, well characterized genome that encodes only eight proteins, their 

of the total S. cerevisiae

mitochondrial proteome is encoded on the mitochondrial genome and translated in the mitochondrial matrix. 
The mitochondrial genome (mtDNA) of S. cerevisiae was fully characterized in 1998 by Foury and colleagues 
and consists of an 86.1 kilobase pairs (kb) long sequence that primarily encodes eight components of the 

Mitochondrial transcription in S. cerevisiae 
S. cerevisiae mitochondria utilize a transcription machinery distinct from the cytosolic machinery. Conversely 
to the nuclear genes, mitochondrial genes are transcribed as polycistronic primary transcripts. Their 

and DNA content, RNA transcription of the mitochondrial genome is also heavily dependent on the 
carbon source, as the nuclear encoded proteins controlling mitochondrial transcription are subjected to 

mitochondrial polycistronic transcripts are subjected to posttranscriptional processing. This occurs at 
conserved dodecamer sequences or by autocatalytic cleavage. These RNA processing events free the 
transcripts destined for translation and modulate transcript level and gene expression (Figure 1.4

additionally contain introns. Therefore, the RNA is also subjected to splicing to remove intron sequences 
and mature the exon mRNA. Three of these ORFs (COX1, COB and 21S rRNA) have a mosaic structure. In 
these genes, the introns also contain coding ORFs. These ORFs encode proteins that are involved in the 
splicing of their respective primary transcript (Figure 1.4
dependent on splicing of mitochondrial mRNAs. There is a lot of speculation as to why the mitochondrial 
introns have not been lost in evolution of the S. cerevisiae genome, as introns appear to be dispensable for 
the host and the distribution of mitochondrial introns widely vary between the Saccharomycetaceae

S. cerevisiae

in vitro but require accessory proteins for 
splicing in vivo. Both intron classes can act as mobile genetic elements that proliferate through a mechanism 

regulating mitochondrial gene expression. 
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1.3 Engineering the mitochondrial genome

Genome maintenance and engineering of Saccharomyces cerevisiae
The mitochondrial genome is packaged in nucleoids and is present in 50 to 200 copies, depending on the 
cellular environment, which represents up to 15 % of the whole cell DNA content (Figure 1.3
The mtDNA is comprised of concatenated linear and circularized molecules, and despite the presence 
of three active origin of replications (oris) on the mtDNA, mitochondria are hypothesized to replicate via 
an ori
highly dynamic organelles continually fuse and fragment, enabling mtDNA exchange between mitochondria 
within a cell. Oxidative phosphorylation releases ROS species that cause damage to mitochondria, and 

mitochondria can repair damaged mtDNA through homologous recombination, likely by resection 
and annealing using proteins from the RAD52

Figure 1.4. Different levels of polycistronic RNA processing present in the mitochondria, exemplified by the COX1-ATP8-ATP6 

polycistronic transcript

promoter and is terminated at one of the dodecamer sequences. Mitochondrial genes can be a single open reading frame (blue, ATP8/6) 
or contain introns (yellow boxes, COX1). B) Multiple genes are expressed by a single promoter, yielding a polycistronic transcript. 

ATP8-6, 
two proteins. E) Mature mRNAs are translated into their respective proteins.
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transformation methods to localize exogenous DNA in the nucleus are available, the DNA delivery 
in vivo. 

transmitochondrial cytoplasmic hybrid cells (cybrids) by fusion of recipient cells devoid of mtDNA with 

S. cerevisiae to live 
without a functional respiratory chain is a strong attribute for mtDNA engineering. S. cerevisiae

0

robustness of S. cerevisiae to mitochondrial mutations and its tolerance to harsh transformation protocols 
makes it one of the two organisms, together with the alga Chlamydomonas reinhardtii, in which mitochondrial 

Traditional mtDNA engineering approaches of yeast
S. cerevisiae mitochondria have been successfully engineered in vivo with the use of microprojectile 

0  cells are bombarded with microscopic metal 
particles coated with DNA, bypassing the lack of natural competence of mitochondria. In a small fraction of 

Figure 1.5). The DNA 
is maintained in the mitochondria as a plasmid and mated with another mitochondrial mutant to complement 

used to integrate a limited number of genes, as a genetic selection pressure for the engineered mitochondria 

respiratory chain genes can be used to integrate new genes. The respiratory defect can be complemented 
by integration of a DNA fragment encoding the deleted gene, as well as any other exogenous genes that are 

genome that can only be obtained by another round of biolistic transformation. The second strategy does not 

host many of the amino acid biosynthetic pathways, leveraged by the second marker system, which relies 
ARG8, 

encoding acetylornithine aminotransferase, which catalyses the essential step from N

of ARG8 can be complemented by integration of the mitochondrially recoded gene in the mitochondrial 
ARG8 markers expand the 

possibilities of mitochondrial genome engineering slightly, but currently the integration of multiple genes still 
requires continuous recycling of markers. 

The CRISPR-Cas9 DNA-editing revolution

 strains and the lack of mitochondrial markers, could be overcome by using clustered regularly interspaced 
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the expression of a gRNA component with a sequence complementary to the targeted DNA locus, and an 

mediated repair (HR), where a DNA sequence with homology upstream and downstream to the DSB is 

protein, (ii) a gRNA molecule to guide the endonuclease to the intended locus on the mtDNA and (iii) a DNA 

or integration).

Targeted mitochondrial endonuclease proteins

machinery, consisting of the translocase of the outer mitochondrial membrane (TOM) and the translocase of 
the inner membrane (TIM). The TOM complex recognizes mitochondrial precursor proteins and unfolds and 
imports them into the mitochondrial intramembrane space (IMS), upon which the TIM complex directs the 
protein precursor towards either its insertion in the inner mitochondrial membrane (IMM) or the mitochondrial 
matrix (Figure 1.5

in the mtDNA, but also the repair of the mtDNA with exogenous DNA, and import of a gRNA to guide the 

DNA targeting to the mitochondria 
in vivo import mechanisms 

Figure 1.5) 

aggressive method compatible with standard transformation or transfection protocols would be desired. 
Despite the lack of natural competence of mitochondria, such methods for DNA delivery to the mitochondrial 

with genome engineering due to various reasons, including toxicity, hydrolysis of the conjugated DNA or 
incompatibility with in vivo
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Figure 1.5. Targeting of proteins, RNA and DNA in mitochondria of Saccharomyces cerevisiae. 

also reported to be imported by mitochondria, but the mechanism is unknown. C) DNA import in yeast mitochondria has not been reported 
in vivo

Targeting RNA to the mitochondria

in the mitochondrial matrix. Native RNA import has been described in mitochondria in multiple instances. 
In yeast, lysine tRNA
be imported in vivo

and plants require import of the majority of mitochondrial tRNA, and Trypanosomatidae even import all 

(t)RNA import, exact mechanisms are yet to be unraveled. For S. cerevisiae tRNA
that the import of the tRNA depends on sequential interactions with the glycolytic protein Eno2 and the 

in ribosomes located on the outside of the outer mitochondrial membrane. The tRNA then likely undergoes 
Figure 1.5

This import mechanism was only observed for tRNA

The import mechanisms of other (t)RNA species have not been elucidated yet, although proteins have been 

in vivo and in vitro
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(Figure 1.6). Considering this approach, 

engineer the mitochondrial DNA would 
strongly rely on the ability to target RNA 
into the mitochondrial matrix.

CRISPR/Cas9 editing of 
mtDNA: the status quo
Since the import of (t)RNA in 

and used to improve mitochondrial RNA 
import, mostly based on the sequences 
of yeast tRNA

the import of these sequences was 
shown to improve RNA import in 
isolated mitochondria in vitro

in vivo
controversial. Regardless, these 
signals have been used to target gRNA 
sequences into the mitochondrial matrix 
in an effort to edit the mtDNA using Cas9. 
A number of these studies reported 
depletion of mitochondrial DNA copies 
when repair DNA was not supplied, 
regardless of whether the gRNA carried 
mitochondrial RNA import signal or not 

was found when targeting Cas9 to the 
mitochondrial matrix regardless of the 

combined with the lack of conclusive 
evidence and reproducibility on 

with Cas9 has not been established 
yet, and that more research is required 
into RNA import, DNA repair and Cas9 
activity in the mitochondria. 

Figure 1.6. Proposed strategy for Cas9-mediated gene integration in 

the mitochondrial DNA while omitting a DNA-repair. Cas9 and a reverse 
transcriptase (RT) are targeted to the mitochondrial matrix using a mitochondrial 
targeting signal (i), while a chimeric RNA molecule consisting of a gRNA and 

Simultaneously, a copy of the chimeric RNA is used by the RT to generate a single 

repair of the DSB (v), resulting in stable integration of the ssDNA in the mtDNA (vi).
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1.4 Scope of this thesis

With the rise of synthetic biology, editing genomes in a modular way has become a staple in biotechnology. 
The next step goes beyond engineering living organisms, but aims at building entire cells de novo, by 
combining basic macromolecules into synthetic cells. At the core of any synthetic cell will be its genome, 
containing all the genes required for the division and maintenance of the cell, as well as any functions that 
the synthetic cells have. 
The overarching goal of the presented research was to establish strategies for building the genome of a 
synthetic cell using Saccharomyces cerevisiae, by either building a genome de novo or by engineering and 

transcriptional units encoding all functions of the synthetic cell. The assembly of DNA of such size could 
S. cerevisiae. Chapter 2 summarizes 

the contributions S. cerevisiae
shortcomings of this technology are, and envisions what role yeast may play in the future as a ‘genome 
foundry’.

At present, the construction of synthetic cells is not advanced to the level where an assembled genome 
can readily be encapsulated and expressed. The compatibility of yeast in vivo assembly machinery with 

many fundamental questions that need resolving, including the minimal set of genes required to obtain a 

organelle contains its own membrane, genome, transcription and translation machinery. Its functions and 
autonomy could be engineered by expanding the mitochondrial genome.

Expanding the mitochondrial genome does not only require good understanding of the mitochondrial 
genome sequence, but also on its expression. Although the mitochondrial genome is relatively small, it is 

processing. Chapter 3

sequencing of mitochondrial RNA to characterize the mitochondrial transcriptome and its processing. 

The integration of genes in the mitochondrial genome does not only require characterization of the genome, 

mitochondrial genome. Currently ARG8, an essential gene in arginine biosynthesis, is the only auxotrophic 
marker available for selection of mitochondrial expression. Chapter 4 reports the discovery of a frequently 
occurring mutation that can bypass arginine auxotrophy in a  background, and the development of a 
strategy to circumvent the loss of arginine auxotrophy.

Besides the availability of auxotrophic markers, mitochondrial genome editing is hampered by the lack 

engineering. In Chapter 5, a systematic analysis of translocation of mRNA to the mitochondrial matrix was 

on import of the ARG8 marker characterized in Chapter 4, was applied in an attempt to improve RNA import, 
and shine a light on the elusive underlying mechanism.
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2.1 Introduction

Saccharomyces cerevisiae, has played, and 

hosts, and in the refactoring of its own genome. This mini review explores the reasons for this strategic 
positioning of S. cerevisiae
future developments.

2.2 Synthetic genomics from a yeast perspective

Current limitations of genome assembly

Mycoplasma genitalium
Saccharomyces 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 2.1).
It starts with the customized synthesis of short DNA molecules called oligonucleotides. Oligonucleotides 

(bp). While the implementation of microarrays has substantially decreased the synthesis cost, it has not 

synthesized genome of M. genitalium
construct a complete synthetic genome. These DNA oligos can be assembled into longer DNA fragments 
owing to a plethora of in vitro

assemble the M. genitalium genome. As all in vitro
fragments that can reliably be stitched together in one reaction, usually around a dozen, requiring a stepwise 

Abstract

and offers novel approaches to study biology and to construct synthetic cell factories. Currently, 

is several hundred thousand base pairs. Methods to assemble small fragments of DNA into large 
molecules are therefore required. Remarkably powerful at assembling DNA molecules, the 
unicellular eukaryote Saccharomyces cerevisiae has been pivotal in the establishment of Synthetic 

the S. cerevisiae 
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correctly cloned DNA is routinely performed in Escherichia coli, however, maintenance of large constructs 
of exogenous DNA, especially from prokaryotic origins, in this bacterium is often limited by expression and 

In vitro 

in vitro assembly can lead to a DNA molecule of any 
E. coli worked well for DNA constructs up to 72 kb, E. coli had great 

M. genitalium 

Saccharomyces cerevisiae as a genome foundry
S. cerevisiae
chromosomes ranging from 230 to 1500 kb in its haploid version, lives as polyploid in natural environments, 

S. cerevisiae
S. cerevisiae is its preference for homologous recombination 

, a rare trait among eukaryotes. S. cerevisiae

DNA. Recently renamed in vivo assembly, this cloning technique (Figure 2.1) contributes to the remarkable 
genetic tractability and popularity of S. cerevisiae
of S. cerevisiae
construction of the full Mycoplasma in the future, it may be advantageous to make 
greater use of yeast recombination to assemble chromosomes S. cerevisiae as powerful 

assembly of these long DNA constructs as ‘the most critical hurdle S. cerevisiae has been 
key to assembling entire or partial genomes in most synthetic genome projects (Table 2.1). For instance, the 
entire 785 kb refactored Caulobacter crescentus (renamed C. ethensis) genome was assembled in vivo from 

E. coli genome was split over 10 fragments of 91 to 136 kb individually 
assembled in yeast, and then sequentially integrated in the E. coli chromosome to replace native segments 

Table 2.1). In vivo assembly also proved to be powerful in assembling and modifying genomes of 

S. cerevisiae
and has been shown to be a promising host for in vivo

Table 2.1). Moreover, S. cerevisiae was selected for the construction of the 

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 

with the ambition to reshape and minimize the S. cerevisiae

While S. cerevisiae is not the only microbial host available for the construction of (neo)chromosomes 
(Figure 2.1), several key features make it superior to its bacterial alternatives Bacillus subtilis and E. coli

S. cerevisiae has the natural ability to carry large amounts of DNA and therefore 
E. coli frequently struggles with toxicity caused 

S. cerevisiae is very robust to the 
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

S. cerevisiae single transformation assembly. 
Surprised by S. cerevisiae how many pieces can be 
assembled in yeast in a single step?
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et al. probed this limit recently in our lab by constructing 

in vivo assembly (36 % of assemblies faithful to design) revealed that its 
limit has clearly not been reached yet, and that future systematic studies are required to evaluate the true 
potential of S. cerevisiae as a genome foundry. The supernumerary chromosomes were shown to stably 
maintain complete heterologous pathways as well as the yeast’s central carbon metabolism, underlining 

synthetic chromosomes could be easily edited in S. cerevisiae
toolbox.

Figure 2.1. In vivo and in vitro approaches for DNA assembly in synthetic genomics. (A) Simplified overview of chromosome 
construction using Saccharomyces cerevisiae for genome assembly and production. (B) Strengths and weaknesses of in vitro and in 
vivo assembly methods. (1) Assembly of fragments in B. subtilis is performed by integration into the host genome. (2) Between 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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Challenges in genome assembly using yeast
While S. cerevisiae in vivo assembly in yeast are still far from 
optimal. Firstly, compared to bacterial alternatives, S. cerevisiae

 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 

S. cerevisiae
S. cerevisiae can become its weakness, 

as the HR machinery can be overzealous and recombine any (short) DNA sequence with homology within 

minimal homology, are present in S. cerevisiae
Similar to how E. coli
be alleviated by engineering S. cerevisiae into a more powerful genome foundry.
Are there future alternatives to S. cerevisiae 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 

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 

in vitro
using the E. coli

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 

systems such as the transcription and translation machineries have been successfully implemented in vitro
S. cerevisiae HR might become a reality in the coming years.

2.3 Outlook

customizable construction of designer genomes, currently accessible for small viral, organellar or bacterial 

and computational hurdles that must be overcome on the road to microbial designer genomes, tailored 
S. cerevisiae is a key organism 

advances. For example, a recent study shows improving the HR capacity of the industrially relevant yeast 
Yarrowia lipolytica 

infancy and mostly limited to academic research, has bright days ahead, and S. cerevisiae is foreseen to 
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Abstract

and limited technical accessibility of the mitochondrial transcriptome, fundamental questions 
regarding mitochondrial gene expression and splicing remain unresolved, even in the model eukaryote 
Saccharomyces cerevisiae
a method for enrichment of mitochondrial RNA and sequencing using Nanopore technology was developed, 

This method successfully captured the full mitochondrial transcriptome and resolved RNA splicing patterns 
S. cerevisiae grown with 

glucose or ethanol as sole carbon source, revealing the impact of growth conditions on mitochondrial 

between yeast grown in mostly fermentative and fully respiratory conditions. Whether this accumulation of 
introns in glucose medium has an impact on mitochondrial functions remains to be explored. Combined with 
the high tractability of the model yeast S. cerevisiae, the developed method enables to explore mitochondrial 
transcriptome regulation and processing in a broad range of conditions relevant in human context, including 
aging, apoptosis and mitochondrial diseases.

3.1 Introduction

Mitochondria are one of the hallmarks of eukaryotic cells. Commonly known as ‘the powerhouse of the cell’, 

acids, heme, and lipids and play an important role in cellular aging and programmed cell death (reviewed by 

in mitochondrial (mtDNA) or nuclear (nDNA) DNA. As a remnant of their bacterial origin, mitochondria harbor 

and require their own complete set of proteins for gene expression, RNA splicing and degradation and DNA 

model Saccharomyces cerevisiae, which is a preferred model for mitochondrial biology for two main reasons. 
Firstly, S. cerevisiae can grow in the complete absence of respiration and with partial or complete loss of 

S. cerevisiae is still to date one of the rare organisms harboring genetic tools to 

0

humanization and engineering of mtDNA in yeast. S. cerevisiae has therefore an important role to play in 
deepening our understanding of mitochondrial processes.

The circa 86 kb S. cerevisiae mitochondrial genome encodes seven oxidative phosphorylation proteins 
(COX1, COX2, COX3, COB, ATP6, ATP8, Q0255), two ribosomal subunits (15S rRNA and 21S rRNA), a 
ribosomal protein (VAR1 RPM1
S. cerevisiae Figure 3.1), 

the transcripts within the polycistrons and enable modulation of gene expression, while transcription is 
S. cerevisiae

three mitochondrial genes (COX1, COB and 21S rRNA Q0255 requires 

COX1 and COB
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the mtDNA results in a complex RNA landscape involving mechanisms that, despite decades of study, are 
not fully elucidated.

S. cerevisiae has been intensively 

transcriptome studies, which is largely explained by the fact that mRNA extraction methods rely on selection 

transcriptome represents a small fraction of the total yeast transcriptome (ca. 5 %), which is largely dominated 

a dedicated methodology. To date, a single study reported the yeast mitochondrial transcriptome, using 

 Figure 3.1. Annotated mitochondrial genome of CEN.PK113-7D. 
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processing sites, the use of short reads, even with paired ends, cannot capture the full complexity of the mtRNA 

recently demonstrated by the successful resolution of various complex and spliced transcriptomes ranging 

The goal of this study is to provide a comprehensive description of the mitochondrial transcriptome of 
Saccharomyces cerevisiae, 
of the different transcript isoforms. To this end, we developed a robust protocol for mitochondrial RNA 

used to investigate the response of the mitochondrial transcriptome to different carbon sources (glucose and 
ethanol) chosen for their ability to tune yeast physiology and respiratory activity.

3.2 Materials & Methods

Strains & culture conditions
Saccharomyces cerevisiae strains used in this study (Table 3.1, Table S3.1

with ammonium as nitrogen source (SM) supplied with vitamins and trace elements, prepared and sterilized 

 glucose (SMD, ‘glucose media’). For respiratory growth, media were supplemented 

autoclaved separately for 10 minutes at 110 C. When required, medium was supplemented with separately 

 glucose was used. 

S. cerevisiae

Molecular biology & strain construction
ymTq2

(IMC251, IMC252 and IMC253, Table 3.1 pTEF1-preSU9-
ymTq2-tENO2, URA3, CEN/ARS, bla, ColE1). 

 et al. URA3, 

Strain name Relevant genotype Parental strain Reference

CEN.PK113-7D MATa - Entian and Kötter [32]
CEN.PK113-5D MATa ura3-52 - Entian and Kötter [32]
161-U7 / 1+2+ MATa ade1 lys1 ura3 , no mitochondrial -intron - Mahler and Lin [33]

161-U7 I0 MATa ade1 lys1 ura3 , no mitochondrial -intron, no introns in 
COX1  and COB 161-U7 / 1+2+ Huang et al.  [35]

IMC251 MATa ura3-52 + pUDC329 (preCOX4-mTq2, URA3 ) CEN.PK113-5D This study

IMC252 MATa ade1 lys1 ura3 , no mitochondrial w-intron + pUDC329 
(preCOX4-ymTq2, URA3 ) 161-U7 / 1+2+ This study

IMC253 MATa ade1 lys1 ura3 , no mitochondrial w-intron, no introns in 
COX1  and COB  + pUDC329 (preCOX4-ymTq2, URA3 ) 161-U7 I0 This study

Table 3.1. S. cerevisiae strains used in this study.
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CEN/ARS, bla, ori) pTEF1 preSU9
ymTurquoise2 tENO2) (Table S3.2

preSU9 sequence was 

pFA6a link-ymNeongreen-URA3

was transformed into E. coli 
 Bacto tryptone, 2 % Bacto agar 

Table S3.3
95 C to release E. coli 

(Macrogen, Amsterdam, the Netherlands). Fragment sizes were assessed on a 1 % agarose gel. 100 ng 
plasmid was transformed into S. cerevisiae

single colony isolates, which were grown and stored as described before. Construction of strain IMC173, 
used for optimization of the mitochondrial isolation protocol (Figure S3.1, Table S3.1) is described in the 

Preparation of mitochondrial RNA & sequencing
Isolation of mitochondria by differential centrifugation

Figure S3.1

660  

660 of 5) to prevent cells from going through diauxic 
660

by centrifugation. All centrifugation steps were performed at 4 

were sterilized prior to use at 121 
2 4 2 4

2 2O (0.1 M). A sorbitol stock solution (3 M) was autoclaved 
at 110  C for 10 minutes. Working solutions were freshly prepared prior to use.

× g to remove media, then washed with 
Tris (0.1 M Tris, pH 7.4) and centrifuged again. The supernatant was thoroughly removed, the weight of each 

(DTT), prepared fresh before use, pH 9.3) and transferred to centrifuge tubes. Cultures were incubated in 
C with gentle shaking, then centrifuged 10 min at 4,342 × g, 

culture at a concentration of 5 – 10 mg per gram pellet wet weight. Cultures were incubated in presence 
of Zymolyase in a waterbath at 30 C with gentle shaking to obtain spheroplasts. Spheroplasting progress 
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2O and measuring the OD660, as the low 
osmotic pressure of water will cause bursting of spheroplasts. Spheroplasting was halted after the OD660 

Spheroplasts were pelleted 10 min at 4,342 × g, and supernatant containing Zymolyase was thoroughly 

(10 min at 4,342 × g
2

cleared of cellular debris by centrifugation at 1,500 × g for 10 min. The supernatant was collected with a 
pipette, transferred to a clean tube, and centrifuged at 12,000 × g. The supernatant containing the cytosolic 

C.

RNA extraction from mitochondrial fraction

and working solutions were autoclaved for 45 minutes at 121 C to denature any RNases. In vitro synthesized 

Mitochondrial fractions were spun down for 10 minutes 10,000 × g at 4 C, the buffer was removed, and the 

In vitro polyadenylation and cleanup of isolated RNA
In vitro polyadenylation was performed using E. coli 

Biolabs) were added to each reaction. After polyadenylation, samples were cleaned up miRNeasy Mini kit 

2.0 and 2.2 was deemed high quality and used for RNA sequencing.

In vitro synthesis of RNA spike-in controls
in vitro transcription (IVT) of DNA templates bearing a 

long T7 promoter. Three sequences were of 60 bp length (IVT01, IVT02, IVT03), one of 102 bp sequence 

“Synthetic RNA sequences used in this study”, SI). DNA templates for 
60 bp sequences (IVT01, IVT02 and IVT03) were generated by annealing of primers (Table S3.2) by heating 
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(Table S3.2, Table S3.4
in vitro 

on ice for 2 minutes, and subsequently loaded onto the gel. 45 fmol of synthetic RNA controls were spiked 

a synthetic ENO2 control RNA, which was spiked during library preparation according to manufacturer’s 
instructions.

Library preparation & sequencing. 

Computational methods for RNA sequencing data analysis
Availability of data

de novo assemblies are deposited 

Basecalling

Table S3.5
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control reads to assess sequencing accuracy and coverage of the RNA control strand (RCS). 

Annotation of the CEN.PK113-7D mitochondrial genome
As reference for alignment, S. cerevisiae 

mitochondrial mapping data from the mitochondrial genome deposited in the Saccharomyces

annotated by Turk et al.

Figure 3.1

package 

Mapping

in vitro synthesized control sequences including the sequence of RCS (ENO2 gene as 

sequencing runs (Ethanol replicate #3), following provided instructions. For assessment and visualization 

were used.

Feature quantification and normalization

culture replicates, mitochondria isolation rounds and sequencing runs, leading to different read distributions 
and library sizes (Figure 3.2B, Table S3.5

to compensate for this direct correlation between read number and gene length. However, normalization 

S. cerevisiae 
native ENO2 feature as well as RCS feature, were considered to be control reads, as the two could not be 

by normalization over the mitochondrial dry weight (mtDW). To normalize, the input number of cells in OD 

as described by Verduyn et al. 660 

CDWEthanol  OD660
2 of 0.922)

CDW  OD660
2 of 0.988)

The CDW was multiplied by the volumes used (Table S3.5), to get the total CDW per condition. Cells have a 
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 for glucose cultures. This 
conversion factor was used to normalize over mitochondrial dry weight. All counts, either raw, normalized 

between intron and exon levels were determined by calculating the coverage of the last 250 base pairs of 
each splicing variant or exon, as these base pairs are unique between each variant, and then subsequently 
normalizing over the exon level.

Read length estimation

the mitochondrial genome was split up into shorter reference sequences that each contained a single 
mitochondrial open reading frame (ORFs). This allowed for assigning of reads to single ORFs rather than to 

Visualization of read mapping

Splicing was visualized using separate mitochondrial ORFs as reference sequences with the respective 

Characterization of intron-less strains 
Fluorescence microscopy

Growth rate analysis

Ade and grown until the OD660 had doubled at least once to ensure exponential growth. From this culture a 

660
and data analysis was performed as described in Boonekamp et al.

Respiration assay
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ethanol cultures were grown for another 48 hours to ensure that strains were fully respiratory. 

resuspended in SM. For respiration assays on glucose, 25 OD660 units of culture were inoculated in a total 
660

assays on ethanol 40 OD660

660

was depleted and was used to calculate the rate of oxygen consumption expressed as the decrease of 
oxygen in the reaction vessel over time, divided by the biomass concentration in the vessel. 

DNA Sequencing and bioinformatics
0 was performed by Macrogen Europe (Amsterdam, 

0 were sequenced at Macrogen on a Novaseq 

De novo 

merged into scaffolds to reconstruct the mtDNA for both samples. The contigs containing COX1 and COB 
0 were aligned 

sequencing data and de novo assemblies are deposited at NCBI ( ) under 
Bi

3.3 Results

Isolation of mitochondria and preparation of RNA 

Firstly, the cellular abundance of mitochondrial RNA in yeast is very low and only represents circa 5 % of the 
total cellular RNA pool under respiratory conditions, and approximately 1 – 3 % under glucose repression, 

capture the diversity in mitochondrial RNA splicing variants, processing of the RNA should be kept to a 

Figure 3.2A). Enrichment for mitochondrial 
RNA was achieved by physically separating mitochondria from yeast cells and extracting RNA from isolated 

species or by modifying transcripts length, 
a single (polyadenylation) step is required between RNA extraction and sequencing. Synthetic control RNAs 
were spiked at three different stages to monitor mitochondrial RNA quality during extraction, polyadenylation, 
and sequencing (Figure 3.2A).

cellular fractions by differential centrifugation. Oxygen uptake measurements and microscopic analysis 
 and intact (Figure S3.1). Western blotting and enzyme 
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contamination (Figure S3.1
of cytosolic RNA species suspended in the cytosol and by RNA species attached to the 
outer mitochondrial membrane. These contaminants could be removed by RNAse treatment 
and by removal of the mitochondria outer membrane (i.e. mitoplasting). These treatments 

mitochondrial RNA yields (Figure S3.2). RNA was therefore directly extracted from crude 
isolated mitochondria without additional processing.

mitochondria prior to RNA extraction. A short (60 bp) in vitro

Figure 3.2A). Control RNAs of various lengths were also spiked further down the 

length, and a control supplied by Oxford Nanopore Technologies (ONT) was added prior 
to sequencing to assess sequencing throughput, and library size and quality (Figure 3.2A). 

in vitro
compatible with the Direct RNA sequencing protocol of ONT, as the adapters required for 
Nanopore sequencing are added through a 10(dT) primer sequence that hybridizes with 

subsequent sequencing the RNA.

triplicate cultures of the S. cerevisiae 
a mix of ethanol and glycerol (further referred to as ethanol media) as sole carbon source. 

6

6 reads that passed a quality score of above 7 (Table S3.5). The average read N50 
score was around 1.2 kb, indicating that most of the reads were of a length corresponding 
to a mature mRNA. The longest reads were around 8 kb, revealing that some, but not all 

Figure 3.1

a length comparable to cytosolic RNA species (Figure S3.3). 95 % of the basecalled 

total number of passed reads, excluding the fraction of control reads , this represented 
a ca. twofold enrichment of mitochondrial RNA in both conditions, the rest being mostly 
cytosolic ribosomal RNA (Figure 3.2B,C, Figure S3.4). The libraries were nevertheless large 

4 reads that mapped to the mitochondrial genome, equating approximately 600 
Mb of sequencing data to cover the 86 kb mitochondrial genome. On ethanol, the breadth 
of coverage was at an average of 75 % of the heavy strand and 15 % of the light strand 
of the mitochondrial genome, and all the open reading frames (ORFs) were covered by 
sequencing reads. Direct RNA sequencing therefore yielded enough reads of quality and of 
the expected size and was further explored to characterize the mitochondrial transcriptome.

Read distribution and length

reference genomes (Figure 3.2). All expected RNA types from both mitochondrial and 

RPM1
primed mitochondrial origins of replication (ori). Transcripts were categorized by type and F
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and type of each sequenced transcript (Figure 3.2B). Most mitochondrial reads (90 – 94 %) belonged to 
rRNA species. All expected rRNA, mRNA and ncRNA were detected, although some in low abundance. 

The mitochondrial transcriptome is characterized by a large diversity in length, the shortest being a 71 bp 
tRNA and the longest a 16.5 kb polycistronic transcript. The length and sequence of transcripts varies 
depending on processing of polycistronic transcripts and splicing of the respective genes. With the exception 

mRNAs, the average read length was within 75 – 125 % of the expected ORF length, meaning that mRNAs 
were mostly sequenced in a single read (Figure 3.3A, Figure S3.5, Figure S3.5). Slightly shorter read length 

or the presence of untranslated leader regions on the RNA. Read lengths were plotted against the mRNA 

than the expected ORF length. Notably, the read length for the ATP8 and OLI1 genes was respectively six 
and three times longer than the expected mRNA length. (Figure 3.3A). In line with earlier reports, closer 

ATP6 and ATP8 ATP8 transcripts were also due to the presence of 5’ untranslated leader 

ATP8 were bicistronic, whereas 55 % of the reads were extended 
Figure 3.3D). OLI1 is part of a 4.8 kb polycistron, however while 

a few transcripts extending past the OLI1 dodecamer were detected (Figure 3.3E
transcripts were found. In agreement with previous reports, OLI1 transcripts elongation was caused by the 

21S rRNA for which less than 1 % of the reads mapping to 21S rRNA gene displayed the expected gene 
length. Since the used ORF lengths already exclude intron sequences, this cannot be the result of splicing. 
Analysis of the raw reads mapped to the 21S rRNA locus revealed that reads were strongly truncated or 
degraded at approximately 1 – 1.5 kb after the 5’ start of the 21S rRNA gene (Figure 3.3C). In addition, 
21S rRNA is the longest RNA present in the mitochondria, and may therefore be more sensitive to RNA 
degradation. Additionally, most of the intron sequences of COX1 and COB (  and bI1-4 respectively) 
were shorter than their expected length. This could potentially be explained by the rapid turnover of spliced 

The fraction of tRNAs in the present dataset was particularly low (Figure 3.2B
short length, ranging from 71 to 90 bp. The data showed that the spiked RNA controls below 102 bp were 

Figure S3.7). This result was in line with earlier reports 

suggests that short RNAs such as tRNAs were underrepresented in the present study. All tRNAs are part of 
a polycistronic transcript, either in a tRNA cluster or grouped with other RNA transcripts. Analysis of reads 
aligned to the tRNA cluster revealed that single processed tRNAs were indeed rarely detected and that any 
captured tRNAs were part of a polycistronic transcript (Figure 3.3B). 

the mitochondrial genome is expressed in 11 primary polycistronic transcripts that are further processed 
at internal dodecamer sites and by endolytic cleavage of tRNAs. None of these full length polycistronic 
transcripts were detected, the longest read was 8 kb and mapped to the COX1
knowledge on processing of these polycistronic transcripts is still very limited, and polycistronic transcription 

the dodecamer is recognized by the protein Rmd9 and that deletion of this protein results in detection of 

to capture in vivo. Nevertheless, the read length analysis revealed some discrepancies between read length 
and gene length that suggest polycistronic expression of the mitochondrial genome.
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 Figure 3.4. Sequencing coverage of the mitochondrial transcriptome of cultures grown on ethanol and glucose. 

strand of the mitochondrial DNA. Coverage depth is represented in grey, the standard deviation between the sequencing depth of triplicate 
experiments is shown in orange. B) Schematic overview, sequencing depth and splicing of the COX1 open reading frame (ORF). The middle 
shows the COX1 COX1 mRNA. The different 
splicing variants are shown below the COX1

COX1
visualization of sequencing reads mapped to the COX1 ORF visualized using Tablet, a red line indicates alignment of a sequencing read 

COX1 exon is shaded in pink for visualization purposes. C) schematic overview, 
sequencing depth and splicing of the COB ORF. D, E) Transcript levels of the COX1 (D) and COB (E) introns on glucose (light pink) and 

mtRNA coverage and landscape
The present datasets originated from three biological culture replicates, mitochondria isolation rounds and 
sequencing runs, leading to different read distributions and library sizes (Figure 3.2B,Table S3.5
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to library size, but also to gene length, as to compensate for this direct correlation between read number and 

length often approaches or even exceeds the gene length. The datasets were therefore only normalized over 

The sum of polycistronic primary transcripts of the mtDNA encompassed 54.1 kb of the heavy strand, which 
means that 64 % of the heavy strand is theoretically expressed, and 6.3 kb (7 %) of the light strand. In the 
obtained RNAseq dataset, the breadth of coverage of the mitochondrial DNA heavy strand was higher 

Figure 3.4A,B, 
Figure S3.8, Figure S3.9), revealing a very good representation of the mitochondrial transcriptome. When 

Figure S3.10), which was especially prevalent 
Figure S3.11).

Figure 3.4A, Figure S3.8, 
Figure S3.9). Most expression clearly originated from the expected primary transcripts. On ethanol, the 
breadth of coverage of the light strand was slightly higher than expected, but the depth of this coverage was 

ori3 locus or from the presence of mirror 
RNAs, which have been described to exist in similar low quantities in both human and yeast mitochondria 

Figure 3.4, Figure S3.10), 
including regions encoding tRNAs, albeit in a low amount and often as polycistronic reads (Figure 3.3B). The 

mitochondrial genome was therefore exhaustively sequenced, despite the low representation of mitochondrial 
ca. 7 %, Figure 3.2B

difference, Figure 3.4A). The described method yielded a complete coverage of the mitochondrial genome 
and could therefore be used to quantify changes in RNA expression and processing of the mitochondrial 
genome between different conditions.

Comparison of transcript levels between ethanol and glucose-grown 
cultures
While comparing the relative expression of the various mitochondrial RNA species within a given growth 

comparing RNA abundance between growth conditions is more challenging. S. cerevisiae is a typical 

a strong repression on respiration, leading to low respiration rates, small and sparse mitochondria, and 

glucose and ethanol, while RNA sequencing is performed on the same input amount of RNA. Comparing 
mtRNA levels during growth on glucose and ethanol therefore requires an additional correction for the 
abundance of mitochondrial mass per cell, between the two carbon sources. Since direct RNAseq results in 

counts per mitochondrial dry weight, thereby enabling the direct comparison of mtRNA abundance between 
Figure 3.5, Table S3.5). 
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15S rRNA being 5.5 times more abundant than the 21S rRNA (Figure 3.5A, B). Transcripts of all mitochondrial 
mRNAs were recovered in both conditions, but their relative expression was affected by the type of carbon 
source. For instance, transcripts mapping to the cytochrome c oxidase subunits 1, 2 and 3 (COX1, COX2 
and COX3, respectively), the cytochrome b (COB OLI1) were most abundant 

Figure 3.5A). Conversely, on glucose, transcripts mapping to the COX1 ORF 
were most abundant, followed by COB I-SceI, encoded in the 

Figure 3.5B). In line with the reduced involvement of mitochondria in respiration 

cultures. Accordingly, with the notable exception of COX1 and COB, the abundance of transcripts encoding 
Figure 3.5C, 

Figure S3.12). The high expression of COX1 relative to COX2 in glucose conditions was unexpected. COX1, 
2 and 3 together encode the catalytic core of cytochrome c

Figure 3.5). In line with these observations, the 
RPM1. RPM1 encodes the RNA component 

polycistronic primary transcript (Figure 3.1).

The dataset also provides insight on the expression of the origins of replication. It is still unclear whether 

ori2, ori3, ori5) out of the eight mitochondrial origins of 
replication were detected under both growth conditions, suggesting that these origins were active under the 
tested conditions (Figure 3.4A, Figure 3.5). This is accordance with the presence of uninterrupted promoter 
sequences for these ori
higher with ethanol as carbon source (Figure 3.5). Many reads also mapped to ori6, which was most likely an 
artefact caused by the presence of the OLI1 VAR1 primary transcript within this origin. This hypothesis was 

ori6 (Figure 3.3E).
COX1 

and COB, and 21S rRNA loci (Figure 3.4A). For instance, the coverage within the 21S rRNA on ethanol as 

1 kb after the 5’ end, which corresponds to the previously observed gap in read alignment (Figure 3.3C). 
This gap suggests that reads might be truncated or degraded from this point onward. The fact that the dip 
in coverage originated from the same position suggests that shearing of RNA during processing is not a 
likely cause, as this RNA damage would occur randomly. A similar dip in coverage was observed for the 
RPM1 gene, for which the decrease in coverage and read truncation exactly matched the RNA processing 
pattern and proposed heptakaidecamer cleavage site (Figure S3.13
coverage pattern observed for 21S rRNA might suggest the presence of an RNA processing site. 

growth conditions. However, the polycistronic nature of the long RNA reads requires careful interpretation of 
the data taking into consideration the mapped location and coverage within a gene of the reads.
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Changes in splicing patterns of COX1 and COB between growth on 
ethanol and glucose

for COX1 and COB (
when glucose was the carbon source. A uniform coverage over the full ORF is not expected, since the COX1
and COB ORFs do not only encode subunits of cytochrome c oxidase and cytochrome b, respectively but 

Figure 3.4B,C). The COX1
12.9 kb long, of which 1.6 kb consist of exon sequences that together encode Cox1p. The COB 
is 7.1 kb long of which 1.2 kb encode Cobp. The COX1 and COB introns belong to either group I or group II 
homing introns that are distinguished by their splicing mechanism and are considered phenotypically 
nonessential for S. cerevisiae COX1 exon sequences are interrupted by four group I and 
three group II intron sequences (COX1-aI1, aI2, aI3, aI4, , , , and COB contains one group I and four 
group II intron sequences (COB-bI1, bI2, bI3, bI4, bI5)

proteins (Figure 3.4B,C). COB BI2 BI3 and –BI4 encode maturases, COX1 AI1 and –AI2 encode reverse 
transcriptases, and COX1 AI3 AI4 encode endonucleases, all of which facilitate splicing and 

 encodes a putative 
protein of unknown function, group II introns  and bI1 

COX1 and COB were clearly spliced and processed 
to yield an RNA containing only exon sequences (Figure 3.4B,C). For COX1, spliced intron sequences 

in agreement with the shorter than expected read length of intron sequences (Figure 3.3A). Overall, no 
COX1

(Figure 3.4B,D). For COB, intron sequences were rare, especially introns bI3 and bI4 were strongly depleted 
and present at only 10 % of the exon level. Some reads showed patterns of alternative splicing, but since 

attribute the intron levels to either ‘regular’ (aI1-5, bI1-5) or alternative splicing (AI1-5, BI2-4) of the intron. 
COX1 and COB

Figure 3.4B,C). 
the coverage of several sequences 

mapping to intronic regions was substantially higher than the corresponding exon abundance for both COX1
and COB (Figure 3.4B,C). COX1 aI1 aI2
than the mature COX1 Figure 3.4D). Similarly, the COB-bI1
than the COB Figure 3.4E). Di Bartolomeo et al.

Figure S3.14). Additionally, analysis of the 
raw read alignment to the COX1 and COB ORFs revealed that the increased intron levels were not due to 
alternative splicing, as the intron sequences were rarely attached to a 5’ exon sequence (Figure 3.4B,C). 

and bI1
most likely results from the accumulation of the spliced intron sequences rather than the elevated expression 

Strikingly, all of the introns with increased levels on glucose (COX1-aI1,2, , COB-bI1) belong to the group II 
introns, while the levels of group I intron sequences (COX1-aI3,4, , and COB-bI2,3,4) remained similar to 
the level of exon RNA (Figure 3.4D,E

end. 
The formation of this branch point is followed by exon ligation and cleavage at the 3' splice site and the 

molecules, which means that (part of) the lariats were most likely linearized prior to sequencing, either in vivo
or during sample processing. Introns aI1 and aI2 are 2.3 kb in length, while  and bI1 are both around 
0.8 kb. Over 75 % of reads for the COX1-aI1, -aI2,  and bI1 intron had the expected length up to the 
branch point, which indicates little to no degradation (Figure 3.4B,C). Additionally, the median weighted read 
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length (N50) of the dataset was 1.4 kb and most of the RNA was sequenced in full (Figure 3.3A), meaning 

RNA during library preparation would result in a random location of the break for each RNA molecule. When 
comparing the alignment of the raw reads to each intron, no random breakage of reads was observed, as 
reads either consistently covered the full intron from 5’ to 3’ end or were partially degraded from the 5’ end 
(Figure 3.4B,C). 

sheared and were sequenced in full, up to the branching point. Approximately half of the reads for these 
introns included the branch point sequence, with only very few (5 to 10 reads per sample) surpassing the 
branch point (Figure S3.15, Figure S3.16, Figure S3.17, Figure S3.18). Additionally, the abundance of the 

lariat molecules were most probably present in the isolated RNA, but were not available for sequencing due 
to the nature of Nanopore technology.

Exploring the effect of the presence of group II introns on yeast 
physiology 

stability, the possibility of a physiological role for mitochondrial lariats cannot be excluded. In mammalian 
cells, there are indications that noncoding RNA can play a role in gene expression, epigenetic regulation, 

be tested by comparing the physiology of yeast strains with and without group II introns. Despite the 

0 does not contain introns in COX1 and COB and also lacks the 
COX1 and COB

As the sequence of these strains’ genome was unavailable, S. cerevisiae 0 genomes 
de novo assembly was performed based on 

the sequencing reads (Table S3.6), and resulting contigs containing COX1 and COB could be aligned 
Figure 3.6A). Additionally, 

0 was generated by mapping 
the contigs from the de novo 
extracting the resulting consensus sequence (Figure S3.19). In addition to the mitochondrial genome, the 
complete sequence of the nuclear genome of these strains was de novo assembled and is available at NCBI 
(see M&M section).

0

Figure S3.19 0 (Figure 3.6). 
0 

consensus genomes was 99.2 % (Table S3.7). The de novo assembly resulted in fragmented mitochondrial 
genomes (Table S3.6
of the mtDNA, therefore the analysis of the COX1 and COB loci was performed using the correctly assembled 
de novo contigs that contained these loci rather than the generated consensus sequence (Figure 3.6). The 
similarity between the COX1 and COB alleles was 99.8 and 99.9 % respectively (Table S3.7), yielding 12 

COX1 and one in COB. Additionally, in the COB 0, the 14 bp exon 
sequence between introns bI1 and bI2 appeared to be removed from the mtDNA (Figure 3.6A). 

A previous study reported substantial physiological differences between the two strains during growth on 
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than its parent (Figure 3.6B). Such a change in growth rate may be explained by mutations that occurred in 
0 or the absence of the second exon of COB. The respiration rate was similar for the 

less strain (Figure 3.6C), which might indicate a partial alleviation of glucose repression. The two strains 

Figure 3.6D,E). This result was in good agreement with earlier 
0 showed a substantially 

on glucose represented approx. 60 % of the mitochondrial mass on ethanol but revealed the absence of 
difference in mitochondrial mass between the two strains. The absence of introns did therefore not lead to 
clear physiological differences when comparing growth on glucose and ethanol media.

  Figure 3.6. Comparison of the genomes and physiology of the CEN.PK113-7D, 161-U7 and 161-I0 strains. A) Alignment of the i) COX1 
and ii) COB 0. COB

ori are not 

0

0 on ethanol and glucose medium. C) Respiration rate, 

0

per cell (n 
difference with p 
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3.4 Discussion

sequencing enabled the capture of the full mitochondrial transcriptome in the model eukaryote S. cerevisiae. 

studies focusing on these RNA species should rather opt for, or complement with, short read sequencing, or 

excessive number of reads originating from the RNA controls can be substantially reduced by decreasing 

in vivo situation, in which the 

RNA is stabilized at its dodecamer sequences, it cannot be excluded that during sample processing of 

Nevertheless, investigating the possibility of additional quenching or stabilization of the mitochondria prior to 

While the present approach cannot give a perfect snapshot of in vivo RNA abundance, by applying the exact 

with good reproducibility between biological replicates (Figure 3.5). In a previous study, the transcriptome 
of S. cerevisiae

Small variations can likely be attributed to differences in RNA preparation methods, yeast strain genetic 
et al.

present study). Notable exceptions were the expression levels for 15S rRNA and RPM1, which were the 

compared to COX1, whereas Turk et al. reported the abundance of 15S rRNA to be comparable to COX1 
and RPM1 COX1. The data of Turk et al.

the secondary structure of these RNAs, which can interfere with binding of short sequencing reads or RNA 

Nevertheless, these large differences between the present study and earlier reports on rRNA level could be 

read method as a comparison to identify potential artefacts. The levels of mitochondrial rRNA could not be 
determined by the used ScreenTape assay for RNA quality control, as there was too much contamination by 
cytosolic rRNA (Figure S3.20). 

at different processing stages. As transcripts were sequenced in a single read, RNA processing events 

mapping to the reference genome. This was best illustrated by comparing the known RNA cleavage sites of 
RPM1 with the coverage and read alignment of that gene (Figure S3.13). Similarly, the 21S rRNA showed a 
strong decrease in coverage and gap in read alignment in a single locus during growth on ethanol media. 
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new processing site for these RNA species. As the 21S rRNA sequence harbors no heptakaidecamer or 
internal dodecamer splicing sites, the exact target site for this novel RNA processing event remains to be 

COX1-aI1, -aI2, and COB-bI1
compared to the exon abundance. Splicing of these lariat introns requires their circularization via internal 

been hypothesized but never demonstrated in vivo
either mechanical, such as by shearing during sample processing or through in vivo processes, including 

and length between biological replicates suggests that the difference in intron abundance observed between 

processing, as approximately half of the reads covered the lariat branching point and were sequenced in 
full length ( S. cerevisiae (Dbr1p 

Table S3.8 

are either debranched in vivo
introns is spliced as linear RNA molecules when grown on glucose. This may also mean that the presented 
intron levels are an underrepresentation of the actual intron level, as the introns with lariat structure could 

in vitro
more insight on this.

abundance was observed when cultures were grown on glucose. The most likely mechanisms leading to this 
in vivo

From this comparison, YBR238C, mitochondrial paralog of Rmd9p that stabilizes mitochondrial RNA at 

(Figure S3.14). MtRNA binding protein levels between ethanol and glucose were also compared relative to 
Cox1p expression, as this gives insight in the different levels of protein required between ethanol and glucose 
to mature a similar level of COX1

between growth on ethanol and glucose (Figure S3.14), as well as Dis3p, which was demonstrated to play 

I 

II introns. The group II introns are not conserved within the Saccharomyces 
strains did not show a different phenotype in ethanol medium, it was assumed that group II introns are 

S. cerevisiae strain, a phenotype which 
II 
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S. cerevisiae lineage, 
used for transcriptome analysis in the present study, are not available and are challenging to construct. More 

levels in strains of the 161 lineage, to conclude on a potential physiological effect of group II introns.

developed method, the impact of environment on transcriptional responses in the tractable model organism 
S. cerevisiae
under different conditions. Considering the important role of mitochondria in aging in mammals, monitoring 
transcriptomic responses of yeast mitochondria to oxidative stress or in chronologically aging cultures might 
reveal new layers in gene expression regulation. The presented methodology therefore opens the door to a 
deeper understanding of mitochondrial processes and their regulation.  
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3.5  Supplementary data

Figure S3.1. Quality assessment of the mitochondria isolation protocol using strain IMC173 (preSU9-mTq2, blue fluorescent 

mitochondria). 

c oxidase (Cyt c, mitochondrial). 

647 and cytochrome c
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 Figure S3.3. Estimated Poly(A)-tail lengths after enzymatic polyadenylation. 

in 
vitro

plot where the outer ends of the box represent the 25th and 75th percentile of the data.

 Figure S3.4. Waffle plots of read origin and type for the different sequencing runs of triplicate experiments on glucose and ethanol. 
A) Distribution of the spatial origin of sequencing reads between mitochondrial, cytosolic and control RNA. Breakdown of the distribution of 
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 Figure S3.5. Distribution of read counts according to read length in the sequencing dataset. The data show the cumulated read lengths 
obtained in three replicate experiments on either ethanol (top graphs) or glucose (bottom graphs) as carbon source. A) Distribution of all 

 Figure S3.6. Read length distribution per gene. The distribution of the average read length of the triplicate experiments is shown as 
violins, the average mean read length is shown as a box plot where the outer ends of the box represent the 25th and 75th percentile of the 
data. Outliers are shown as circles. The gene length is indicated with a horizontal line. Reads are colored per type, mRNA (pink), ncRNA 
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 Figure S3.7. Overview of control RNA abundance over all transcriptome experiments. Number of control reads sequenced for all 

sequenced replicates. A) Schematic overview of the mtRNA sequencing protocol indicating in which steps the control RNAs are spiked. 

the ONT direct sequencing protocol. B) and C) Number of sequenced reads for the controls spiked as indicated in A). Data are shown for 
each independent culture replicate (Rep 1 to Rep 3) and for each spiking step..The absolute number of passed reads in each replicate is 
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A B

 Figure S3.8. Breadth of coverage of the heavy and light strand (LS) of the mitochondrial genome

divided by the size of the mitochondrial genome.

 Figure S3.9. Per-base coverage of the mitochondrial transcriptome.

graph) strands of the mitochondrial DNA are represented. Coverage depth is represented in grey, while the standard deviation between the 

indicate primary transcripts.

A

B
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 Figure S3.11. Raw read alignment in igv of mitochondrial RNAseq data in the 15s rRNA to ORI2 (A) and ORI8 (B) loci. In each panel 

reference genome is shown at the bottom of each panel.

 Figure S3.12. Change in expression of 

mitochondrial RNA species between 

glucose- and ethanol-grown cultures. 

Data represent the log2 
transcript expression of mitochondrial RNA in 
ethanol as compared to glucose cultures. A) 
mRNA (no separation made between introns 
and exon reads), B) ncRNA, C) rRNA, D) tRNA.
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 Figure S3.13. Coverage plot and read alignment at the RPM1 locus.  A) Average coverage of triplicate experiments of the gene normalized 

indicated with red arrows. B) Schematic representation of the RPM1 locus, including the RNA fragmentation pattern (black boxes) and 
heptakaidecamer location (black arrow) proposed by Turk et al. RPM1 locus 
using Tablet. Red lines indicate correct mapping of sequencing reads to the location on the mtDNA, grey lines indicate a gap in the reads. 
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COX1 aI1 intron sequences. A) Coverage plot (in black) of the aI1 locus. 
B) Mapping of raw reads for three separate replicates mapped to the reference sequence. Each line is one read, colors indicate the different 

box. C) Schematic overview of the DNA sequence of the COX1-aI1
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COX1 aI2 intron sequence. A) Coverage plot (in grey) of the aI2 locus. B) Mapping 
of raw reads for three separate replicates mapped to the reference sequence. Each line is one read, colors indicate the different bases of 

end, as indicated with a yellow box in A) and B). C) Schematic overview of the DNA sequence of the COX1-aI2
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COX1  intron sequence. A) Coverage plot (in gray) of the  locus. 
B) Mapping of raw reads for three separate replicates mapped to the reference sequence. Each line is one read, colors indicate the different 

yellow box. C) Schematic overview of the DNA sequence of the 
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COB bI1 intron sequence. A) Coverage plot (in black) of the bI1 locus. 
B) Mapping of raw reads for three separate replicates mapped to the reference sequence. Each grey line is one read; blue lines indicate 
gaps in the reads. In A) and B) the branch point as described by Schmelzer and Schweyen (where the circularization of the RNA through a 

COB-bI1

 Figure S3.19. Alignment of the mitochondrial genome of CEN.PK113-7D, and consensus sequences of the mitochondrial genomes 

of 161-U7 and 161-I0. The mitochondrial genome is represented as a black line and the respective coordinates are indicated below each 
ori are not shown. Spliced exons 

0) the alignment. Red 
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 Figure S3.20. Electrophoretic separation of poly(A)-tailed RNA used for Nanopore RNA-seq as determined by a ScreenTape 

assay. 

 et al. 

can be accessed electronically at or 

Links to: https://doi.org/10.1101/2023.01.S9.524680
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Abstract

Mitochondria are essential organelles housing key catabolic and anabolic processes. The yeast 
Saccharomyces cerevisiae is a popular model organism for studying mitochondrial biology, as the robustness 
of S. cerevisiae to mitochondrial mutations makes it one of the few organisms in which mitochondrial DNA 
can be edited. Engineering of mitochondrial DNA requires mitochondrial selectable marker genes, such 
as the widely used ARG8, encoding acetylornithine aminotransferase, which catalyses an essential step in 
arginine biosynthesis.
This study revealed a frequently occurring revertant mutation that bypasses arginine auxotrophy in
mutants, hampering the use of ARG8 as selectable marker. Arginine prototrophic  strains were 

UME6, a pleiotropic transcriptional regulator responsive to nutritional cues, 

CAR2, encoding ornithine transaminase, which was found to be the major cause for mutants recovery 
of arginine prototrophy. Double deletion of ARG8 and CAR2 
the presence of arginine, and stable arginine auxotrophy. strains offer a robust alternative to 

 mutants for mitochondrial targeting and expression studies.

4.1 Introduction

Mitochondria are essential organelles in most eukaryotic species. Besides their role in energy metabolism, 

amino acids, heme, and lipids, and play an important role in cellular aging and programmed cell death 
Saccharomyces cerevisiae is a popular model organism for mitochondrial biology. Mitochondria are 

largely conserved among eukaryotes, but unlike e.g., mammalian cells, S. cerevisiae is able to generate 

0

The robustness of S. cerevisiae to mitochondrial mutations and harsh transformation protocols makes it 

Despite intensive efforts, genetic engineering of S. cerevisiae 

targeting the endonuclease to the mitochondria, it also requires targeting of two nucleic acids. A gRNA 
guides the endonuclease to the editing site and a DNA fragment repairs the dsDNA cut caused by the 
endonuclease for integration or deletion through homologous recombination. Targeting the endonuclease 
is straightforward, as 99 % of the mitochondrial proteome is synthesized in the cytosol and imported in the 

mitochondrial membrane potential and has not been demonstrated in vivo

to select for transformants that carry the desired mutation in the mtDNA. To date, three approaches have 
 mutant 

carrying a deletion in one of the mitochondrial genes, typically a gene involved in oxidative phosphorylation. 
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Restoration of prototrophy in arg8 deletion mutants auxotrophic for arginine is yet another elegant strategy 
to screen for successful editing of mtDNA. Acetylornithine aminotransferase, encoded by ARG8, catalyses 
the essential step from N-  N-acetyl ornithine in the mitochondrially 
localized arginine biosynthetic pathway (Figure 4.1 ARG8 from its native nuclear locus 
causes arginine auxotrophy, which can be complemented by integrating ARG8 in the mtDNA. Mitochondrial 
expression of nuclear genes requires recoding to match the mitochondrial genetic code in which the 

In an attempt to develop more accessible methods to engineer mitochondrial DNA in S. cerevisiae, we 
deletion mutants led to revertant 

mutants that were able to grow without arginine supply, making one of the very few selectable markers 

recovery of arginine prototrophy in  mutants and used this information to construct robust arginine 
auxotrophs that can be reliably used for mitochondrial DNA engineering. Alternative auxotrophic markers 
that are suitable for recoded expression in the mitochondria were also explored.

 Figure 4.1. De novo L-arginine biosynthesis in S. cerevisiae. ARG2 N ARG8
(acetylornithine aminotransferase EC 2.6.1.11) are subject of this study and indicated in green.
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4.2  Materials & Methods

Strains & culture conditions
Saccharomyces cerevisiae 

Table 4.1) 
were grown aerobically at 30 
as nitrogen source (SM) supplied with vitamins and trace elements, prepared and sterilized as described 

 (SMD) or with 

separately for 10 minutes at 110 C. Arginine excess concentrations and biomass yields on arginine were 

 glucose was 
 hygromycin. For 

Strain name Relevant genotype Parental strain Source

CEN.PK113-7D MATa - [35]
CEN.PK113-5D MATa ura3-52 - [35]
IMX581 MATa can1::Cas9-natNT2 ura3 CEN.PK113-7D [41]
IMX1714 MATa sga1::Cas9-natNT2 CEN.PK113-7D [42]
IMX2100 MATa sga1::Cas9-natNT2 ura3 IMX1714 [43]
IMX2600 MATa can1::Cas9-natNT2 CEN.PK113-7D [44]
IMK703 car2 IMX581 This study
IMK997 arg2 IMX1714 This study
IMK999 arg8 IMX1714 This study
IMK1031 arg8 car2 ura3 IMK1000 This study
IMC250 arg8 car2 ura3 + pUDC434(preCOX4-ARG8 URA3) IMK1031 This study
BY4741 MATa his3 1 leu2 0 met15 0 ura3 0 - [36]
BY4741 KO1352 arg2 MATa his3 1 leu2 0 met15 0 ura3 0 arg2::KanMX BY4741 [37]
BY4741 KO7711 arg8 MATa his3 1 leu2 0 met15 0 ura3 0 arg8::KanMX BY4741 [37]
IMS1186 Population #1 of IMK999 evolved for arginine prototrophy IMK999 This study
IMS1187 Population #2 of IMK999 evolved for arginine prototrophy IMK999 This study
IMS1188 Population #3 of IMK999 evolved for arginine prototrophy IMK999 This study
IMS1190 Single-colony isolate of IMS1186 IMS1186 This study
IMS1191 Single-colony isolate of IMS1186 IMS1186 This study
IMS1192 Single-colony isolate of IMS1186 IMS1186 This study
IMS1193 Single-colony isolate of IMS1187 IMS1187 This study
IMS1194 Single-colony isolate of IMS1187 IMS1187 This study
IMS1195 Single-colony isolate of IMS1187 IMS1187 This study
IMS1196 Single-colony isolate of IMS1188 IMS1188 This study
IMS1197 Single-colony isolate of IMS1188 IMS1188 This study
IMS1198 Single-colony isolate of IMS1188 IMS1188 This study

Table 4.1. S. cerevisiae strains used in this study
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IMC250 which carried a plasmid and was therefore restreaked on selective medium. 

cultures of S. cerevisiae 

Strain construction using Cas9-mediated DNA cleavage

described previously by Mans et al. URA3
Table S4.1

carrying gRNAs targeting ARG2 and ARG8
in vivo

et al. CAR2 
Table S4.2). All gRNA and repair sequences were made by annealing 120 bp 

primers (Sigma Aldrich) and sequences are described in Table S4.1

The Netherlands) according to the manufacturer's instructions with primers described in Table S4.1
transformants (Figure S4.1

described earlier.

Plasmid construction & molecular biology techniques

 et al. Table S4.2) and an 
ARG8
The ARG8-NoMTS

Table S4.1
preCOX4

 et al.
E. coli

 Bacto tryptone, 2 % Bacto agar (BD Biosciences), 5.0 g  NaCl) 

Table S4.1), with an initial 
C to release E. coli 

DreamTaq polymerase. Fragment sizes were assessed on a 1 % agarose gel. 
Table S4.2

selected on SMD medium. Mutants were restreaked three times on selective solid medium to obtain single 
colony isolates, which were grown and stored as described.
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Growth rate analysis in microtiter plates

 960 (EnzyScreen BV, Heemstede, The Netherlands). Frozen glycerol stocks were inoculated in 100 

660 had doubled at least 
once to ensure exponential growth. OD660  was measured using a Jenway 7200 spectrophotometer (Jenway, 

2O, then diluted 
to an OD660

OD660  et al.
For strains that did not reach an OD660  of 10, the growth rate was determined from the growth phase where 
the OD660 was higher than 1 and of which the slope of the natural logarithm of the OD660 measurements had 
an R2 of at least 0.99, indicating exponential growth.

Growth analysis in shake flasks

 mg ), 
and OD660 was measured at regular intervals. Once reaching stationary phase, cultures were washed 
with sterile dH2 O and transferred to medium without arginine or with excess arginine. To ensure growth 
on medium without arginine was not caused by arginine carryover from the preculture, cultures grown on 
medium without arginine were washed and transferred again upon reaching stationary phase. Metabolite 

× g 

2SO4

 (Agilent, Santa Clara).
The linear relation between OD660 and cell number and OD660 and dry weight was experimentally obtained 

660  values and dry weight was measured of 33 samples with 
different OD660

6 × OD660 – 3.542 105 (R2 of 0.999)

× OD660
2 of 0.988)

DAPI staining and imaging
Nucleic acid staining and imaging was performed as described in Bouwknegt et al. 

7 cells were harvested and washed 
with dH2
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Illumina Whole Genome Sequencing 

yielding approximately 700 Mb of data per sample. All Illumina sequencing data are available at NCBI 

alignment in sliding windows of 500 base pairs. Sequencing output was visualized using the Integrated 

sequence alignments of protein and nucleotide sequences of UME6 were performed using Clustal Omega 

4.3  Results & Discussion

A suppressor mutation of an ARG8 deletion rescues arginine 
prototrophy

arg8
arg8 Figure S4.1). The 

arg8). The growth rate of the strain was determined in the presence and absence of 
arg8 strain grew as fast as its respective control strain 

Figure 4.2A,B arg8 mutant initially did not grow. However, 

other two wells showed biomass growth with an average rate of 0.03 h (Figure 4.2C). 

arg8 mutants to grow in the absence of arginine could result either from adaptation 

arg8 mutant cultures, selected after growth on medium devoid on arginine shown in 
Figure 4.2

S. cerevisiae biomass yield is 

 yeast dry weight, translating to an OD660
to max OD660 arg8 mutants cultures reached a maximal OD660
arginine depletion (Figure 4.2D

), in independent triplicate cultures (Figure 4.2D).

0.4 h 660 around 27 and complete utilization of glucose. Also, the ethanol produced during the 
glucose consumption phase was completely consumed (Figure 4.2E arg8 mutants 

660 
lower, and while glucose was fully consumed, the produced ethanol remained untouched in the culture. To 

arginine were transferred a second time in fresh SMD medium without arginine. This second transfer showed 
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arginine (Figure 4.2D arg8 cultures to grow in the 
absence of arginine without lag phase, despite an intermediate transfer from medium supplied with arginine. 
This absence of lag phase strongly suggested the occurrence of suppressor mutations that conferred to 

arg8 mutants the constitutive ability to synthetize arginine.

background from the widely used S288C lineage was also grown in the absence of arginine for a prolonged 
period of time. In this strain background, growth at a rate of 0.01 h  was detected after 200 hours (Figure S4.2). 
Recovery of arginine prototrophy in mutants therefore seemed to be spread over different S. cerevisiae 
lineages. While the time frame required for the occurrence of suppressor mutations in microtiter plates might 

Figure 4.2. Growth of arg8 mutants in the presence or absence of arginine.  

max) calculated from the data shown in panel A. Data represent the average and 
standard deviation from triplicate growth experiments in presence (open bars) and absence (closed bars) of arginine. The growth rate of 

arg8) cultures able to grow in the absence of arginine. The three 
, gray, Transfer 1) 

, red, Transfer 1). The strains grown in absence of arginine were transferred a second time (Transfer 2) 

reaching stationary phase. The measurements were performed on samples taken at the final time points of the cultures shown in panel D.
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arg8 mutants 
occurred in all tested cultures and 
strains after approximately 200 
to 300 hours in microtiter plates 
(Figure 4.2C, Figure S4.2). The wells 
were inoculated with approximately 

arg8
mutant is not able to divide and 
therefore accumulate mutations, the 
mutations were most likely already 

to inoculate the wells. Assuming 
a growth rate of approximately 
0.03 h for suppressor mutants 
(Figure 4.2B), it would take a single 
cell approximately 300 hours to 
reach an OD660 of 1. Extrapolating 
this numbers to the observed growth 
in microtiter plates, it means that at 
least one suppressor mutant was 
inoculated in each well containing 
300 cells, leading to a mutation 
frequency of at least 1 in 300. 
Working with larger culture volumes 
than the 250
typically done in strain construction 
programs, will necessarily increase 
the number of suppressor mutants 
at the start of the culture, and 
thereby the occurrence of arginine 

arg8 cultures. This 
high frequency of occurrence 
of suppressor mutants therefore 
underlines the importance of 
identifying a mitochondrial selection 
marker more stable than ARG8.

Search for alternative mitochondrial auxotrophic markers
arg8 mutants were unstable, other potential auxotrophic mitochondrial markers were investigated. In 

Enzymes involved in the biosynthesis of branched chain amino acids, lysine, and arginine, which have (a 
Saccharomyces

) for their suitability as mitochondrial auxotrophic 
marker (Table S4.3). The requirements for these auxotrophic markers were i) the lack of known suppressor 

requirements, ILV2,3,5, BAT1, ARG2 and LYS12 (Table S4.3). ILV2,3,5 and BAT1 encode enzymes involved 

LYS12 null mutants, 
but the absence of any tryptophan (Trp) residues in LYS12 makes it less attractive as mitochondrial selection 
marker. Deletion of ARG2 ARG2 
Trp (in comparison to the two Trp in ARG8

 Figure 4.3. Growth of mutants in the presence and absence of arginine. A) 
i) 

and standard deviation of three independent culture replicates. B) Maximum specific 
max

absence (closed bars) of arginine. The data represent the average and standard 
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mitochondria and a stop codon in the cytosol, making ARG2
auxotrophic marker.

arg2

background. The knockouts were performed 
in a prototrophic strain (IMX1714). The growth 

were measured in microtiter plates in the 
presence and absence of arginine to check 
their arginine requirements, together with the 

In contrast to earlier reports, the  mutant 

in the complete absence of arginine, albeit 
660 and a 

in the presence of arginine, and without 
extensive lag phase (Figure 4.3
growth rate of 0.05 h arg2 mutant 
revealed its ability to synthetize arginine at 
slow rates. To assess if this phenotype was 

between yeast strains, an mutant with 
an S288C background was also grown in 
the absence of arginine. This mutant grew 

 mutant with 
a growth rate of 0.06 h  in the absence of 
arginine (Figure S4.2), indicating that the 
leaky arginine auxotrophy of  mutants 

ARG2 encodes 
N
arginine biosynthetic pathway that acetylates 

Figure 4.1). 
There is no other known enzyme dedicated to 
the acetylation of glutamate in S. cerevisiae. 
However, ornithine acetyltransferase 
(encoded by ARG7) that catalyses the last 
step in ornithine synthesis has been shown to 

 Figure 4.4. Specific growth rate of evolved strains with 

arg8 background able to grow without arginine and 

their control. 

arg8
populations IMS1186, IMS1187 and IMS1188. C) Single 

from IMS1188. The specific growth rate was determined in 

in absence or presence of arginine (Arg). Data represent 
the average and standard deviation of independent culture 
triplicates. Arrows indicate isolates that were used for 
whole genome sequencing, full growth profiles are shown 
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have residual acetylglutamate synthase activity. Overexpression of ARG7 arg2 mutant increases 

deletion of ARG2
of the ARG7 ARG7 and ARG2
would therefore be required to fully abolish arginine synthesis. Regardless of the underlying mechanism, 
the ability of ARG2 as mitochondrial selection 
marker.

The gain of arginine prototrophy in arg8 mutants comes at the cost 
of respiration 
In the absence of viable alternative to ARG8, identifying and eliminating the mechanism leading to arginine 
synthesis in the  mutant would restore ARG8 as a potential mitochondrial selection marker. The 
mutants were able to grow in the absence of arginine, even after multiple transfers and an intermediate 
transfer on medium with arginine. This indicated the occurrence of mutations enabling arginine biosynthesis, 

Figure 4.2E). As evolution is a stochastic 

Figure 4.2C,D) most likely contained a mixture of ‘true’ 

arginine prototrophy. To assess heterogeneity regarding arginine requirements in the  population and 
identify true arginine prototrophs, the three  cultures prototrophic for arginine (henceforth indicated 

single colony isolates were selected for each of the three cultures, leading to a collection of nine individual 
 strains named IMS1190 to IMS1198. The evolved populations (IMS1186, IMS1187 and IMS1188) and 

(Figure 4.4A, Figure S4.3
the running time of the experiment (140 h). The three evolved populations IMS1186, IMS1187 and IMS1188 

Figure 4.4B, 
Figure S4.3  in the absence of arginine. As the arginine 
prototroph  mutants seemed to have lost their ability to consume ethanol (Figure 4.2E), growth was also 
tested on medium with ethanol as sole carbon source. The three evolved populations IMS1186, IMS1187 and 
IMS1188 were indeed unable to grow on ethanol as sole carbon source in the absence of arginine, but grew 

) in the presence of arginine.

that IMS1186, IMS1187 and IMS1188 were mixed populations of evolved and unevolved cells (Figure 4.4C,D,E, 
Figure S4.4, Figure S4.5). Two different phenotypes were observed among the nine isolates. IMS1192 grew 
as fast as the controls in the presence of arginine and was auxotrophic for arginine, suggesting that it was 
genetically identical to the  auxotrophic strain. This isolate was also the only strain able to utilize 
ethanol as carbon source in the presence of arginine. The eight other isolates grew slower than the IMS1186, 
IMS1187 and IMS1188 evolved populations on medium with glucose and in the presence of arginine, with 
growth rates of approximately 0.17 h , with the exception of IMS1190, which grew faster on this medium 
(0.27 ± 0.004 h , Figure 4.4C
between 0.03 and 0.09 h . None of these strains were able to grow on ethanol, neither in the presence nor in 
the absence of arginine. These results suggested that the acquisition of arginine prototrophy coincided with 
a loss of the ability to consume ethanol. As ethanol consumption requires respiration, this response might 
hint at the loss of respiratory function in the arginine prototrophic  mutants. 
To identify the molecular basis for arginine prototrophy and loss of ethanol utilization, the genome of three 
prototrophic mutants IMS1191, IMS1194 and IMS1197, isolated from the three different evolved populations, 
were sequenced. While some genome rearrangements were found in the different strains (duplication of 
chromosome IX in IMS1191 and of chromosome V in IMS1197 (Table 4.2, ), the only 
genomic alteration shared by the three strains was a decrease in mitochondrial DNA (mtDNA) coverage. 
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mtDNA was not found in IMS1191 and 1197, and only partial coverage was recovered for IMS1194 mtDNA 
(Figure 4.5A). Out of the 86 kb mitochondrial genome only 15 kb was recovered in IMS1194, resulting in a 
loss of all mitochondrially encoded genes with the exception of OLI1 and VAR1 (Figure 4.5A). Cellular DNA 

mtDNA in IMS1194 (Figure 4.5B, 5C). As the mtDNA encodes essential subunits of proteins involved in 

and thereby ethanol consumption, in the  arginine prototrophic strains.

Arginine prototrophy is the caused by loss of function of Ume6
As the loss of mtDNA and respiratory capacity could not explain arginine prototrophy, single nucleotide 

in coding regions of the three mutants were analysed. This pointed to UME6 as a potential culprit, as it 
contained an insertion in all three evolved strains (Table 4.2).

protein at 265 amino acids. In IMS1194 and IMS1197 an insertion of two base pairs caused a frame shift at 

 Figure 4.5. Characterization of the mitochondrial DNA content of CEN.PK1137D, IMS1191, IMS1194 and IMS1197. A) Sequencing 
coverage depth of the mitochondrial genome. B) Fluorescence and brightfield microscopy of nuclei and mitochondrial nucleoids of yeast 

from fluorescence microscopy pictures. The median value is represented by a horizontal line while the boxes represent the 25 and 75 % 

thesis.indd   100 31-07-2023   11:23



101

Arginine auxotrophy by deletion of ARG8 can be reverted by mutations in UME6

4

Figure S4.10, 
Figure S4.11

contain URS1

(CAR1) and ornithine transaminase (CAR2) when preferred nitrogen sources are abundant in the culture 
medium (Figure 4.6A

However, it has been shown in human cells that the reverse reaction, leading to the synthesis of ornithine 
CAR2 can alleviate the arginine auxotrophy of 

S. cerevisiae  strains 
CAR2, leading to ornithine synthesis from 

inactivation of the protein might also have detrimental effects on cell growth. For example, inactivation of 
CAR1

(Figure 4.6A). To prevent the recycling of arginine back from ornithine, arginase reversibly but tightly binds to 
ARG3), leading to ornithine carbamoyltransferase inhibition 

arginine synthesis, so the inhibition by arginase must be released in order to maintain arginine prototrophy. 
The binding between Car1p and Arg3p is sensitive to ornithine and arginine concentrations in the cytosol. 
Therefore, it is conceivable that these metabolites are maintained at low concentration in the evolved 

Additionally, this proposed remodelled pathway for arginine synthesis present in the evolved strains, entails 
simultaneous expression of arginase and its antagonistic reaction encoded by ARG1 (argininosuccinate 

Strain Chr Position (bp) Gene name Mutation type Location CDS (bp) Mutation (bp) Mutation (amino acid)

IV 847,234 UME6 Insertion 650 AT -> AAT Frame shift +1, termination at 265 aa
VII 371,208 GUP1 SNP 968 TTC ->TAC Phe-323-Tyr
IX Duplication
XII 1,098,556 YRF1-4 SNP 1233 ATG -> ATA Met-411-Ile
XII 1,098,682 YRF1-4 Insertion 1336 G -> GA Frame shift +1, early termination
XIII 209,656 RPS17A SNP 38 TCT -> TGT Ser-13-Cys
XIII 416,582 VBA1 SNP 305 TCA ->TAA Ser-102-STOP
mtDNA Full loss of mtDNA ( )
III 11,448 VBA5 SNP 1324 TTC -> ATC Phe-442-Ile
IV 845,375 UME6 Insertion 2509 AT -> AAT Frame shift +1, extended by 4 aa
XI 187,373 SDH3 SNP 338 CTC -> CCC Leu-113-Pro
XV 274,288 IFM1 SNP 1463 GAA -> GGA Glu-488-Gly
XV 824,641 VPH1 SNP 1162 GCT -> CCT Ala-388-Pro
mtDNA Partial loss of DNA ( )
IV 845,375 UME6 Insertion 2509 AT -> AAT Frame shift +1, extended by 4 aa
V Duplication
VII 1,059,537 YTA7 SNP 3776 ACG -> ATG Thr-1259-Met
XII 1,098,556 YRF1-4 SNP 1233 ATG -> ATA Met-411-Ile
mtDNA Full loss of mtDNA ( )

IMS1194

IMS1197

IMS1191

 Table 4.2. Non-synonymous or non-silent mutations and genomic rearrangements following from whole genome sequencing of 

isolates IMS1191, IMS1194 and IMS1197

thesis.indd   101 31-07-2023   11:23



102

Chapter  4

synthetase, Figure 4.6A

arginine prototrophy, is most likely also detrimental to the evolved strains.

mutants. The deletion of UME6

ATG8 and its target ATG32, a key gene in the 

and result in loss of mitochondrial DNA in IMS1191, IMS1194 and IMS1197.

 Figure 4.6. Characterization of CAR2 deletion mutants.  deletion 
CAR1 (arginase, EC 3.5.3.1) and CAR2

EC 2.6.1.13) in the presence of exogenous nitrogen (N) sources. The proposed route for arginine synthesis in evolved  mutants is 
CAR2 deletion (IMC250, 

-ARG8, URA3 ), single ARG8 ) and double 
CAR2 and ARG8 ). The data represent the average and standard deviation of independent triplicate 

Figure S4.12. C) Maximum specific growth rates (μmax) in the presence (closed bars) and absence (open bars) of arginine. The growth rate 

growth rate of IMC250 is significantly the lowest of all strains on media with arginine.
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Figure 4.4
Figure S4.3 – 4.5) of the evolved  mutants in the presence of arginine, as compared 

to their arginine prototrophic parent.

Engineering of a stable arginine auxotrophic strain
Sequencing data suggested that derepression of CAR2 might enable cytosolic arginine synthesis from 

of ARG8 and CAR2 would completely abolish arginine biosynthesis. As expected, the deletion of CAR2 in 

absence of arginine (Figure 4.6B,C, Figure S4.12). The deletion of CAR2 in the arginine auxotroph 

growth without arginine was observed after ca. 300 hours of culture with 
no growth was observed after 500 hours with the Figure 4.6B,C). 

 double 
mutant restored arginine synthesis (strain IMC250, Figure 4.6B,C). The  genetic background 
combined with the ARG8 selection marker therefore offers a stable system for genetic engineering of yeast 
mitochondrial DNA.

4.4  Conclusions

Although ARG8 is a widely used and popular auxotrophic marker for mitochondrial genome editing, 
physiology and protein import, the present work demonstrates the frequent occurrence of suppressor 
mutations (approximately 1 in 300 cells). The loss of function mutation in the UME6 gene and the resulting 
transcriptional activation of CAR2 are proposed as main molecular mechanisms for the recovery of arginine 
prototrophy in  mutants.
Remarkably, while the functional expression of CAR2

 mutants, arginine prototrophy in all three sequenced revertants was the result of a loss of function of 

deleterious side effects, for instance by waste of resources expressing unnecessary proteins, deregulation 
of pathways such as mitophagy, loss of respiration, and activation of futile cycles. While multiple mutations 
might be required to enable expression of CAR2 CAR2

the  mutants was observed during growth on glucose, where respiration is not required. It would be 
arg8 mutants in ethanol media, in which 

The genes and pathways involved in the suppressor mutants are highly conserved among different strains 
of S. cerevisiae arg8 mutants was indeed observed in both the 

Saccharomyces cerevisiae strain lineage. The 
suppressor mutation can be circumvented by additional deletion of CAR2, and the described 
double deletion provided stable arginine auxotrophy and prevented leaky arginine synthesis. When 
characterizing growth of strains with  background or performing laboratory evolution experiments, it is 
recommended to prevent false positives through deletion of CAR2 or assessment of the integrity of UME6.
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4.5  Supplementary data

 Figure S4.1. Confirmation of deletion of ARG2 and ARG8. 

Relative basepair (bp) sizes are indicated at the left and right. Template DNA was isolated from the strains 
arg2 arg8

indicate the amplified locus in each reaction, the same primer pairs were used for the same loci. Expected 
ARG2 – 2111 bp, ARG8 arg2 arg8 – 312 bp.
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Figure S4.3. Growth of CEN.PK113-7D (prototrophic, purple), the evolved arginine prototrophic population IMS1186 (dark orange) 

and its three derived single-colony isolated IMS1190, 1191 and 1192 (light orange) in different media. 

average and standard deviation of independent culture replicates.

Figure S4.4. Growth of IMK999 ( , purple), the evolved arginine prototrophic population IMS1187 (dark orange) and its three 

derived single-colony isolated IMS1193, 1194 and 1195 (light orange). 

independent culture replicates.
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 Figure S4.5. Growth of the evolved arginine prototrophic population IMS1188 (dark orange) and its three derived single-colony 

isolated IMS1196, 1197 and 1198 (light orange). 
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Figure S4.10. Alignment of UME6 nucleotide sequence in the evolved and control strains. 

sequence alignment of subsets of the nucleotide sequences of UME6
indicate relative base pair positions in the coding sequence, starting at the start codon. Subsets of the genes are shown where insertions 
occurred. A) Base pair positions 540 – 720, the adenine deletion at position 650 in IMS1191 is highlighted in red. B) Base pair positions 
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 Figure S4.11 Alignment of Ume6 protein sequence in the evolved and control strains.

alignment of the protein products of UME6

highlighted in green).
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 Figure S4.12. Growth of a mutant with double ARG8 and CAR2 deletion and its control strains in the presence and absence 

of arginine. , 
preCOX4-ARG8, URA3 ) in SMD (yellow) 

biological triplicates in microtiter plates, the standard deviation is shown as a shaded area.
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Plasmid name Relevant genotype Purpose Source

pROS10 tSUP4 URA3, 2μ, bla pSNR52 Backbone for Cas9-mediated cleavage [45]
pMEL13 tSUP4 KanMX, 2μ, bla pSNR52 Backbone for Cas9-mediated cleavage [45]
pUDR107 pSNR52-URA3-gRNA-tSUP4, hphNT1, 2μ, bla Cas9-mediated cleavage of URA3 [86]
pUDR131 pSNR52-CAR2-gRNA-tSUP4, hphNT1, 2μ, bla Cas9-mediated cleavage of CAR2 This study
pYTK001 YTK entry vector, CamR YTK part cloning [46]
pYTK009 pTDH3, CamR YTK part 2 pTDH3 [46]
pGGKp321 preCOX4-MTS, CamR YTK part 3a preCOX4-MTS This study
pYTK053 tADH1, CamR YTK part 2 tADH1 [46]
pUD538 URA3, CEN6/ARS4, bla, ColE1 YTK drop-out backbone [50]
pUDC286 (preCOX4-MTS)-mRuby2 Template for preCOX4-MTS [50]

pUDC434 pTDH3-preCOX4MTS-ARG8-tADH1, URA3, 
CEN6/ARS4, Amp, ColE1

Expression and mitochondrial targeting of
preCOX4-Arg8p This study

Table S4.2. Plasmids used in this study
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Chapter  5

5.1  Introduction

translation machineries, as well as a reduced genome encoding ribosomal subunits, a full set of tRNAs and 
several subunits of the respiratory chain. 1 % of the mitochondrial proteome is encoded on this mitochondrial 

would enable the reprogramming of mitochondrial genomes. This could either be applied to treat diseases, 
to endow mitochondria with new functions for metabolic engineering purposes, or even use mitochondria as 
chassis for the construction of synthetic cells. However, the large spectrum of applications of engineering of 
mitochondrial genomes is impeded by their poor genetic accessibility.

engineering of the mtDNA beyond base editing. This invasive method of mtDNA editing is restricted to two 
organisms, the yeast Saccharomyces cerevisiae, and the microalga Chlamydomonas reinhardtii

proteins to the mitochondrial matrix is achieved by addition of mitochondrial targeting sequences (MTS 

competent for DNA, but native uptake of RNA in mitochondria has been reported for tRNAs in yeasts, plants 

Abstract

genome. Import of nucleic acids into mitochondria, a controversial feature, is essential for implementation 

and several putative import mechanisms and determinants have been proposed. However to date, import 

The goal of this study was to devise and test experimental strategies to detect and improve the import of 
Saccharomyces cerevisiae

weak and stochastic RNA import, independent of the import signal fused to the mRNA. This screening 

approach did not improve mitochondrial mRNA import in the present study, it is a promising, unambiguous 
method for future studies testing different RNAs or mutants.
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5

of mitochondrial RNA import is limited to the import mechanism of yeast tRNA

structures of the RNA promote RNA import. Hence, multiple RNA ‘import sequences’ were derived from 
tRNA in vitro
and occasionally in vivo
Several studies have described successful gRNA targeting to the mitochondria through addition of RNA 

Cas9 activity on the mtDNA is lacking, several studies question the occurrence of gRNA import and mtDNA 

length exogenous DNA, which is not natively imported in the mitochondria. However, repair DNA could 

The goal of the present study is to devise and test experimental strategies to detect and enable the import 
S. cerevisiae as paradigm. S. cerevisiae is often used as model 

organism in mitochondrial biology as it is one of the few model eukaryotes that can survive (extensive) 
S. cerevisiae 

model eukaryote, making it a perfect host to explore RNA import to mitochondria and mtDNA editing. RNA 

an adaptive laboratory evolution strategy was devised in an attempt to select for mutants with improved 
mitochondrial RNA import.

5.2  Materials & Methods

Strains, medium and cultivation 
Saccharomyces cerevisiae

Table 5.1

 Bacto yeast 
 glucose was used, and when necessary supplemented with 
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660) with a 1 cm light path.

Escherichia coli 

Shaker (Eppendorf). 

cultures of S. cerevisiae or E. coli 

General molecular biology techniques

chemical competent E. coli 

Table S5.2

Plasmid and strain construction 
Plasmids and strains expressing mito-mTq2 mRNA

 et al.
primer numbers is depicted in Figure S5.1. A list of plasmids and part plasmids is described in Table S5.1. 

listed in Table S5.2. In vitro

Table S5.2). All parts 

Table 
S5.1 pPGK1-HH-dKanMX-HDV-tADH1, bla, ColE1, HygR, 2μ) 

(detailed construction strategy is shown in Figure S5.1). The different part plasmids with import signals 
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Table S5.1

preCOX4-ARG8
yielding strains IME797 – IME802.

Plasmids and strains expressing mito-ARG8 mRNA
The plasmids expressing mito-ARG8

HH-GFPdropout-Cox2UTL-mitoARG8-dodecamer-HDV), which was ordered as a synthetic gene 

respectively (Figure S5.1
pTEF1 HH-

GFPdropout-Cox2UTL-mitoARG8-dodecamer-HDV-tENO2

(Figure S5.1
 et al. -ARG8

Figure S5.1, Table S5.1
(Table 5.1). 

Genomic integration
YPRCtau3 locus in strain IMX2796, the 

YPRCtau3
repair fragment (Table S5.1, Table S5.2
expressing two gRNA sequences targeting the YPRCtau3

mRNA-FISH

COX3 mRNA 

stored as instructed by the manufacturer. 

9

or otherwise treated with RNaseZap
were washed twice with cooled spheroplasting buffer (1.2 M sorbitol, 0.1 M pH 7.5 potassium phosphate 

lyticase from Arthrobacter luteus 

centrifugation of spheroplasts was done at 380 × g for 5 minutes at room temperature and resuspension 
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70 

 dextran sulfate 
sodium salt from Leuconostoc  E. coli tRNA, 2 mM vanadyl ribonucleoside complex (VRC), 
200  bovine serum albumin (BSA), 2x SSC buffer, 10 % formamide, 125 nM probe) at RT. Hybridization 

53 

no. 11244545; HEMA, Amsterdam, the Netherlands). Slides were labelled and stored at room temperature 
while protected from light until required for microscopy.

Microscopy

(Carl Zeiss) and an HBO 100 illuminating system (Carl Zeiss). Acquisitions were done with an AxioCam HRm 
 

a liquid culture was centrifuged for 3 minutes 3000 × g at RT, and resuspended in sterile dH2

Figure S5.2). The exposure time was 

Figure S5.2), with an exposure 

was performed using an Olympus IX 81 inverted microscope (Olympus, Tokyo, Japan), equipped with an 

Image analysis

of each image using the minimal algorithm to determine the location of the mitochondria in the image. 

interest (ROI, i.e. mitochondrial structures) of the image. Subsequently, the mask was overlaid on the red 
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were kept constant, except for stack height in number of slices, spacing between slices in nm and emission 
EM

generated to subsequently deconvolve the image accordingly. All images were normalized by setting the 
sum of pixels to 1. Algorithmic deconvolution was done in ImageJ using the Deconvolutionlab2 (v2.1.2) 

deconvolutions for this study were done with 35 iterations.

Growth characterization of mito-ARG8 mRNA mutants
-ARG8

660 had doubled at least once to ensure exponential growth. 
The cultures were spun down and washed twice in sterile dH2O, then diluted to an OD660

was inoculated with a starting OD660
of OD equivalents was performed as described by Boonekamp et al. 

Laboratory evolution and bioreactor cultivation
Chemostat cultures

-ARG8
660 units of each strain was 

each bioreactor. The combined cultures were inoculated for automated evolutionary engineering in duplicate 

. The strains were grown in batch until 
a stabilization of CO 2

resulting in a stable dilution rate of 0.1 h . Evaporation of water and volatile metabolites was minimized by 
2 and O 2 concentrations were measured 

2

2
in situ 
described below. Two independent bioreactors named A and B, corresponding to two evolution lines, were 
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right after the batch phase ended (IMS1261) and at the very end of the chemostat cultivation prior to ending 

isolated from samples taken from bioreactor B after approximately 350 generations. To obtain the isolates, a 
sample of bioreactor B was plated on SME without arginine, and four colonies were picked and restreaked 

Sequencing batch reactors

temperature, and dissolved oxygen concentration thresholds were the same as in the chemostat cultivations, 
but arginine was omitted in the SME medium. Optical density was measured in the bioreactor using a BE2100 

mode until OD and CO2 stabilized, upon which approximately 95 % of the culture volume was removed and 

cycles, after which it was stopped since no improvement was observed. 

Characterization of IMS1254 physiology in batch culture

2O 
and inoculated in three replicate bioreactors run in parallel, one containing SME, and two containing SM 

 glucose. The cultures were grown in batch mode to deplete any leftover arginine 

measurements. 

Analytical methods for cultures in bioreactors

dry weight measurements of the bioreactor experiments were performed as previously described, using 10 

g

2SO4
 and detection by refractive index and wavelength absorbance detectors at 214 nm. OD660 was 

a 0 ×, 100 ×, 1000 × and 10.000 × serial dilutions of biomass samples in sterile dH2O and plating on solid 

dilutions were measured to have a coincidence between 5 and 10 %.  

Whole genome sequencing (WGS)

660

(Amsterdam, the Netherlands) on a Novaseq 6000 sequencer (Illumina, San Diego, CA) to obtain 151 cycle 
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Mitochondria isolation

stocks were grown overnight on SM medium supplemented with glucose as a carbon source, supplemented 

660 of 0.1 in a total 

exponential phase (OD660 
 et al.

2

C for 
proteome analysis.

Western blotting

The supernatant was cleared by centrifugation (10.000 × g for 10 min at 

shaken at 4 c

C. The other membranes were incubated for detection of 

antibody levels were detected with enhanced chemiluminescence using the Clarity 

Proteomic analysis
 et al.

ice and resuspended in lysis buffer composed of 100 mM Triethylammonium bicarbonate (TEAB) containing 
1
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Data were analyzed against the proteome database from Saccharomyces cerevisiae

log10

was calculated relative to the unevolved sample. The average fold changes of the technical replicates 
were subsequently used to determine the standard deviations of the biological replicates. Results from the 
analysis are attached in . 

GO term enrichment

Saccharomyces
,

mitochondrial proteins more abundant in all strains), was analyzed against a custom reference list containing 
all S. cerevisiae mitochondrial proteins ( ). The reference list of mitochondrial proteins was obtained 

enrichment strength was calculated by dividing the number of proteins in the entered dataset that associated 

5.3  Results

Fluorescence-based screening of RNA import in yeast mitochondria
An array of RNA structures of 20 – 80 nucleotides that aid import of RNA in mitochondria have been proposed 

(Table 5.2 S. cerevisiae were 
selected based on their 
described ability to effectively 
import RNA in yeast 
mitochondria. Additionally, 
three signals described 
to aid import in human 
mitochondria (5S rRNA, 

were tested, as well as their 
three yeast homologues 
(Table 5.2, Figure S5.3). 

also hypothesized to aid RNA 
import, this RNA structure 
was also tested, resulting 
in a library of eleven import 
signals, that could be cloned 
at either the 5’ end or the 3’ 
end of an mRNA.

RNA signal

(5’ and/or 3’)
Length (nt) Origin Source

DF 39 Yeast tRNALys tRK1 [23]
D-arm 16 Yeast tRNALys tRK1 [23]
F-stem 20 Yeast tRNALys tRK1 [23]
F1 25 Yeast tRNALys tRK1 [23]
h5S 46 Human 5S rRNA MAM domain [26]
y5s 14 Yeast 5S rRNA This study
hRP 20 Human RNase P RNA component [24]
yRP 20 Yeast RNase P This study

hMRP 20 Human Rnase MRP RNA component [24]

yMRP 20 Yeast RNase P This study
tracrRNA 79 CRISPR-Cas9 tracrRNA structure [28]
tRK2-tr93 76 Yeast tRNALys tRK2 [27]
No signal 0

Table 5.2. RNA targeting signals used in this study.
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approach (Figure 5.1

RNA molecule for mitochondrial import. The mTq2 sequence was recoded for mitochondrial translation by 

Figure S5.4). The 

 Figure 5.1. Schematic overview of the screening method to detect RNA import in mitochondria. (i) Mitochondrially recoded 

contain a 5’ cap and poly(A) tail, ensuring export from the nucleus, which are cleaved off by ribozymes attached to the 5’ and 3’ end (not 

preCOX4, leading to translocation of the protein upon translation to the mitochondrial matrix, which results in localized red fluorescence in 

mitochondrial RNA import.
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multicopy plasmid under control of a strong constitutive promoter. This resulted in eighteen different strains, 

Table S5.1). 

ribozymes (Figure S5.1
Figure 5.1). 

in mitochondria in the blue channel, while the positive control IMC173 did, and only IMC159 showed red 
Figure 5.2A).

Figure 5.2A, Figure S5.5), suggesting import and translation 

Figure 5.2B, Figure S5.6), 

Figure 5.2B), IME537 and 
Figure S5.6

mitochondria might occur, but as a stochastic process.

Is RNA import to mitochondria correlated to the co-import of the 
mRuby2 protein?

absent (Figure 5.2, Figure S5.5, Figure S5.6

Figure S5.6

Figure 5.2C), among which 

between red and blue channels, and the negative control expressing solely mRuby2 in the mitochondria 

its expression and nuclear export, however its cellular localization was too scattered to draw conclusions on 
its presence in mitochondria (Figure S5.7).

mRNA localization to mitochondria proved technically challenging to unambiguously demonstrate 
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Figure S5.8). Mitochondria were isolated 

in combination with the mRuby2 protein (IME531 – IME547), as well as the positive and negative control 

displayed the expected 26,9 kDa band for the positive control in which mTq2 is translated in the cytosol 

presumably corresponding to the truncated, cytosolic translated variants (lanes 3 to 7, Figure 5.3). The 

13, Figure 5.3
visible. 

proteins in mitochondrial extracts suggested the presence of functional mTq2 in mitochondria, and thereby 

Exploring the dependency of mitochondrial RNA translocation on 
overexpression of proteins localized to mitochondria
Mitochondrial import of tRNA

Figure 5.3. Western blot analysis of mTurquoise2 expression in strains expressing mito-mTq2 mRNA in the presence (IME531-547) 

and absence (IME551-567) of the of the mitochondrially localized mRuby2 protein. 
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encoded by ARG8
of ARG8 in a  

strain together with a subset of constitutively highly 

Figure 5.2B

negative control strain IMC250 , complemented with preCOX4-ARG8), and in strains that 

Figure 5.4A

2, Figure 5.4B

 Figure 5.4. Impact of overexpression of the mitochondrial Arg8p on mito-mTq2 mRNA import and expression. IMC250 is the 

where the line represents the median value, and the edges of the boxes represent the 25th and 75th percentile. Outliers are shown as dots. 
n indicates the number of analyzed cells. B) Mean fluorescence in the mTurquoise2 (blue) channel of each cell plotted against the size of 
the fluorescent area. C) Fluorescence microscopy images (1000x) in blue (mTurquoise2) and brightfield images of cells indicated with i, 
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the negative control (Figure 5.4C). Therefore, targeting of preCOX4-ARG8 to the mitochondria did not visibly 
enhance RNA import, suggesting that this effect might be dependent on the targeted protein.

Bioreactor evolution and cultivation of strains expressing mito-ARG8 
mRNA
Current understanding of mitochondrial RNA import in yeast is limited to the import mechanism of 
tRNA Table 5.2), none 
did measurably and consistently improve mRNA import. The import mechanism of the other tested signals 

therefore be a stochastic rather than a selective process, although it may be improved by additional protein 

improved mitochondrial RNA import requires a condition where RNA import is essential for survival, or at 
least gives a strong selective advantage. This condition can be met in an  arginine auxotroph 

translated in the mitochondria to rescue arginine auxotrophy. Eleven different 5’ RNA import signals were 
cloned in front of the mito-ARG8
under control of a strong constitutive promoter. The twelve constructs were transformed in a  

integration. None of the strains were readily able to grow in the absence of arginine (Figure S5.10), indicating 
that RNA import or translation of the mito-ARG8
arginine requirements for growth. 

in which nitrogen was the limiting element, continuously supplied in the form of ammonium sulfate and 

-ARG8 mRNA 
import would occur, thereby enabling arginine synthesis from the supplied ammonium. This would result in 
an increased biomass yield of these mutants, which would gradually take over the culture. Ethanol was used 
as carbon source, to increase mitochondrial mass, retain a mitochondrial membrane potential and prevent 

of 0.1 h
(60 

, with complete consumption of the supplied ethanol (435 mM). The initial 
, which was higher than expected and likely due 

 biomass, and oscillating carbon 

been previously reported for chemostat cultures of S. cerevisiae

750 hours (ca. 107 generations), the oscillations disappeared while biomass concentration increased 
. Concomitantly, carbon dioxide production increased by 40 – 50 % and residual ethanol 

concentration decreased by 10 % (Figure 5.5A,B).

The ability of the strains to grow in the absence of arginine outside the bioreactors was tested by plating. No 

7 cells plated after 

in bioreactor B had acquired the ability to synthetize arginine. To increase arginine synthesis, and thereby 
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 Figure 5.5. Prolonged chemostat culture of S. cerevisiae to evolve towards mito-ARG8 mRNA import in mitochondria. 

-ARG8 mRNA and 
, under nitrogen (arginine) limitation and ethanol 

as source carbon and energy source. The grey area represents the batch phase, the blue area highlights the phase with relatively steady 

(IMS1261).
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th of the continuous culture volume in bioreactor B was used to start sequencing batch 

-ARG8 import or arginine synthesis and 

 0.001 h ), CO2 production and O2 consumption 
did not visibly improve (Figure S5.11) in this time frame, evolution of these extremely slowly growing cultures 
was discontinued.

Characterization of mutants able to grow in the absence of arginine.

experiment, four single colony isolates able to grow in the absence of arginine were isolated from bioreactor B 
(strains IMS1251 to IMS1254). As observed for the whole evolved population, the four strains grew poorly on 

of arginine (Figure 5.5C,D
free batch cultures with glucose or ethanol as sole carbon and energy source. Although the strain was able 

S. cerevisiae), the optical density remained extremely low as cell 
volume decreased, and changes in metabolic activity (consumption of oxygen and glucose, production of 
carbon dioxide, etc.) as well as biomass concentration were not measurable (Figure S5.12, Figure S5.13).

enabling mitochondrial import of mito-ARG8 mRNA and arginine biosynthesis, but it may also be caused by 

was tested by sequencing the genome of the four evolved strains, as well as the two evolved populations from 

were found in one or more of the evolved isolates ( ). Considering that the population of bioreactor A 

the evolved isolates were considered as not relevant for acquisition of arginine prototrophy or could have 

ASG1 and ECM21, each mutated in a single evolved strain, TIF3 and YOR389w, each harboring the exact 
same mutation in two evolved strains, and UBR2 displaying the same mutation in all four evolved strains 
(Table 5.3 TIF3 encodes 

ASG1 is a transcriptional regulator) or degradation through the 
proteasome (ECM21 and UBR2). In all four strains, the UBR2

Table 5.3  
protein ligase involved in proteasome regulation via the degradation of Rpn4p, transcriptional activator 

unfolded and misfolded proteins.

(
518

TIF3, ASG1 and YOR389w might be relevant for arginine 
prototrophy, their physiological role in this context remains to be elucidated. 
The batches were started with a mixture of strains, each with a different putative RNA import signal attached 
to the mito-ARG8
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signal. No mutations that could mitochondrial enhance mRNA import or translation were detected in the 
plasmid sequences. 

improvement of RNA import to mitochondria.

Proteome analysis of the evolved mutants does not indicate 
mitochondrial import of mito-Arg8 mRNA.

Arg8p was translated and localized to mitochondria. The evolved strains were grown in the presence of 
arginine with ethanol as carbon source, as biomass concentrations reached without arginine were too low 
for mitochondria isolation. IMS1253 was excluded from this analysis as its growth was poor even in the 

of the isolated mitochondria of evolved strains, indicating that the mito-ARG8 mRNA was most probably not 
imported or translated in mitochondria.  

Nevertheless, measured changes in proteome could give insight into the physiological changes caused 

total of 927 proteins was detected across all samples, with various degrees of enrichment for mitochondrial 
proteins in each strain. IMS1251, IMS1252 and IMS1254 contained 49 %, 68 % and 53 % mitochondrial 

(Figure S5.14). Changes in the proteomes of the evolved mutants were determined by normalizing protein 
abundance over the protein abundances found in the unevolved starting culture IMS1261. IMS1251 and 
IMS1254 showed a similar response, with ca

(Figure S5.15, ). The changes observed in IMS1252 were less extensive, with 251 and 121 proteins 

As common feature, a total of 205 proteins were more abundant, and 66 proteins were less abundant in all 
Figure S5.15). Most of these proteins were not 

mitochondrial.
Analysis of the mitochondrial proteome did not reveal remarkable relative changes in general proteome 
allocation during evolution (Figure S5.16). Among the ca. 1000 mitochondrial proteins, as little as six and 

(Figure 5.6A,B
these proteins were involved in aminoacylation of tRNA (ALA1, VAS1 and ISM1, Figure 5.6C, ). The 
less abundant proteins were largely involved in the mitochondrial electron transport chain. Four genes were 
involved in cytochrome c oxidase activity (all COX PIM1, 
COX20, CCP1, SOD2, POS5, TRX3) and eight proteins were involved in respiration (COX KGD2, 
ETR1, MDH1, LSC2, Figure 5.6D, ). Remarkably, 78 of the less abundant proteins were shared 
between IMS1251 and IMS1254 (Figure 5.6B), of which 30 were components of mitochondrial ribosomes, 
while an average of 50 proteins was involved in metabolism of peptides and organic nitrogen (Figure S5.17). 
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5.4  Discussion

Mitochondrial import of RNA remains an elusive topic to date, and characterization is limited to the import 

of mtDNA by targeting Cas9 and a gRNA to the mitochondrial matrix. Although several mitochondrial 

A study by Schmiderer et al.

readout of gRNA targeting. Other studies investigating RNA import often use a combination of mitochondrial 

demonstrate RNA import, but only RNase protection of the targeted RNA by association to the mitochondrial 

With these challenges in mind, it is required to establish a different method to reproducibly demonstrate 

In this study, this was attempted by targeting a mitochondrially recoded mRNA to the mitochondrial matrix. 
Mitochondrially recoded genes can only be translated in the mitochondria, offering a powerful screening 

detected, however, the presence or absence of an RNA import signal did not have a measurable effect 
on mRNA import in the mitochondria. Most of these signals have been developed and tested in vitro for 
the import of short RNA molecules on isolated mitochondria and may therefore not be suitable for (in vivo) 

translocated to the mitochondria. As the TIM and TOM protein import complexes are likely involved in RNA 

affect RNA import. However, approximately 1,000 proteins are natively imported into mitochondria, and 

that expressing and importing yet another protein affects RNA import. This hypothesis was additionally 

expression system and MTS as mRuby2.

possible that mRuby2 possesses intrinsic characteristics that aid mRNA import. For example, relatively small 

IpreCOX4-mRuby2

IpreCOX4-Arg8
for mRuby2 and Arg8 is derived from the cytochrome c oxidase subunit 4 (Cox4). Cox4 is localized in the 
inner mitochondrial membrane and its import is dependent on the mitochondrial membrane potential 

COX4-MTS is not 
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known, but their chemical and physical properties might lead to a different localization and effect on RNA 

microscopy and by Western Blotting.

-ARG8 as 
mitochondrially targeted mRNA. High expression of the mRNA from a multicopy plasmid with a strong 
constitutive TEF1-  mutants 
auxotrophic for arginine (Figure S5.10). This result suggested either that ARG8 mRNA was not readily 
imported to mitochondria or that Arg8p expression, if present, was too low to sustain growth requirements. 

carefully designed with a strong selection pressure favoring mutants with enhanced mitochondrial import of 
mito-ARG8
mito-ARG8 mRNA was not imported. In line with this result, whole genome sequencing and mitochondrial 
proteome analysis of the evolved strains did not reveal potential mechanisms enhancing RNA import to 
mitochondria. Regardless, the evolved strains were able to bypass the arginine biosynthetic pathway, but 
only at extremely low rates (Figure S5.12, Figure S5.13). The mechanism behind this is not exactly clear, but 

UBR2,

in the evolved strains. The mutation caused extension of the UBR2 ORF, potentially affecting the regulatory 

constitute growth for multiple generations, coinciding with the observation that the evolved mutants were 
not able to double more than once (Figure S5.12). Interestingly, the 26S proteasome also interacts with the 
import of mitochondrial tRNA

was a step towards improved mitochondrial RNA import, additional mutations were still required to attain 
import. 

from the chemostat evolution (Figure 5.6). Such an effect was previously described for prolonged cultivation 
of S. cerevisiae max, where the slow 

% 
max

to improve RNA import to mitochondria. An increase in biomass yield was observed during prolonged 

ARG8 import. Establishing a baseline response of arginine auxotrophic control 
strains devoid of mitochondrial ARG8 mRNA import would enable to disentangle ‘natural’ yeast responses to 

ARG8 mRNA.

detect RNA import. The import of a long mRNA (up to 1272 nucleotides for ARG8) may be too ambitious, 
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pressure for the import of a short RNA in mitochondria is challenging, but not impossible. For instance, 
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5.5  Supplementary data

Links to: https://data.4tu.nl/datasets/12375721-959a-4452-a8cb-dc44277bfe86
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Sequences

DF-stem (retrieved from [23]) 
1 gcgcaatcgg tagcgcttcg agccccctac agggctcca 

D-arm (retrieved from [23]) 
1 gcgcaatcgg tagcgc

F-arm (retrieved from [23]) 
1 gagcccccta cagggctctt 

F1 (retrieved from [23])
1 ggttcgagcc ccctacaggg ctcca

tRK2-tr93 (retrieved from [23])
1  gccttgttag ctcagttggt agagcgttcg gcttttaacc gaaatgtcag gggttcgagc 
61 cccctatgag gct

Human 5S rRNA (retrieved from [26]) 
1 ggcctggtta gtacttggat gggggaccgc caaggaatac cgggtg 

Yeast 5S (Figure S5.3)
1 gaccgagtag tgtagtgggt gaccatacgc gaaactcagg tg 

Human ribonuclease P stem (retrieved from [24]) 
1 tctccctgag cttcagggag 

Yeast ribonuclease P stem (Figure S5.3)
1 actggggaac cagt 

Human mitochondrial RNA processing ribonuclease stem (retrieved from [24]) 
1 agaagcgtat cccgctgagc 

Yeast mitochondrial RNA processing ribonuclease stem (Figure S5.3)
1 gtacctctat tgcagggtac 

tracrRNA (from pMEL13 [116])
1   gttttagagc tagaaatagc aagttaaaat aaggctagtc cgttatcaac ttgaaaaagt 
61  ggcaccgagt cggtggtgc
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Mito-mTq2 

translation. 

1    atggtatcaa aaggtgaaga attatttaca ggtgtagtac ctattttagt agaattagat 
61   ggtgatgtaa atggtcataa attttcagta tcaggtgaag gtgaaggtga tgctacatat 
121  ggtaaattaa cattaaaatt tatttgtaca acaggtaaat tacctgtacc ttgacctaca 
181  ttagtaacaa cattatcatg aggtgtacaa tgttttgcta gatatcctga tcatatgaaa 
241  caacatgatt tttttaaatc agctatgcct gaaggttatg tacaagaaag aacaattttt 
301  tttaaagatg atggtaatta taaaacaaga gctgaagtaa aatttgaagg tgatacatta 
361  gtaaatagaa ttgaattaaa aggtattgat tttaaagaag atggtaatat tttaggtcat 
421  aaattagaat ataattattt ttcagataat gtatatatta cagctgataa acaaaaaaat 
481  ggtattaaag ctaattttaa aattagacat aatattgaag atggtggtgt acaattagct 
541  gatcattatc aacaaaatac acctattggt gatggtcctg tattattacc tgataatcat 
601  tatttatcaa cacaatcaaa attatcaaaa gatcctaatg aaaaaagaga tcatatggta 
661  ttattagaat ttgtaacagc tgctggtatt acattaggta tggatgaatt atataaataa 

Mito-ARG8 
Includuding COX2

1    agtattaaca tattataaat agacaaaaga gtctaaaggt taagatttat taaaatgttt 
61   aaaagatatt tatcatcaac atcatcaaga agatttacat caattttaga agaaaaagct 
121  tttcaagtaa caacatattc aagacctgaa gatttatgta ttacaagagg taaaaatgct 
181  aaattatatg atgatgtaaa tggtaaagaa tatattgatt ttacagctgg tattgctgta 
241  acagctttag gtcatgctaa tcctaaagta gctgaaattt tacatcatca agctaataaa 
301  ttagtacatt catcaaattt atattttaca aaagaatgtt tagatttatc agaaaaaatt 
361  gtagaaaaaa caaaacaatt tggtggtcaa catgatgctt caagagtatt tttatgtaat 
421  tcaggtacag aagctaatga agctgcttta aaatttgcta aaaaacatgg tattatgaaa 
481  aatccttcaa aacaaggtat tgtagctttt gaaaattcat ttcatggtag aacaatgggt 
541  gctttatcag taacatgaaa ttcaaaatat agaacacctt ttggtgattt agtacctcat 
601  gtatcatttt taaatttaaa tgatgaaatg acaaaattac aatcatatat tgaaacaaaa 
661  aaagatgaaa ttgctggttt aattgtagaa cctattcaag gtgaaggtgg tgtatttcct 
721  gtagaagtag aaaaattaac aggtttaaaa aaaatttgtc aagataatga tgtaattgta 
781  attcatgatg aaattcaatg tggtttaggt agatcaggta aattatgagc tcatgcttat 
841  ttaccttcag aagctcatcc tgatattttt acatcagcta aagctttagg taatggtttt 
901  cctattgctg ctacaattgt aaatgaaaaa gtaaataatg ctttaagagt aggtgatcat 
961  ggtacaacat atggtggtaa tcctttagct tgttcagtat caaattatgt attagataca 
1021 attgctgatg aagctttttt aaaacaagta tcaaaaaaat cagatatttt acaaaaaaga 
1081 ttaagagaaa ttcaagctaa atatcctaat caaattaaaa caattagagg taaaggttta 
1141 atgttaggtg ctgaatttgt agaacctcct acagaagtaa ttaaaaaagc tagagaatta 
1201 ggtttattaa ttattacagc tggtaaatca acagtaagat ttgtacctgc tttaacaatt 
1261 gaagatgaat taattgaaga aggtatggat gcttttgaaa aagctattga agctgtatat 
1321 gcttaattat aataatattc ttaa
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 Figure S5.1.Construction strategy of libraries of mito-mTq2 mRNA (A) and mito-ARG8 mRNA (B) with different RNA import signals.
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Figure S5.2. Spectral overview of (A) fluorophores and (B) filters used for in vivo co-localization assays.

A

B
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Figure S5.3. Structural comparison between human and S. cerevisiae putative RNA import signals. A) Human 5S rRNA (accession 
S. cerevisiae  et al.

displayed in a solid red box. In order to extrapolate the h5S rRNA stem to a yeast equivalent, a comparative analysis was done between the 

comparison of these native 5S rRNA components revealed similar structures as well. In h5S rRNA the sequence of the putative RNA signal 

denoted according to the color scale as indicated. Structural analysis was done using RNAfold (Vienna RNA secondary structure server 
S. cerevisiae

S. cerevisiae et al.
red box. Subsequent mapping of this substructure to the yeast RNA variants allowed for extrapolation of the putative signals. Apart from 
structural similarity, information on identified conserved intramolecular RNA domains justify the choice of specific regions as extrapolated 
signals to be examined for ability to stimulate RNA transport to the mitochondria. Based on structural similarity, and identified conserved 

.
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 Figure S5.4. Translation frames of mito-mTq2 mRNA. 
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 Figure S5.5. Fluorescence microscopy images (1000x) in red (mRuby) and blue (mTurquoise) channels and brightfield images of 

strains expressing mito-mTq2 fused to different mitochondrial RNA import signals. The fluorescence of strains expressing each signal 

1200 ms for mTq2 and 500 ms for mRuby2. Images were processed using the same settings for brightness and contrast, where any pixel 
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(Figure continues on next page)
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(Figure continues on next page)
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Figure S5.6. Distribution of the mean mitochondrial fluorescence in the different strains in the mRuby2 (red) and mTurquoise2 

(blue) channels, determined from microscopic analysis and measuring mean pixel intensities in the red and blue channels.

plots showing the correlation of the mean measured pixel intensity in the red channel (mRuby) versus the measured mean pixel intensity in 

The distribution of the mean fluorescence intensity of mRuby (red) and mTurquoise (blue) presented as boxplots, where the line represents 
the median value, and the edges of the boxes represent the 25th and 75th percentile. Outliers are shown as dots. The dashed line represents 
the median fluorescence value of the negative controls as a reference (IMC173 for Ruby fluorescence, IMC159 for mTq2 fluorescence). 
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(Figure continues on next page)
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(Figure continues on next page)
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(Figure continues on next page)
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Figure S5.7. FISH analysis of strains expressing mito-mTq2 mRNA with different RNA signals and negative control CEN.PK113-7D, 

omitting mito-mTq2 mRNA. Acquisition in the COX3

iterative deconvolution. The white scale bar indicates 5 μm.
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 Figure S5.8. Western blot of fluorescent proteins using anti-GFP. 

36 kDa). The reference ladder displays protein size in kDa. 
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A

(Figure continues on next page)
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B

 Figure S5.9 Western blot analysis of mTurquoise2 expression in strains expressing mito-mTq2 mRNA in with the presence (panel 

A) or absence (panel B) of the preCOX4-mRuby2 protein. 

c
substrate and imaged using chemiluminescence as a loading control. The chemiluminescence image was overlaid with the blot to allow 
for visibility of the ladder. Approximate protein sizes of the observed bands in kDa are indicated on the left, the used ladder was the 
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 Figure S5.11. Gas and biomass (OD) profiles of the evolved population from bioreactor B grown in SBR in the absence of arginine. 

The population was fed with synthetic medium containing ammonium sulfate as sole nitrogen source and ethanol as sole carbon source. 
CO2 and O2
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 Figure S5.12. Physiological characterization of the evolved single colony isolate IMS1254 in batch cultivation in a bioreactor in the 

absence of arginine. 

(C) as sole carbon source. CO2 and O2 660), 

of IMS1254 in the complete absence of arginine. 
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 Figure S5.13. Average cell size of strain IMS1254 (bioreactor B evolved single colony isolate) in batch cultivation in a bioreactor on 

synthetic medium supplied with either glucose or ethanol, in the absence of arginine at different time points. 
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Figure S5.14. Fraction of mitochondrial protein detected in each proteome, based on the accumulative protein areas of protein that 

were “mitochondrial” according to their Gene Ontology descriptor versus the total protein areas of each proteome. Error bars were 
calculated from values obtained for biological duplicates. 
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5

 Figure S5.17. GO-term analysis of 78 proteins that were less abundant in both strains IMS1251 and IMS1254, compared to unevolved 

parental population IMS1261. 

The length of each bar indicates the average measured log2
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6.1  A critical evaluation of RNA import and processing in 
mitochondria 

Despite the pressing need for methods to engineer the mitochondrial genome, from both a fundamental 
and therapeutic perspective, the development of the required tools is challenging. Although many targeted 

RNA molecules to function, and the successful editing of the mitochondrial genome relies on the presence, 
of both the nuclease and an guiding RNA fragment in the mitochondrial matrix. In Chapter 5, it was shown 
that import to the mitochondrial matrix of RNA molecules with a size of 700 base pairs or longer could not be 

signal used, thus there was no apparent discrimination in the effectivity of RNA import signals. A similar 

signals do not impact RNA import, regardless of the length of the cargo. This would imply that all cytosolic 
RNA could be potentially imported to the mitochondrial matrix. This is highly unlikely, as this would crowd the 
organelle with cytosolic RNA with no mitochondrial function.

Taken together, the data presented in Chapter 5 calls for a better understanding of mitochondrial RNA 
import. Although parts of the import pathway of tRNA

conformational change to enter mitochondria, meaning that secondary structures may also impact the RNA 

negatively charged mitochondrial matrix. In the case of DNA, it was demonstrated that the molecule can 

indicate that RNA molecules that are able to enter the mitochondrial matrix are associated to a positively 
Chapter 5 

showed that RNA import cannot be simply achieved through a few mutations, and likely requires extensive 
changes in mitochondrial physiology, demonstrating the complexity of this phenotype.

More accurate screening methods for RNA import are required
Most studies describing mitochondrial RNA import relied solely on in vitro experiments. The isolation procedure 
of mitochondria alone can cause decoupling of mitochondria, resulting in rupture of the mitochondrial 
membranes and a subsequent loss of mitochondrial membrane potential. To further complicate the detection 

import studies often rely on blotting techniques used on a mitochondrial subfraction of the cell. Isolated 

isolated mitochondrial protein fractions or transcriptomes were shown to still contain 20 – 80 % cytosolic 

explicitly demonstrate the import of RNA, but rather RNase protection of the targeted RNA by association 

mitochondrial uptake or for the association of RNA with mitochondrial proteins. The only demonstration of 
in vivo RNA import was achieved by Wang et al.

in vitro and in vivo RNA import in multiple conditions, this 

either in the intermembrane space or the mitochondrial matrix, and because of its function as a key protein in 

mitochondrial RNases to the mitochondria in mammalian cells is disputed as well, and it is assumed to be an 
artefact of RNA species that associate with proteins or ribosomes on the mitochondrial membrane, or mRNA 
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To prevent any false positives, future studies assessing the RNA import in vitro or in vivo must carefully 

only. It has been widely and reproducibly demonstrated that recoding a gene with mitochondrial codons 
Chapter 5 

could be further developed to demonstrate mitochondrial RNA import, given that any artifacts caused by 

was observed in Chapter 4. In the work performed in this research, it was assumed that the imported 

screening approach is to be used in the future, more research should be done to characterize the expression 
of imported mRNA by the mitochondrial ribosomes, e.g., by in vitro transformation of isolated mitochondria 

6.2  Towards full understanding of mitochondrial gene 
expression 

Engineering even the most minimal forms of life still requires a thorough understanding of their gene 
expression and the regulation thereof. Although the 86 kb mitochondrial genome is relatively small, it has 
a complex mosaic structure and gene expression is controlled through various layers of RNA processing 
and splicing that are not yet fully understood. Disruption of splicing homeostasis can in some instances 

level of expression of their respective genes. Chapter 3 i

on ethanol. This may indicate a yet unforeseen role of these introns in regulation of mitochondrial genes 

expression by interacting with the mtDNA or with other mtRNA species. Alternatively, the increased intron 

mechanisms of intron turnover and accumulation could shed new light on mechanisms of glucose repression 
and the Crabtree effect. Interestingly, there is a large heterogeneity in the presence of intron sequences in 
the mitochondrial genome within the Saccharomyces genus and even between S. cerevisiae 

compositions and their respective mitochondrial intron processing and respiratory capacity could bring a 
wealth of new information on the regulation, essentiality and evolutionary history of the intron sequences and 
their role in mitochondrial physiology, energetics, and metabolism. At a clinical level, disruption of splicing 
homeostasis not only impacts cellular growth but can also lead to several mitochondrial pathologies and has 

S. cerevisiae is a popular model organism 
for mitochondrial functions, the sequencing method developed in Chapter 3 could shed new light on the 
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6.3  The future of mitochondrial genome engineering 

The data in Chapter 5 characterizes mitochondrial import of RNA with a length 700 nucleotides and over. 

of a short gRNA linked to a targeting signal, which brings the length to an average of 100 to 150 nucleotides. 
With the simultaneous mitochondrial expression of Cas9 and a gRNA, these studies demonstrate depletion 

 et al.

However, their study uncovered that irrespective of the gRNA sequence used, the exact same base pair 
substitution at a single nucleotide position was observed. This indicates that the introduced mutation 
correlated to the presence of Cas9 in the mitochondria, but was independent the presence of a gRNA. In the 

general dysfunction of mitochondria, which may trigger maintenance systems reducing mtDNA such as 

from mtDNA depletion, the integration of a DNA sequence would provide more solid evidence for gRNA 

achieve a shift in mtDNA heteroplasmy, indicating that edits, if present at all, could not be maintained and 

mtDNA engineering in mitochondrial disease

gene therapy, aiming at treating mitochondrial disorders that are rooted in mutations or deletions in the 

developed for human mitochondrial diseases, which do not necessarily depend on editing the human 
mitochondrial genome. Human mitochondrial defects are often heteroplasmic in nature, meaning that 

the heteroplasmy towards the ‘healthy’ gene product, by e.g., attenuation of mutated proteins or aberrant 

as the ‘holy grail’ of mitochondrial gene therapy. With the number of unanswered fundamental questions on 
nucleic acid import in the mitochondrial matrix and the observations that despite many efforts, there is no 
solid proof for Cas9 engineering of mitochondrial genomes yet, targeting of a gRNA to the mitochondrial 
matrix in vivo, without disrupting the mitochondria, may never be achieved in a clinical setting. Therefore, 
further development of the earlier described attenuation strategies for mitochondrial heteroplasmy or protein 

way to achieve gene therapy in mitochondrial disease. Alternatively, hereditary mitochondrial diseases can be 

oocytes and subsequent in vitro
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beyond germline engineering, as several studies reported a promising effectivity of therapies based on 
the transplantation of healthy mitochondria in tissues with mitochondrial defects. Thereby, mitochondrial 
transplantation could effectively rescue mitochondrial defects caused by ROS or mitochondrial mutations, 

mtDNA engineering in synthetic biology

the integration of genetic elements is required, which depends on the ability to import RNA or DNA. As 
described above, an increasing wealth of evidence suggests that RNA and DNA are not imported in vivo at 

synthetic cells, the ability to engineer the mtDNA could have multiple applications in synthetic biology. 

engineering could also lead to fundamental insight in the endosymbiotic event that led to the existence of 

and into mitochondrial functions and gene expression. For example, it would allow for the removal of the 
group II introns that accumulate under growth on glucose, as described in Chapter 3, in order to study their 

reporter systems, to study mitochondrial expression and regulation in different contexts, without the use of 

ori of the mtDNA of the yeast 
Yarrowia lipolytica lead to its application as an orthogonal origin of replication for maintenance of nuclear 

In a synthetic biology context, the import of nucleic acids in the mitochondrial matrix may eventually be 

in a therapeutic context. For example, virulence proteins that actively promote horizontal gene transfer by 

utilize the proteins VirD2 and VirE2 of Agrobacterium tumefaciens, a plant pathogen that causes tumors 
in plants by transfer of oncogenic DNA to the plant nucleus. Whilst these proteins can be targeted to the 
mitochondrial matrix by addition of an MTS, successful DNA transfer to the mitochondria has not been 

pores is challenging, as strongly hydrophobic membrane proteins are not readily imported in mitochondria 

mechanisms of Trypanosoma species, which import all tRNA into their mitochondria. Different protein 

and it may be worthwhile to express the Trypanosoma mitochondrial membrane complexes in the yeast 

mitochondrial transplantation could also be employed for engineering and building of yeast mitochondrial 
genomes. Mitochondrial genomes can be transformed and engineered in hosts such as E. coli
isolated mitochondria can be transformed in vitro 

0 strain of S. cerevisiae by protoplast 

may be a more attainable approach in the short term.
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6.4  Towards synthetic mitochondrial cells

Taken together, the ability to engineer mitochondrial genomes will have interesting applications in synthetic 

investigated. However, in the scope of using mitochondria as synthetic cells, one might wonder if the number 
of technological challenges faced by mitochondrial genome engineering might not outweigh the advantages 
of using mitochondria as synthetic cell chassis.

Mitochondria: Not yet another top-down approach
Mycoplasma

minimal genome of ca. 

contain approximately 1000 proteins, appear more complex, the organelle is in fact much better understood 
than even the most minimal synthetic cell to date. As a comparison, approximately 10 % of mitochondrial 

energy and redox conservation and division are not an issue, as the host yeast cell governs these. Initially, a 
full understanding of all mitochondrial functions is not required. Instead, single synthetic cell modules could 

rather than ‘booting up’ an in vitro assembled cell all at once. By prolonged expressions of these modules 
in a mitochondrial context, they could even be evolved in vivo, to support the physiology of the synthetic 
mitochondria. This could be a complementary approach to in vitro evolution of synthetic cell components, 
which is likely required for a synthetic cell to fully integrate, but evolution of in vitro 

be useful tool in synthetic cell construction, as it provides for modulation of mitochondrial morphology and 
DNA, RNA, and protein content. By providing the cell with different carbon sources, the level and exchange 
of DNA, and the level of transcription, translation and protein import in the mitochondrial synthetic cell can 
be regulated. For example, on glucose, the mitochondrial synthetic cells are elongated, and can fuse to 

phenotype, the DNA copy number can be increased and protein concentrations can be maximized. 
In turn, expression and evolution of synthetic cell modules in mitochondria will increase the general 
understanding of mitochondria themselves. The unknown function of mitochondrial proteins can be elucidated 

and functions. For example, integrating orthogonal translation machinery in the mitochondria would allow for 
the systematic removal of (putative) components of the native mitochondrial translation machinery, thereby 
assessing their function without disrupting mitochondrial physiology. Therefore, using mitochondria as an 
intermediate for synthetic cells will offer research opportunities, not only in synthetic cell construction, but 
also in the general understanding of mitochondrial function.

The potential of assembling synthetic mitochondrial genomes

integration of genes is lacking, and as described in Chapter 5, resolving this is a challenge on its own. 

building the genome for a synthetic cell de novo Saccharomyces cerevisiae. As 
reviewed in Chapter 2, in vivo assembly can be used to generate DNA constructs up to several Mb and 

assembled with this method. Therefore, the approaches discussed in this thesis could be integrated, where 
in vivo assembly using S. cerevisiae could be used to assemble fully synthetic and extended mitochondrial 
genomes. These genomes could be transformed into isolated mitochondria, and subsequently inserted in 

0 strain of S. cerevisiae
extensive remodeling of the mitochondrial genome, bypassing the limitations in engineering the mtDNA 

thesis.indd   186 31-07-2023   11:24



187

Conclusions and outlook

6

directly. Alternatively, any challenges with mitochondrial transformation could initially be overcome by nuclear 
expression of the synthetic mitochondrial genome and targeting the proteins to the mitochondrial matrix using 
an MTS. Such allotopic expression has only been achieved for ATP8 and COX2, but is not straightforward, as 
the highly hydrophobic mitochondrial membrane proteins are not able to cross the inner membrane and are 
subject to degradation in the intermembrane space. Allotopic expression of these proteins therefore requires 
protein engineering to decrease their hydrophobicity while maintaining their function

First steps towards synthetic mitochondrial cells
The proposed in vivo assembly of mitochondrial genomes may be the most fruitful way to engineer and build 

For example, autonomous mitochondrial gene expression could be achieved by constitutive expression of 

would be to engineer mitochondria with an autonomous division cycle, as the core machinery for this process 

assembly of synthetic mitochondrial genomes would allow for the extensive remodeling or de novo design 
of of mitochondrial genomes. This could include the assembly and transplantation of human mitochondrial 

Regardless of the method used to engineer synthetic cells or synthetic mitochondria, all of these exciting 
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