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SUMMARY 

Yeasts are everywhere and are used in a wide range of different industrial production processes for 

production of food, beverages, biofuels, chemicals, industrial enzymes and therapeutic proteins. The 
yeast Saccharomyces cerevisiae, is the most commonly used yeast species, and sees abundant use both 

in scientific and industrial applications. However, many diverse yeast species exist that possess widely 
different physiological capabilities compared to S. cerevisiae, these yeasts are known as the non-

conventional yeasts (NCYs). The NCYs have been embraced as useful alternatives to S. cerevisiae, but the 
full potential of NCYs and the diversity they represent has not yet been fully explored, i.e. when 
designing a new bio-process the focus of most groups is often on a single yeast species. Frequently, it is 

decided to shape the organism that one is most experienced with into a host for a novel process that its 
metabolism may not be favourable for. 

This thesis is borne from a different mind-set, instead of attempting to force a yeast strain to conform to 
a production process that it is unfit for, it should instead be endeavoured to find yeast strains with a 
physiology that is physiologically fit for the process in question. Being fit for a process both concerns 

itself with how well a strain is able to produce the product of interest, but also how well it tolerates the 
conditions it is exposed to during the production process. This thesis concerns itself with; physiologically 

characterising NCYs to enable informed decisions when picking a yeast for a bio-process, screening NCYs 
for their potential as cell factories for heterologous protein production, and attempts at development of 

a novel molecular tool for stable high-level gene expression in NCYs. 

A diverse set of 21 yeast species were physiologically characterised for their ability to utilise various 
carbon sources, their growth at various initial pH values, and their growth in the presence of redox 

agents using a highly automated quantifiable aerobic microcultivation-based growth assay. The growth 
assay was found to provide precise information on the growth-derived parameters maximum growth 

rate, lag phase duration, and biomass yield. Based on the maximum growth rate the pH optima could be 
estimated. Next, the yeasts tolerance towards redox agents was studied, a dose-dependent relationship 

between redox agent concentration and lag phase duration was discovered. This finding was used to 
quantify the yeasts tolerance towards oxidative and reductive stress, and was used to cluster the yeasts 

based on their tolerance profile. A possible model to explain the relationship between redox agent 
concentration and lag phase duration was discussed. The used growth assay proved to be applicable to a 

wide array of conditions and the ability to study stress in submerged cultivation instead of on solid 
media provide an opportunity to study yeast physiology in high-throughput under conditions more 

closely resembling those seen in production processes. 
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Next, a simple plasmid-based screening method was developed to enable exploring the NCYs for 
potential as cell factories for heterologous protein expression and secretion. In a test of the developed 

method, eight diverse yeast species were found to be transformable using these plasmids. In the 
majority of the tested yeast strains a proportional relationship was found between promoter strength 

and fluorescence from a reporter gene. This was used to assess promoter strength in the studied yeasts. 
Following this finding, the yeasts were screened for their ability to heterologously produce a difficult-to-

produce protein, Armillaria mellea peptidyl-Lys metallopeptidase. Based on the estimated promoter 
activity and protease activity a non-obvious NCY, Naomovozyma castellii, was identified that could prove 

to be an interesting alternative production host of the tested protein. This demonstrated the simplicity 
and applicability of the method for screening for interesting production hosts among the NCYs. 

Finally, it was investigated whether the functionality of the S. cerevisiae endogenous 2µ plasmid could 

be expanded to NCYs. The 2µ plasmid known for being highly stable and present in high copy-number in 
S. cerevisiae, traits that would be highly desirable to transfer to NCYs for heterologous expression. 2µ

hybrid plasmids were constructed that allowed for testing whether the presence of a broadly applicable
autonomously replicating sequence (ARS) or a S. cerevisiae centromere could restore the desirable traits

of the original 2µ plasmid. Three S. cerevisiae strains and six NCY species were transformed with the
constructed plasmids. The resulting strains were tested for their stability, where it was found that all

plasmids were present as non-integrated episomal entities. In Kluyveromyces marxianus, it was found
that inclusion of the broadly applicable ARS sequence in the 2µ hybrid plasmid appeared to restore

some of the 2µ functionality, when compared to the reference plasmid which did not contain the 2µ
sequence. Thus, it appears that plasmid engineering efforts could enable restoration of 2µ-like activity
2µ hybrid plasmids in NCYs.

Collectively, the studies presented in this thesis shows that NCYs are a highly diverse resource that can 
be characterised and screened for their potential as cell factories using relatively simple tools and 

methods. 
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DANSK RESUME 

Gær findes overalt og bruges i en lang række forskellige industrielle produktionsprocesser, blandet 

andet til produktion af fødevarer, biobrændstoffer, kemikalier, industrielle enzymer og terapeutiske 
proteiner. Gæren Saccharomyces cerevisiae er den mest udbredte gærart, og anvendelse både i 

videnskabelige og industrielle applikationer. Imidlertid findes der mange forskellige gærarter, der rent 
fysiologisk er meget forskellige fra S. cerevisiae, disse gær er kendt som de ukonventionelle gær 

(NCY'er). NCY'erne er blevet anderkendt som nyttige alternativer til S. cerevisiae, men NCY'ernes fulde 
potentiale, og den diversitet de repræsenterer, er endnu ikke undersøgt fuldt ud. Det betyder, at når ny 
bioproces designes, er de fleste gruppers fokus ofte på en enkelt gærart. Ofte vil den foretrukne 

organisme blive tilpasset processen, så den kan bruges som vært, selv når andre og mere ukendte 
organismer ville være et bedre match.  

I denne afhandling bruges en anden tankegang. I stedet for at forsøge at tvinge en uegnet, men kendt 
gærstamme til at tilpasse sig en produktionsproces, bør man bestræbe sig på at finde en eller flere 
gærstammer hvis fysiologi passer sammen med produktionsprocessen. At stammen er egnet til en 

proces handler dels om at den kan producere det ønskede produkt, og dels om at den kan tolerere 
forholdende under produktionsprocessen.  Denne afhandling beskæftiger sig med: fysiologisk 

karakterisering af NCY'er med henblik på at kunne udvælge den bedste produktionsstamme til et givent 
formål, screening af NCY'er for deres potentiale som cellefabrikker til heterolog proteinproduktion samt 

udvikling af et nyt molekylært værktøj til stabilt og højt genudtryk i NCY'er. 

Et sæt bestående af 21 gærarter blev fysiologisk karakteriseret for deres evne til at udnytte forskellige 
karbonkilder, deres vækst ved forskellige start pH-værdier samt deres vækst i medie tilsat redoxmidler. 

Karakteriseringen blev udført i aerobe mikrokultiveringer i et fuldt automatiseret og kvantificerbart 
assay. Vækstassayet gav præcis information om vækstrelaterede parametre, såsom: maksimal 

væksthastighed, varighed af lagfase og biomasseudbytte. Baseret på den maksimale vækstrate kunne 
pH-optima estimeres. Dernæst blev gærenes tolerancen over for redox stress undersøgt. Det viste sig, at 

varigheden af lagfasen var afhængig af redoxkoncentrationen. Baseret på data kunne gærarternes 
tolerance overfor oxidativ og reduktiv stress kvantificeres, hvilket blev brugt til at gruppere 

organismerne baseret på deres toleranceprofil. En mulig model til at forklare sammenhængen mellem 
redoxkoncentration og lagfasens varighed blev diskuteret. Det anvendte vækstassay viste sig at være 

anvendeligt til en bred vifte af betingelser. Evnen til at studere stress i flydende kultiveringer, i stedet for 
på faste medier, giver en mulighed for at studere gærfysiologi under betingelser, der i højere grad ligner 

dem, der ses i produktionsprocesser.  
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Dernæst blev en simpel plasmidbaseret screeningsmetode udviklet, for at kunne vurdere NCY'ernes 
potentiale som cellefabrikker til produktion og sekretion of heterologe proteiner. I en test af den 

udviklede metode kunne otte forskellige gærarter transformeres med plasmiderne. I størstedelen af de 
testede gærstammer blev der fundet et proportionalt forhold mellem promotorstyrke og fluorescens fra 

et reportergen. Dette blev brugt til at vurdere promotorstyrken i de undersøgte gær. Herefter blev 
gærene screenet for deres evne til heterologt at producere Armillaria mellea peptidyl-Lys 

metallopeptidase (LysN). LysN blev udvalgt, da det er vanskelligt at udtrykke. Overraskende viste 
Naomovozyma castellii sig som en særligt interessant produktionsplatform til proteinet, baseret på både 

estimeret promotoraktivitet og LysN aktivitet. Resultaterne understregede anvendeligheden af en 
simpel plasmidbaseretmetode til screening for interessante produktionsværter blandt NCY'erne. 

Slutteligt blev det undersøgt, om funktionaliteten af det endogene 2µ plasmid fra S. cerevisiae kunne 

bruges i NCY'er. 2 µ plasmidet er kendt for at være meget stabilt og have et højt kopiantal i S. cerevisiae, 
karakteristika, der ønskes overført til NCY'er i forbindelse med heterolog ekspression. 2µ 

hybridplasmider blev konstrueret med henblik på at teste om en autonom replikerende sekvens (ARS) 
med bred anvendelighed eller en S. cerevisiae centromer sekvens ville kunne gendanne de beskrevne 

karakteristika ved det originale 2 µ plasmid. Tre S. cerevisiae-stammer og seks NCY-arter blev 
transformeret med de konstruerede plasmider. De konstruerede stammer blev testet for deres 

stabilitet. Ydermere viste det sig, at alle plasmider var til stede som ikke-integrerede episomale enheder. 
For Kluyveromyces marxianus kunne den bredt anvendelige ARS-sekvens indsat i 2 µ hybridplasmidet 

gendanne noget af 2 µ funktionaliteten sammenlignet med et referenceplasmid, som ikke indeholdt 2 µ-
sekvensen. Resultaterne viste således at den rette plasmidkonstruktion vil kunne give 2 µ-lignende 
aktivitet I NYCY’ere med 2µ hybridplasmider. 

Samlet set viser resultaterne i denne afhandling, at meget forskelligartede NCY’er er en ressource, der 
ved brug af enkelte værktøjer let kan karakteriseres og testes for deres individuelle potentiale som 

cellefabrikker.  
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INTRODUCTION 

A succinct definition of biotechnology can be found in the United Nations Convention on Biological 

Diversity defining biotechnology as “any technological application that uses biological systems, living 

organisms, or derivatives thereof, to make or modify products or processes for specific use” (United 

Nations 1992). Based on this definition, humanity has used biotechnology for millennia by domesticating 

animals, cultivating plants and improving both by selective breeding. The same has been done for yeast, 

but humanity’s long history with yeast biotechnology is not equally well known, even though its 

importance should not be overlooked. 

In the history of humanity, yeast has played an important role in the formation of civilisation and society 

as we know them today. As an essential ingredient of bread making and brewing of alcoholic beverages, 

the exploitation of yeast by humans can be documented to go back up to 9.000 years (McGovern et al. 

2004). Interestingly, the existence and importance of yeast and the processes it facilitates in fermented 

food and drink production has gone unnoticed in the vast majority of human history. The first 

microscopic observation of single yeast cells was done by Antonie van Leeuwenhoek around 1680, 

although at that point it was not recognised as a living organism (Schaechter and Nanninga 2016). The 

discovery of S. cerevisiae cells as a living substance and the causative agent of alcoholic fermentation 

was in the middle of the 19th century, when living yeast cells and alcohol fermentation were linked 

together in independent microscopic and cultivation studies by Schwann, Kützing and Cagniard-Latour 

(Kützing 1837; Schwann 1837; Cagniard-Latour 1838; Barnett 1998). These discoveries were disputed at 

the time but the work of Louis Pasteur settled that microorganisms were in fact the cause of alcoholic 

fermentation (Pasteur 1860), a fact that at the same time cemented microbiology as a science. 

Since the beginnings of yeast research a little less than two centuries ago, it has developed into a subject 

of industrial and scientific importance. Scientific investigations of the inner workings of yeast cells, 

primarily using S. cerevisiae as a model organism, has made significant contributions to our knowledge 

of how eukaryotic cells behave and function. Several of the insights gathered in studies of yeast have 

shown to also be relevant for higher eukaryotes like humans, and have thus taught us important lessons 

about our own biology in both sickness and health. Yeast research has been involved in providing 

important insights into how eukaryotic organisms function, e.g. in shedding light on the molecular 

principles involved in transcription, telomere function, the cell cycle, vesicle trafficking and autophagy. 

Discoveries within all these research fields have been rewarded with Nobel prizes (Nobel Media AB 2019 

2001, 2006, 2009, 2013, 2016).  

1



Industrially, the use of yeasts have expanded far beyond baking and alcoholic fermentation. Genome 

engineered yeast strains are used for production of bulk chemicals like lactic acid, farnesene and 

isobutanol; high-value small organic molecules like β-carotene and artemisinin; and therapeutic proteins 

Figure 1: Overview on the number of times a yeast species has been mentioned in the topic section (Field tag “TS”) in the Web 

of Knowledge SCI-EXPANDED collection. For Cryptococcus neoformans, Komagataella phaffii, and Ogataea polymorpha both 

the listed name and outdated or teleomorph names were included in the search, i.e. Filobasidiella neoformans, Pichia pastoris, 

and Hansenula polymorpha, respectively. Data was collected on 2020-03-25. 

like insulin analogs, hepatitis B virus surface antigen and human monoclonal antibodies (Schmidt 2004; 

Johnson and Echavarri-Erasun 2011; Corchero et al. 2013; Borodina and Nielsen 2014; Wagner and Alper 

2016). Thus, yeasts have a big impact on many aspects of modern living. 

Looking at the current body of scientific literature, it is evident that S. cerevisiae is the best described 

yeast in scientific research, as can be seen in Figure 1. This fact is largely due to S. cerevisiae’s historical 

and industrial importance, genetic tractability, and status as a eukaryotic model organism. In fact, S. 

cerevisiae is so overshadowing compared to other yeast species that to many, even scientists, using the 

word “yeast” is the equivalent of saying “Saccharomyces cerevisiae”. Obviously, many other yeast 

species exist, collectively known as non-conventional yeasts (NCYs), and a few of these species are

currently being used or investigated as potential cell factories (Radecka et al. 2015; Wagner and Alper 

2016; 
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Rebello et al. 2018). However, NCYs are still a widely un-investigated field of research, in particular when 

considering the vast number of species that are only scarcely characterised and studied, leaving a, 

hopefully, huge potential to be explored and exploited.  

PROJECT AIM AND THESIS OUTLINE 
The aim of this project was to explore the biodiversity of the NCYs for their potential as cell factories,

with a particular focus on heterologous protein production. To this end, NCYs were physiologically 

characterised for their response to various external conditions, and plasmid-based expression systems 

were investigated as tools for screening and high gene copy number expression.

This thesis consists of a preface and seven chapters, three theoretical and four experimental ones. 

Chaper 1 presents background on yeasts including their morphology and reproduction. Chapter 2 

revolves around production of secreted proteins and their journey from gene, over post-translational 

modifications to secretion. In Chapter 3 a wide range of cell factories are presented, both the well-

known ones but also some up-and-coming. In Chapter 4, an automated high throughput growth assay is 

described, as well as some examples of its many uses in terms of characterization of yeast and 

assessment of cell factory potential. In Chapter 5, we present a simple plasmid-based assay with wide 

applicability for screening of NCYs for heterologous protein production. Chapter 6 sets out to design and 

construct a plasmid with activity and stability similar to that of the Saccharomyces cerevisiae 2µ 

plasmid. The final chapter, Chapter 7, contains an overall discussion of the research conducted, some 

overall conclusions as well as an outlook.  
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CHAPTER 1 – DEFINING YEAST – A POLYPHYLETIC GROUP IN KINGDOM 

FUNGI 

The majority of all members of the taxonomic kingdom Fungi grow by creating a network of 

filamentous hyphae, and are thus commonly known as filamentous fungi. This network, the 

mycelium, is a complex three-dimensional multicellular structure that can differentiate into 

specialised tissues like the well-known toadstool, the spore-bearing fruiting body of some 

Basidiomycetous fungi. When considering this ability to create complex multicellular structures, it is 

remarkable that several times in fungal evolutionary history, the capacity to form these structures 

have been lost in favour of the far simpler unicellular morphology exhibited by yeasts (Nagy et al. 

2017). 

Yeasts are highly diverse, they are found mostly in the phyla Ascomycota and Basidiomycota, but 

examples also exist among the Mucoromycota, as can be seen in Figure 1.. There appears to be a 

latent toolkit in fungal genomes that enables the evolution of the yeast morphology (Wolff et al. 

2002; Nagy et al. 2017). This explains the repeated emergence of the yeast morphology at various 

points in fungal evolutionary history to form the polyphyletic group known as the yeasts. The 

lifestyle exhibited by yeasts is a rare occurrence among the fungi, given that approximately 1% of all 

fungal species are classified as yeasts. The subphylum Saccharomycotina contains the largest known 

number of yeast species, comprising over 1,000 species; it is also here that all yeasts described so far 

are found. The evolutionary sequence divergence for the most distantly related members of the 

Saccharomycotina is similar to the one seen between humans and ringworms, roughly 400 million 

years of evolution (Shen et al. 2018). However, since the yeasts are not limited to this group, even 

more diverse yeast species must exist when also including Taphrinomycotina and the yeasts found 

among the Basidiomycota; keeping in mind that the last common ancestor of the Fungi likely goes 

back more than 700 million (Douzery et al. 2004). Yeast have had the time to evolve to persist, 

proliferate and inhabit all seven continents and almost any biome and have been isolated in the 

upper stratosphere, rock aquifers, 140.000 year old ice cores, and the water column and sediment of 

the deep seas, to provide a few extreme examples (Nagahama, Hamamoto and Horikoshi 2006; Bass 

et al. 2007; Starmer and Lachance 2011; Hittinger et al. 2015). When considering the diversity seen 

between these extremes, both in time and space, it is clear that there could be a massive 

biotechnological potential waiting to be discovered among the unexplored species. 

Here the defining features of yeasts will be introduced, i.e. unicellular growth, asexual reproduction 

by budding or fission, and production of sexual spores that are not enclosed in complex structures. 

Additionally, the text will highlight some features that are shared between the yeasts and the 

filamentous fungi, and features that set the two groups apart. 
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UNICELLULAR MORPHOLOGY AND FUNGAL DIMORPHISM 

A defining morphological feature of yeast is unicellular growth. However, only a small fraction of 

fungi show exclusively unicellular growth, and a large part of these are members of the subphylum 

Saccharomycetales. A large fraction of fungi that does exhibit unicellular growth has the capability to 

switch between multiple morphologies, i.e. unicellular, pseudohyphal and/or true hyphal 

(filamentous) growth, depending on environmental conditions, and some morphologies may be 

linked to specific stages of their sexual cycle, however they are all called dimorphic fungi,  

Figure 1: Overview of dimorphism in the Basidiomycota, Ascomycota, Mucoromycota (MM), Zoopagomycota (ZM), and 
Chytridomycota (CM). Ability to form a yeast-like state is marked by a cartoon budding yeast, while the ability to form true 
hyphae or pseudohyphae is marked by a cartoon filamentous fungus. The outgroup consisted of Microsporidia, 
Choanoflagellates, Apusozoa and Amoebozoa. Figure was based on (Nagy et al. 2014). 
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see Figure 1 (Gancedo 2001; Sánchez-Martínez and Pérez-Martín 2001; Boyce and Andrianopoulos 

2015). Some of the environmental factors that are known to induce morphological switching are 

temperature, pH and nitrogen starvation (Gancedo 2001; Sánchez-Martínez and Pérez-Martín 2001). 

Dimorphism is an important feature for some opportunistic pathogenic fungi where unique 

morphological switching strategies facilitate dispersal and host infection. The importance of 

dimorphism for pathogenicity is evident since attenuation of dimorphism has been shown to reduce, 

but not eliminate, virulence (Jacobsen et al. 2012; Boyce and Andrianopoulos 2015). For some 

dimorphic fungi, like the human pathogen Candida albicans and the plant pathogen Ustilago maydis, 

yeast morphology may be used for dispersal and filamentous morphology for tissue penetration 

during infection (Sánchez-Martínez and Pérez-Martín 2001). A reverse pattern can be seen, e.g. for 

the human pathogens Talaromyces marneffei and Histoplasma capsulatum, where filamentous 

growth and aerial spore formation for dispersal is seen in decaying organic matter. Inhaled spores 

can then germinate and initiate growth as a yeast, a morphology that improves survival inside 

phagocytes during infection (Boyce and Andrianopoulos 2015). Dimorphism is not limited to 

pathogenic fungi, diploid S. cerevisiae is also capable of switching morphology between unicellular 

growth and filamentous-like growth by pseudohyphae formation, e.g. as a response to nitrogen 

starvation (Gancedo 2001; Sánchez-Martínez and Pérez-Martín 2001). Sporulation in S. cerevisiae is 

induced by starvation for both nitrogen and carbon, and thus carbon is a deciding factor for whether 

sporulation or filamentation occurs in response to nitrogen starvation, both of which appear to be 

mutually exclusive (Sánchez-Martínez and Pérez-Martín 2001). While the morphological responses 

to environmental conditions varies for different dimorphic fungal species, it appears that the 

pathways regulating morphological switching is at least partly conserved, however the output from 

the signalling pathway can differ (Sánchez-Martínez and Pérez-Martín 2001; Wolff et al. 2002; Boyce 

and Andrianopoulos 2015). 

YEAST ASEXUAL REPRODUCTION 
There are two basic mechanisms of forming asexual progeny, thallic and blastic. For thallic 

development, one or more septa forms before spore initials differentiate into fully formed spores. 

For blastic development, spore initials differentiate from a part of the cell and the spore initial 

increases in size by wall building, ending with the spore being separated by septum formation . 

Further classification is made by distinguishing between spores made with original or only newly 

synthesised wall material, using the prefixes holo- or entero-, respectively. These mechanisms are 

common for all fungi, and thus also for yeasts. However, filamentous fungi produce asexual spores 

(conidia) in specialised structures whereas yeasts do not. Instead, yeast asexual reproduction is done 

by either budding, where a daughter cell grows from the mother cell, or fission, where the 

cytoplasm is bisected to form two new cells, archetypical for the yeast species Saccharomyces 

cerevisiae and Schizosaccharomyces pombe, respectively (Moore, Robson and Trinci 2011). 
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Budding in Saccharomyces cerevisiae 
For the budding yeast S. cerevisiae, cells are spherical to ovoid in shape. S. cerevisiae cells grow by 

enlargement of the cell in all three dimensions. During mitotic cell division, a bud emerges on the 

mother cell, which will eventually become the daughter cell. The decision, at the START checkpoint, 

to begin cell division in S. cerevisiae appears to be based on protein synthesis rate linked with cell 

size, but the exact mechanism has not been elucidated (Turner, Ewald and Skotheim 2012; Schmoller 

and Skotheim 2015). However, it does not appear that there is a constant critical cell size, instead 

critical cell size seems to be dependent on nutrient availability, where small critical cell size is seen 

when nutrients are limited and large critical cell size is seen when nutrients are abundant (Turner, 

Ewald and Skotheim 2012). Cell size control is an important factor in the decision to continue 

through the mitotic cell cycle. In S. cerevisiae, the checkpoint for sufficient cell size is believed to be 

at the same stage in the cell cycle as the START checkpoint (Turner, Ewald and Skotheim 2012). After 

deciding in favour of mitotic cell division in the late G1 phase, S. cerevisiae cells are committed to 

the cell cycle, and a single bud emerges. 

The localisation of the bud is controlled by the concerted action of several proteins that assemble 

and promote bud emergence in the late G1-phase of the cell cycle (Bi and Park 2012). At the same 

time as bud localisation is decided, several simultaneous processes occur. Firstly, the actin network 

of the mother cell polarises, and eventually extends into the bud, to facilitate vesicle transport 

towards the site of bud emergence. Secondly, a septin ring forms around the emerging bud site. As 

the bud grows in size the septin develops to form a ring at the bud neck and appears to act as a 

scaffold and/or as a diffusion barrier. After bud emergence, a contractile ring also composed of actin 

filaments form around the bud neck that is involved in the separation of mother and daughter cell. 

Following DNA replication, the nucleus elongates and orientates itself along the long axis from the 

mother cell into the bud, after which the chromosomes segregate and the nucleus divides by fission. 

It is worth noting that contrary to higher eukaryotes, the nuclear envelope of S. cerevisiae remains 

intact during mitosis. In the wake of nuclear partitioning, cytokinesis occurs by contraction of the 

actin filament ring through the mechanical action of myosin, while at the same time septa formation 

occurs. Contraction of the actin-myosin ring is thought to drive the ingression of the plasma 

membrane, while it also seems to guide the formation of the primary septum (Weiss 2012). 

Synthesis of the primary septum begins first, followed by the simultaneous synthesis of two 

secondary septa layered on each side of the primary septum, one each on the mother side and 

daughter side of the bud neck. After complete synthesis of the primary and secondary septa, the 

primary septum is degraded to separate the mother cell and daughter cell (Weiss 2012). 

Fission in Schizosaccharomyces pombe 
Cells of the fission yeast Sz. pombe is shaped as rods, a feature that influences much of its 

physiology. Cell growth manifests by lengthening of the cell, meaning that increase in cell size only 

occurs in one dimension. Fission yeasts divide by bisection roughly in the middle of the cell along the 

dimension where the cell grows, the outcome of this division being two cells of approximately equal 

size. Similar to S. cerevisiae, the START checkpoint for Sz. pombe is also located in the late G1-phase, 
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however, cell growth occurs mainly in the G2-phase, after DNA replication in the S-phase, meaning 

that cells are diploid during growth. For Sz. pombe, the current hypothesis is that cell surface area 

appears to be the determinant of when G2/M phase transition occurs (Wood and Nurse 2013; 

Schmoller and Skotheim 2015; Facchetti et al. 2019). The future septation site (plane of division) 

appears to be determined by the position of the nucleus in the cell prior to mitosis (Daga and Chang 

2005). As the nucleus divides by fission, actin filaments and myosin forms a contractile ring at the 

future septation site. Contraction of the actin filament ring by myosin provides the mechanical force 

to ingress the plasma membrane (García Cortés et al. 2016). Simultaneously, the primary septum 

and secondary septa are synthesised, and as seen in S. cerevisiae, the primary septum is sandwiched 

between two secondary septa. After completion of the secondary septa, the primary septum is 

degraded and turgor pressure rounds the remaining septa, aiding in cell separation (García Cortés et 

al. 2016). 

SEXUAL REPRODUCTION IN YEASTS 
As mentioned earlier, the vast majority of identified yeasts or dimorphic fungi are members of the 

phyla Ascomycota or Basidiomycota. There are many differences between the two phyla, but the 

one that each phylum has been named for besides being fungi, resulting in the ending “-mycota”, is 

the microscopic structures where sexual spores are produced. The word “ascus” originates from 

greek, and the original meaning is “bag” or “sac”, which is descriptive for the enclosing capsule, cell 

membrane and cell wall of the parent cell, that sexual spores end up in after meiosis in an 

Ascomycete fungus. The spore-bearing structure of basidiomycetes are called basidia, and are often 

thick elongated structures tipped with a number of points, called sterigmata, where sexual spores 

are formed. Many ascomycetous and basidiomycetous fungi produce sexual spores in specialised 

macrostructures called fruiting bodies or sporocarps. The most notable fruiting bodies are the 

toadstools, but other structures, like the completely enclosed cleistothecium of some ascomycetes, 

also exist. One key characteristic of yeasts is the absence of fruiting bodies, but yeasts do still form 

asci or basidia as part of their sexual cycle (Kurtzman et al. 2011; Buzzini, Lachance and Yurkov 

2017). 

All mating relies on finding a compatible partner. A strain can be either homothallic or heterothallic, 

i.e. self-fertile or self-sterile, respectively. Heterothallic strains have an incompatibility system that 

ensures that cells of the same mating-type do not mate. Homothallism, is further sub-categorised 

into primary and secondary homothalism. Primary homothallism means that any two cells of the 

same species can mate. Secondary homothallism relies on a mating-type switching mechanism, 

meaning that in these strains, an incompatibility system is in place, but it is circumvented by some 

cells switching to another mating type, thus in practice enabling self-mating. Among the fungi, 

secondary homothallism appears to be a phenomenon primarily observed in the ascomycetous 

yeasts (Moore, Robson and Trinci 2011; Hanson and Wolfe 2017). The majority of basidiomycetes 

appear to be heterothallic, but a small fraction exhibit homothallism, which also appears to hold true 

for the yeast-like members of the phylum (Kües, James and Heitman 2011; Nieuwenhuis et al. 2013). 
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Mating type systems are diverse, and vary between species. Generally, which mating-type a cell has 

is decided by the presence of a mating-type cassette in a specific mating-type locus where it is 

actively transcribed. The gene(s) in a mating-type locus regulates the behaviour of a cell by activating 

and repressing mating-type specific genes, e.g. expression of pheromone receptors and pheromone 

production, and in some cases can also contain genes required for DNA double-strand breaking for 

mating-type switching, e.g. the HO gene from S. cerevisiae and α3 from Kluyveromyces lactis 

(Nasmyth 1982; Barsoum, Martinez and Åström 2010; Hanson and Wolfe 2017). In a fungus there is 

either one (unifactorial) or two (bifactorial) mating-type loci in a species, and the number of possible 

alleles for a mating-type locus can either be two (biallelic) or more than two (multiallelic) 

(Nieuwenhuis et al. 2013).  Ascomycetes appear to exclusively have unifactorial biallelic mating-type 

systems, while the majority of basidiomycetes have bifactorial mating-type systems where at least 

one of the mating-type loci is multiallelic (Nieuwenhuis et al. 2013). 

When a yeast cell detects the pheromones of a compatible mating partner, it begins to elongate up 

pheromone concentration gradient towards the mating partner changing shape by cytoskeletal 

rearrangement to resemble the well-known, amongst yeast enthusiast, shmoo-shape. The partner 

cell will do the same and when the shmooing yeast cells are in close proximity, plasmogamy will 

occur, fusing the cytoplasm of the two cells, followed by karyogamy, fusing of the two nuclei, thus 

forming a diploid (Kurtzman et al. 2011). Most yeasts prefer to grow either as haploids or diploids, 

with each lifestyle being called haplontic or diplontic, respectively. When haplontic yeasts sense that 

nutrients are scarce in the environment, mating initiates and cells rapidly fuse and proceed to form 

meiotic spores. Since diplontic yeasts prefer being in the diploid state, starvation is not required for 

mating, which instead occurs whenever two compatible mating partners are close. Some dimorphic 

fungi like the plant pathogenic basidiomycete Ustilago maydis, grow as haploid yeast-like cells in its 

non-pathogenic phase. Mating compatible U. maydis cells near to each other on a surface will mate 

to form the pathogenic diploid filamentous stage of its life cycle (Nagy et al. 2017). 
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CHAPTER 2 – FROM GENE TO PROTEIN: PRODUCTION OF SECRETED 

PROTEINS IN YEASTS

The central dogma teaches us that in any cell, the production of a protein begins with transcription 

of a gene to form a messenger RNA (mRNA) that is then translated to form a nascent protein. For 

secreted eukaryotic proteins, this is only the first step in a longer journey. A secreted protein needs 

to be translocated into the endoplasmic reticulum (ER), mature through the ER and Golgi apparatus 

to finally be secreted by exocytosis; a process collectively known as the secretory pathway. During 

the journey through the secretory pathway, the nascent protein is folded and possibly post-

translationally modified with one or more types of PTMs, e.g. disulphide bonds, N-glycosylation, O-

glycosylation and proteolytic cleavage.  

This section will describe the different steps of protein secretion through the secretory pathway of S. 

cerevisiae and will point out large differences to other yeasts when seen. Since the majority of 

Figure 1: Simplified overview of the production process of a secreted protein from gene to protein. Dashed arrows indicate 
removal of protein from the intracellular environment, by either degradation or exocytosis. 
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knowledge on yeast’s secretory pathway originates from research in S. cerevisiae, gene and protein 

names mentioned in this section are the names of S. cerevisiae entities; orthologous genes and 

protein products will be clearly marked. 

Gene expression strategies for heterologous protein production 

For heterologous protein production (HPP) there are two distinct strategies of delivering protein-

coding genes to a cell factory: Episomal or integration-based. While there are several differences 

between the two strategies, there are some common rules-of-thumb applicable to both. Firstly, it is 

desirable to have high copy numbers of a gene to promote high production, although increasing 

copy numbers often leads to a plateau in production due to bottlenecks further downstream in 

protein biosynthesis (Aw and Polizzi 2013). Secondly, vector stability is essential; it is obvious that if 

the protein-coding gene is not present in the cell then the protein will not be produced. For most 

expression strategies it is also required that a selectable marker gene is present in the used DNA 

construct to select for the presence of the construct after cells have been genetically transformed. 

Most selectable markers are either antibiotic resistance genes or nutritional genes that complement 

an auxotrophy in the host strain. 

Plasmid-based strategies 

Episomal gene expression is based on extrachromosomal, usually circular, genetic elements present 

in the cell, better known as plasmids. The stability and copy number of a plasmid is highly dependent 

on the design, i.e. the replication mechanism, propagation mechanism and selection method for the 

plasmids presence, which in combination with the chosen production strain determines the 

performance of the system.  

All non-integrated plasmids require a functional autonomously replicating sequence (ARS), either 

one can use an ARS native to the species or use an element with a broad specificity, e.g. panARS 

(Liachko and Dunham 2014). All ARS replicate during the S-phase of the cell cycle, and for plasmids 

where there is only an ARS on the plasmid, the copy number is often as low as a single copy per cell. 

Some plasmids, also called selfish DNA elements, have evolved mechanisms where the copy number 

can be amplified beyond what can be achieved with an ARS sequence alone, through the action of 

DNA recombinases that through recombination between consensus sequences on the plasmid, can 

alter the direction of one of the replication forks to initiate rolling circle amplification. Thus, the copy 

number of selfish DNA elements are not controlled by the host cell, but by the function of the 

proteins encoded in the genes of the selfish DNA element. The 2µ selfish DNA element native to S. 

cerevisiae is estimated to maintain 50-100 copies, although estimates vary, while the pKD1 selfish 

DNA element of Kluyveromyces drosophilarum is estimated to maintain 70-100 copies (Falcone et al. 

1986).  

Plasmid stability is determined by the efficiency of plasmid segregation between mother and 

daughter cells during mitosis. There are two common methods for ensuring stable plasmid 

segregation; the first is based on inclusion of a centromere (CEN) sequence on the plasmid, while the 
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other relies on alternative segregation mechanisms, e.g. those of selfish DNA elements. CEN 

sequences are the points on the chromosome where the kinetochore attaches during cell division; a 

unique feature for the family Saccharomycetaceae is the evolution of extremely short CEN 

sequences, so-called point centromeres, which range in size from 200 bp to 1200 bp (Karademir 

Andersson and Cohn 2017). If a plasmid carries both a CEN and an ARS sequence recognised by the 

host cell, the plasmid will go through a single round of replication during cell division and the two 

resulting plasmids will be stably segregated into the mother and daughter cell by the native 

chromosomal segregation machinery. This type of plasmids are known as CEN/ARS plasmids and are 

common in S. cerevisiae research.  

An alternative option is utilisation of a segregation mechanism not coded in the cell’s DNA but 

instead on another piece of DNA, e.g. the 2µ selfish DNA element. These mechanisms interact with 

the native segregation machinery, but do not imitate a chromosome as seen for the CEN/ARS 

plasmids; instead, the plasmids are hypothesised to interact with chromatids and segregate into 

mother and daughter cells along with the sister chromatids during partition (Chan et al. 2013). 

However, it is important to note that the usability of plasmids based on selfish DNA elements are 

usually limited to the native species of isolation and close relatives since they have specifically 

evolved to endure in that particular intracellular environment. CEN sequences, and to some degree 

ARS sequences, are subject to similar issues due to divergent evolution of the chromosome 

segregation and replication machinery. 

Genomic integration-based strategies 

Genomic integration of heterologous genes is commonly used in strains where there are no plasmids 

available or when highly stable expression is paramount. Genomic integration of a gene of interest 

(GOI) ensures that replication and segregation of the gene proceeds with the high fidelity inherent 

for chromosomal replication and segregation, a requirement for ensuring viable offspring. As 

described for plasmids, high copy numbers also results in increased protein production when genes 

are integrated (Aw and Polizzi 2013).  

There are two general strategies when integrating a GOI; either, the gene integrates randomly or the 

gene is targeted towards a specific locus in the genome. Integration events are facilitated by DNA 

repair mechanisms using the GOI-carrying cassette as part of the repair process. Targeted 

integration relies on the homology directed repair (HDR) pathway while random integration relies on 

the non-homologous end-joining (NHEJ) pathway.  

Targeted integration of a GOI-carrying cassette is guided by flanking DNA sequences homologous to 

the intended integration site, the cassette is then inserted into the genome by HDR, which results in 

the integration of the cassette in a defined locus. For targeted integration, induction of DNA double-

stranded breaks (DNA DSBs) at the target locus ensures that the proteins involved in DNA repair are 

present to facilitate insertion of the GOI cassette. Endonuclease activity is required for induction of 

DNA DSBs, with long recognition sequences being a necessity to ensure that only the intended side is 

digested. The most commonly used contemporary technique for targeted induction of DNA DSBs 
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uses clustered regularly interspaced short palindromic repeat (CRISPR) derived RNA together with in 

combination with CRISPR associated (Cas) endonuclease proteins. The CRISPR RNAs guide the 

nuclease activity of the Cas protein, enabling targeted DNA DSB induction. In organisms where HDR 

is the dominating DNA DSB repair pathway, the use of CRISPR/Cas enables integration of genes 

without selecting for the integration event. This can be done since the CRISPR-Cas assembly remains 

active as long as there is a viable substrate, if the recognition sequence is reformed by DNA repair it 

is digested until the sequence mutates or the provided repair substrate is used for repair, which 

disrupts the recognition sequence.  Cas9p was the first Cas protein to be widely used for genetic 

engineering, however, other Cas proteins are also seeing widespread use, e.g. Cas12p (Cpf1p) and 

Mad7p (Fraczek, Naseeb and Delneri 2018; Liu et al. 2019). CRISPR-Cas techniques have also been 

developed that can induce DNA DSBs at multiple loci, and thus, enable multi-integration events in a 

single transformation (Jessop-Fabre et al. 2016; Malcı, Walls and Rios-Solis 2020). 

Another method for obtaining multiple insertions in defined loci is to utilise specially designed 

strains where it is possible to amplify the copy-number from a single locus into multiple defined loci, 

e.g. the CASCADE platform strain (Strucko et al. 2017). Another option for obtaining multi-copy

strains is semi-random integration where the gene of interest is targeted towards a specific site that 

is present in many copies in the genome, e.g. ribosomal DNA (Rossolini et al. 1992; Theron et al. 

2014) or transposable elements (Maury et al. 2016). Truly random integration is also likely to result 

in strains with multi-copy integrations compared with targeted integration; however, there is no 

control over where and how many gene copies are integrated. Random integration can be facilitated 

by the use of DNA transposases and a gene substrate flanked by terminal inverted repeats 

recognised by the transposase (Zhao et al. 2020). When using random or semi-random integration it 

is possible to boost the copy numbers of the gene-carrying cassette by selecting for a low activity 

marker, e.g. LEU2d, where several copies are required to fulfil the cells need (Erhart and Hollenberg 

1983). A risk of genomically integrating many copies of the same cassette is an increased probability 

of chromosomal rearrangements by homologous recombination between cassettes, and thus a more 

unstable strain (Le Dall, Nicaud and Gaillardin 1994). To address this issue, integration of multiple 

copies of the GOI with one or more essential genes between each copy can be done to ensure that if 

homologous recombination between two copies of the GOI does occur the cell loses viability 

(Mikkelsen et al. 2012). The majority of these methods have mainly been developed in S. cerevisiae, 

which is an unusual yeast due to HDR being the preferred mechanism for repair of DNA DSBs. The 

majority of the yeast species appears to have a preference for NHEJ for DNA DSB repair, making it far 

more difficult to use targeted approaches in most yeast species. It is possible to change the used 

DNA DSB repair pathway by deletion of the YKU70 and/or YKU80 gene homologues which promote 

NHEJ mediated DSB repair (Näätsaari et al. 2012; Raschmanová et al. 2018). 

Regulatory elements – Promoters and terminators 

Another aspect to be considered is the regulatory elements driving the expression of the GOI, mainly 

the promoter, although the terminator also has some influence on the level of expression (Curran et 

al. 2013). Transcription is the main level of control for regulating cellular processes, estimated to 
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account for up to 85% of the variance; thus, promoters, being the main element in transcriptional 

control, are rarely conserved since these are easily amenable elements for reconfiguring cell 

metabolism (Tirosh, Berman and Barkai 2007; Csárdi et al. 2015). Consequently, promoters are 

rarely applicable between distantly related species. From a design point of view, promoters are 

handy since it is often possible to pick between stably expressed constitutive promoters, or 

inducible, and even tuneable ones, where expression can be induced by exposing the cells to an 

external signal, usually a chemical, but also physical stimulation, e.g. from light (Zhao et al. 2018). 

Synthetic biology strategies for metabolic control can potentially also be implemented, allowing for a 

hitherto unprecedented level of programmable control over cell metabolism (Shin et al. 2020); 

however, it is outside the scope of this text. Terminators also exerts some influence over the level of 

expression from a gene, demonstrated by varying fluorescence signals from cells carrying a cassette 

where only the terminator was exchanged (Curran et al. 2013). Terminators also appear to be more 

broadly applicable than promoters; identical short synthetic terminators have been shown to 

outperform commonly used terminators both in S. cerevisiae and Y. lipolytica (Curran et al. 2015).  

Translocation of polypeptides into the endoplasmic reticulum 

After a protein coding gene has been transcribed it needs to be translated and secreted. To secrete a 

protein, it needs to enter the secretory pathway of the production host; there are two mechanisms, 

co-translational translocation and post-translational translocation, where the nascent protein is 

translocated either during or after translation, respectively. Proteins targeted for secretion have an 

N-terminal signal peptide for identification; the signal peptide sequence often provides a bias for

which translocation mechanism to use based, and different parameters may be important 

depending on the yeast species, e.g. hydrophobicity is important in S. cerevisiae whereas signal 

peptide conformation is important in Y. lipolytica (Yaver, Matoba and Ogrydziak 1992; Wittke et al. 

2002). The mechanism of translocation used for heterologous protein production can also be 

affected by the signal peptide used, as demonstrated for the secretion of a monomeric superfolder 

GFP, where secretion was improved by using the OST1 signal peptide instead of the commonly used 

MFα prepro peptide (Fitzgerald and Glick 2014). Both co-translational and post-translation 

translocation rely on ER-membrane spanning translocon pore complexes; the Sec61 translocon pore 

complex is able to translocate proteins by both mechanisms while the Ssh1 translocon pore complex 

only facilitates co-translational translocation (Finke et al. 1996). For the co-translational mechanism, 

the signal peptide, as the first part of the growing polypeptide that extends out of the ribosome, is 

recognised and bound by the signal recognition particle (SRP), a complex of six proteins on a RNA 

scaffold, which temporarily pauses translation (Brown et al. 1994). The SRP-polypeptide-ribosome 

complex is recognised by the SRP receptor which facilitates transfer of the nascent protein to the 

translocon and release of the SRP (Wild et al. 2004). After translation resumes, the extension of the 

nascent protein drives the translocation through the translocon into the lumen of the ER. For post-

translational translocation, the nascent protein is fully synthesised and, subsequently, bound by 

cytosolic chaperones to prevent aggregation and stabilise the nascent protein in an accessible form. 
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Sec62p recognises and binds the signal peptide of the nascent protein; after binding, Sec62p 

interacts and transfers the nascent protein to the Sec61 translocon. The driving force for post-

translational translocation across the membrane appears to be a ratchet-like mechanism. Brownian 

motions make the nascent protein slide randomly back and forth in the Sec61 pore, but the binding 

of Kar2p (BiP; Binding Protein) chaperones to nascent protein that emerges into the ER lumen 

prevents backwards slippage into the cytosol, thus facilitating translocation (Matlack et al. 1999). For 

Figure 2: Overview of the mechanisms of co-translational translocation and post-translational translocation of soluble proteins. 
Shape and relative size between elements depicted are not representative of the true system. Reactions listed in the same step 
do not necessarily occur simultaneously. 
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both mechanisms, the signal peptide is cleaved off during or just after entry into the ER lumen (Chen 

et al. 2001). 

Protein folding and post-translational modification in the ER and Golgi apparatus 

Following translocation, the nascent protein is matured in the ER and Golgi apparatus (from here 

forward referred to simply as the Golgi); this process involves both post-translational modifications 

(PTMs) of the protein, e.g. disulphide bridge formation, N- and O-glycosylation, proteolytic cleavage 

and folding of the nascent protein into its native conformation with the aid of ER-resident 

chaperones and co-chaperones. PTMs covers all changes in covalent bonds of a protein after its 

translation, while folding of the proteins three-dimensional structure is mostly concerned with 

hydrogen bond formation to stabilise its native conformation, although also disulphide bonds are of 

chief importance in this regard. Here an overview of these processes will be presented as well as a 

look at the protein quality control system, folding stress sensing and the pathway for unfolded and 

misfolded proteins in the ER. In addition to the PTMs detailed here a range of other PTMs are also 

performed on secreted proteins in the ER and Golgi, e.g. acetylation, phosphorylation, SUMOylation 

and acylation, however, they will not be covered here (Potelle, Klein and Foulquier 2015; Esteras et 

al. 2017; Ernst, Toomre and Bogan 2019).  

Disulphide bonds 

Disulphide bonds (DBs) is an important type of PTM; they are formed after translocation into the ER 

by the oxidation of two cysteine residues leading to a covalent link between the two residues. 

Contrary to the cytosol, the ER is an oxidising environment, which helps in forming and stabilising 

DBs; this environment is created through the action of redox enzymes from families like the protein 

disulphide isomerases (PDIs) as well as by a high relative amount of oxidised glutathione (Toledano 

et al. 2013). The enzyme pair Pdi1p and ER oxidase 1 (Ero1p) work together to promote formation of 

DBs in the ER. The oxidised form of Pdi1p can facilitate the formation of DBs by accepting two 

electrons from two candidate cysteine residues, the received electrons are donated to Ero1p, thus 

reforming the oxidised form of Pdi1p. Under aerobic conditions, Ero1p in turn donates the two 

electrons to molecular oxygen resulting in the formation of hydrogen peroxide (Tu et al. 2000). In S. 

cerevisiae under anaerobic conditions, fumarate has been proposed to be the final electron acceptor 

using flavin adenine dinucleotide (FAD/FADH2) as the intermediate (Liu et al. 2013). DB formation 

can also be facilitated by other Pdi-family proteins, i.e. Mpd1p, Mpd2p and Eug1p (Kimura et al. 

2005). Pdi1p is also responsible for isomerisation of misfolded proteins where the non-native DB 

configuration has been formed; here Pdi1p breaks open the original DB and facilitates formation of a 

new one. Searching for the correct DB configuration has been suggested to be a random process, as 

a consequence, if large numbers of DBs are necessary for formation of a mature protein, high 

production of hydrogen peroxide may occur, potentially leading to oxidative stress (Tyo et al. 2012). 

Strain engineering to improve production of DB-containing proteins by overexpression of Pdi1p and 

Ero1p has been seen. An example of this is production of human serum albumin (HSA) in Kl. lactis 

where overexpression of PDI1 and ERO1, individually and combined, led to improved production of 
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HSA, a protein with 17 DBs, while production of human interleukin 1β, containing no DBs, was 

unaffected (Lodi, Neglia and Donnini 2005). 

Glycosylation 

Glycosylation is a common PTM; it is the addition and subsequent processing of a branched 

heterogenous oligosaccharide, also called a glycan, to a nascent protein. Glycosylation of proteins 

helps in protecting against proteases, enhancing protein stability and improving the solubility of the 

protein. Two forms of glycosylation exists, N-linked and O-linked, which are distinguished by 1) the 

amino acids they attach to, 2) structure of the glycan, and 3) biosynthesis of the glycan. The 

recognition amino acid sequence (sequon) for N-glycan attachment is Asn-X-Ser/Thr where X is any 

amino acid except proline, although other amino acids may also affect the occupancy; N-glycans are 

attached to the amide group of the asparagine side-chain (Shakin-Eshleman, Spitalnik and Kasturi 

1996). Prior to glycan attachment, the glycan, Glc3Man9GlcNAc2 is synthesised onto a molecule of 

dolichol pyrophosphate, a membrane anchor, by the concerted action of the Alg1p-Alg3p and Alg6p-

Alg14p proteins (De Pourcq, De Schutter and Callewaert 2010). The biosynthesis is initiated in the 

cytosol, but during biosynthesis the dolichol-bound glycan structure is flipped into the ER by the 

action of a flippase protein. Glycan attachment is facilitated by the oligosaccharyltransferase (OST) 

protein complex which associates with the translocon pores enabling immediate attachment as soon 

as the sequon emerges into the ER-lumen; the two terminal glucose residues of the glycan are 

removed by glucosidase I and II after protein attachment (Chen et al. 2001). If the folded protein 

passes the calnexin (Cne1p) quality control mechanism, the final terminal glucose moiety is removed 

from the N-glycan and the protein can be transported to the Golgi, during which a single mannose 

moiety is removed. Up to this point, all steps of N-glycosylation is conserved in all eukaryotes. The 

final step is a branching point with mammals, insects, plants and fungi forming complex glycan 

structures varying in use of different sugar monomers, glycosidic bond types, branching and moiety 

count; see (Chung et al. 2017) for an easily accessible overview of the differences. In the Golgi, Fungi 

synthesise high-mannose glycans, with yeasts being able to form a core type high-mannose glycan or 

alternatively a highly branched hyper-mannosylated N-glycan containing up to 200 mannose 

moieties in a single glycan (De Pourcq, De Schutter and Callewaert 2010). Different yeast species 

display varying degrees of hypermannosylation, e.g. it is less frequent and extensive in K. phaffii (P. 

pastoris) compared to S. cerevisiae (Choi et al. 2003). Successful efforts have been made to 

humanise yeasts glycosylation patterns, e.g. in K. phaffii and O. parapolymorpha, to enable 

production of heterologous proteins that are less likely to invoke an immune response due to the 

foreign glycosylation pattern (Hamilton et al. 2006; Cheon et al. 2012). This is usually done by 

deletion of genes involved in hypermannosylation and replacing those activities by insertion of genes 

encoding human or mammalian glycosyltransferases (Choi et al. 2003; Hamilton et al. 2006). O-

glycosylation is initiated by transfer of a single mannose residue to the oxygen of either serine or 

threonine; no recognition sequence is known although in S. cerevisiae close proximity to N- 

  

21



Figure 3: General overview of the N-glycosylation pathway of yeasts. In the Golgi apparatus, the native yeast pathway is 

shown in the yellow panel while the pathway implemented by Hamilton and co-workers in Komagataella phaffii (syn. P. 

pastoris) is shown in the light red panel (Hamilton et al. 2006). The length of the mannose oligomers in the variable 

structure part of the N-glycan can vary greatly. Sugar moiety is identified by shape, glycosidic linkage with the previous 

sugar moiety towards the phosphate/asparagine root of the N-glycan is marked by the fill color of the shape. 

Abbreviations: Alg – asparagine-linked N-glycosylation processing enzyme; Och – outer chain elongation; OST – 

oligosaccharyltransferase complex; MT – mannosyltransferase; MPT – mannosyl-phosphate transferase; GNT – N-

acetylglucosaminyltransferase; GALT – galactosyltransferase, SIAT – sialyltransferase; Glc – Glucosidase; Man – 

mannosidase. 
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glycosylation sites lowers the probability of O-glycosylation occurring (Neubert et al. 2016). Yeast O-

glycosylation consists mostly of chains of up to five sugar moieties, primarily mannose, with little 

branching. Sz. pombe is the exception, here one moiety branches and terminal galactose residues 

are also seen (Goto 2007). A visual overview of O-glycosylation can be seen in (Joshi et al. 2018). 

Proteolytic cleavage 

All proteins are originally translated as a single chain of polypeptides, however, many proteins 

remain inactive until specific parts of the protein has been removed by proteolytic cleavage and 

processing of the terminal ends of polypeptide chains, such proteins are called often proproteins, 

proenzymes or zymogens. Insulin, S. cerevisiae mating factor α (MFα) hormone and the Kex2p 

protease are all examples of proteins and peptides that require protease activity for activation 

(Docherty, Carroll and Steiner 1982; Bevan, Brenner and Fuller 1998; Kjeldsen 2000; Lesage and 

Bussey 2006). Signal peptidase is the only protease of the secretory pathway that is active in the 

lumen of the ER, its role is to remove the signal peptide as the nascent protein is translocated across 

the ER membrane (Johnson and Van Waes 1999). The remaining protease activity of the secretory 

pathway is located in the late Golgi apparatus and are all membrane-spanning proteins, the three 

main enzymes are Kex2p endoprotease, Kex1p carboxypeptidase, and Ste13p dipeptidyl 

aminopeptidase A that work in concert to correctly process proproteins. Kex2p cleaves inside the 

nascent protein at the C-terminal side of Lys-Arg or Arg-Arg dipeptide motifs, Kex1p removes C-

terminal Lys and Arg residues, Ste13p removes N-terminal Glu-Ala and Asp-Ala dipeptides (Jones 

1991). Not all proteins require external protease activity to activate; some proproteins have 

autocatalytic activity that can facilitate the removal of propeptides. Correctly folded proteins and 

proproteins reaching the late Golgi may contain peptide sequences that would be recognised by 

processing proteases but are unavailable due to them being buried inside a folded protein (Jones 

1991). Other proteases are also present in the ER, e.g. fungal yapsin proteases, however these are 

often knocked out to prevent unwanted proteolysis of heterologous proteins (Gagnon-Arsenault, 

Tremblay and Bourbonnais 2006). 

Chaperone-aided protein folding 

Chaperones are a type of proteins that aid nascent proteins in reaching their native confirmation; 

they are found in subcellular locations where protein folding occurs, i.e. the cytosol, mitochondria 

and ER, here the focus will be on the ER-resident chaperones. Three important chaperones, each 

representing a specific type of activity, will be mentioned here: Kar2p, calnexin-like Cne1p and 

peptidyl-prolyl isomerases (Delic et al. 2013). Pdi1p is also a chaperone but its function has already 

been covered.  

Folded soluble proteins have a hydrophobic core, long stretches of exposed hydrophobic residues in 

unfolded nascent proteins, are recognised as targets for chaperone-binding by Kar2p and its co-

chaperones (Pelham 1989). Stretches of hydrophobic residues are initially recognised by co-

chaperones of the Hsp40/DnaJ family that recruit Kar2p to bind the unfolded protein. Kar2p is an 

ATP binding protein, during binding ATP hydrolysis in Kar2p is stimulated by the co-chaperone to 
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reach the protein-binding ADP-bound state. Protein release is facilitated by a nucleotide exchange 

factor which removes exchanges ADP for ATP  (Wei, Gaut and Hendershot 1995; Mayer et al. 2000). 

Binding of Kar2p prevents aggregation and stabilises the unfolded state providing sufficient time for 

the nascent protein to reach its native conformation.  

Cne1p is a lectin, i.e. a carbohydrate-binding protein, which binds to N-glycans with a single terminal 

glucose moiety; Cne1p prevents the same issues as Kar2p (Parlati et al. 1995). Cne1p releases its 

substrate when the final terminal glucose moiety is removed enzymatically by ER-resident 

glucosidase II (Satoh et al. 2016).  

Peptidyl-prolyl isomerases facilitate protein folding in a different fashion to Kar2p and Cne1p; 

proline residues in a protein provide rigidity to the protein structure due to the five-membered ring 

joining the α-carbon and the amino group, preventing rotation around the C-N bond in the amino 

acid core structure. Peptidyl-prolyl isomerase facilitates rotation around this bond to enable 

isomerisation between the cis and trans isomer (Quistgaard et al. 2016). Chaperones are common 

targets for engineering the protein folding machinery for improved folding capacity, KAR2, CNE1 and 

PDI1 and various peptidyl-prolyl encoding genes, have all been overexpressed in various hosts, e.g. S. 

cerevisiae, K. phaffii, O. polymorpha, Sz. pombe and various Aspergillus species with varying results. 

Seemingly, the right combination of chaperones is unique for both strain and specific protein 

product and the correct balance needs to be found to obtain an optimal result (Gasser et al. 2008; 

Ahmad et al. 2014). 

Protein quality control 

Kar2p and Cne1p are not only involved in protein folding, but are also integral members of the 

protein folding stress sensing mechanism and the protein quality control systems in the ER, 

respectively. The Cne1p quality control mechanism exclusively works in the ER and relies on the 

terminal glucose moieties previously mentioned, if an N-glycan has a single remaining glucose 

moiety, Cne1p will bind and retain it until the glucose moiety is removed by glucosidase II. In some 

yeasts, not including S. cerevisiae, and higher eukaryotes a single glucose moiety can be reattached 

by the action of UDP-glucose:glycoprotein glucosyltransferase to recommit a protein to the Cne1p 

quality control mechanism. If a protein fails to fold into the native conformation, the N-glycan may 

be trimmed by α-mannosidase I committing the protein for degradation, however, this is a slow 

reaction allowing the protein ample time to fold correctly. 

Misfolded protein degradation 

Proteins that are not folded correctly need to be removed from the ER to maintain homeostasis, this 

is done by the ER associated degradation (ERAD) pathways. There are three branches of this 

pathway that handle proteins differently depending on where the protein lesion (misfolded domain) 

is located, either in the ER lumen (ERAD-L), the ER membrane (ERAD-M) or the cytosol for 

membrane-spanning proteins (ERAD-C). ERAD-L is the relevant mechanism for secreted soluble 

proteins, and thus only this mechanism will be further investigated although; relevant reviews on 
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the full set of ERAD pathways have been made by Berner, Reutter and Wolf as well as Sun and 

Brodsky (Berner, Reutter and Wolf 2018; Sun and Brodsky 2019). Proteins with exposed hydrophobic 

stretches, N-glycans trimmed by α-mannosidase I and exposed unpaired cysteines are recognisable 

substrates for ERAD-L associated degradation (Reddy et al. 1996; Xie. et al. 2009; Smith, Rodriguez 

and Weissman 2014). The lectin Yos9p recognises 1,6-α-mannose moieties of the trimmed N-glycans 

but is also able to bind hydrophobic stretches of amino acids, which are delivered to Hrd3p of the 

Hrd1p ubiquitin ligase; Kar2p is also able to deliver damaged proteins to Hrd3p. Substrates need to 

be translocated across the ER membrane back into the cytosol for degradation by the 26S 

proteasome, which requires a translocation pore; multiple candidates have been proposed, i.e. the 

Sec61 translocon, the Hdr1 complex and Der1p. The Hdr1 complex has been reported to be the most 

likely candidate, although the other candidates may have a role for subsets of proteins (Sun and 

Brodsky 2019). Before translocation proteins are prepared by reduction of DBs by Pdi1p while 

peptidyl prolyl isomerase activity and N-glycan removal may also improve efficiency of degradation. 

During retrotranslocation, proteins are tagged with ubiquitin polymers to mark them as substrates 

for the proteasome; the driving force for translocation across the membrane is delivered by an ATP-

dependent pulling mechanism by Cdc48p. Cdc48p-bound proteins are delivered to the proteasome 

which is then able to degrade the unfolded or misfolded protein. Not all proteins are caught by the 

quality control and ERAD pathway in the ER, and unfolded and misfolded proteins do undoubtedly 

also enter the Golgi. The Golgi also has quality control systems in place, their targets are either 

shuttled back to the ER by retrograde vesicle transport or to the vacuole for degradation. Other 

mechanisms like partial autophagy of the ER are also present but will not be further elaborated upon 

here (Sun and Brodsky 2019). 

Unfolded protein response 

When the protein folding capacity of the ER is exceeded, with accumulation of unfolded proteins as 

a consequence, the unfolded protein response (UPR) is induced. Kar2p and the sensor-protein Ire1p 

form the basis of the system sensing folding stress. Under unstressed conditions, unbound Kar2p 

binds to Ire1p, preventing Ire1p dimerisation, if unfolded proteins are abundant in the ER, Kar2p is 

bound to the unfolded proteins allowing Ire1p to auto-phosphorylate and dimerise (Kimata et al. 

2003). Dimerised Ire1p is able to bind unfolded proteins that allows Ire1p dimers to further 

aggregate. The cytosolic domain of the Ire1p dimer displays specific endoribonuclease activity 

facilitating the unconventional splicing of Hac1 mRNA; unspliced Hac1 mRNA is poorly translated. 

Hac1p is the transcription factor that induces the unfolded protein response, and its binding to 

genomic UPR elements induces the physiological response of the UPR; inducted genes include ER 

chaperones, ERAD pathway members, and anti-oxidant proteins (Kawahara et al. 1997; Tan et al. 

2009; Sun and Brodsky 2019). The described mechanism is common, although not universal, 

amongst the yeasts, Sz. pombe does not have an orthologous HAC1 gene, instead SpIre1p regulates 

the UPR by cleaving mRNAs coding for ER-targeted proteins based on a consensus sequence in the 

mRNA. Following cleavage by SpIre1p, free mRNAs are degraded while cleaved ribosome-bound 

mRNAs leads to stalling of protein synthesis leading to recycling of the ribosome and degradation of 
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the mRNA, which combined effectively reduces the protein load of the ER to re-establish 

homeostasis. However, some mRNAs, including the one encoding the Sz. pombe KAR2 orthologue, 

are stabilised by SpIre1p cleavage (Hernández-Elvira et al. 2018).  Constitutive induction of the UPR 

by overexpression of HAC1 genes with the intron removed has also been explored as an engineering 

strategy for improving heterologous production of secreted proteins, which has been shown to be a 

viable strategy in S. cerevisiae, K. phaffii, and the filamentous fungi Trichoderma reesei and 

Aspegillus awamori for production of proteins like α-amylase, invertase, laccase, bovine 

preprochymosin and Fab antibodies (Gasser et al. 2008). 

Vesicular transport and exocytosis 

Proteins are transported between the ER and the Golgi and from the Golgi to the plasma membrane 

by vesicular transport. Proteins are either bound in vesicles by specific binding proteins or receptors 

binding to short peptide sequences, this is seen mainly for proteins with a specific destination e.g. 

late Golgi-resident proteins, or by unspecific bulk flow (Anelli and Panina-Bordignon 2019). Vesicles 

transported between compartments are coated by proteins that facilitate membrane budding, it is 

unclear at what point after vesicle formation the coat proteins are shed. Rab family GTPases and 

SNAP receptor (SNARE) proteins guide the vesicle to the correct target membrane, Rab proteins 

facilitate the initial recognition of the target site by interaction with a matching Rab effector while 

the SNARE proteins present in both the vesicle and target membrane facilitate membrane fusion 

through their interaction (Delic et al. 2013). Coat proteins in Golgi-originating vesicles intended for 

direct exocytosis have not been identified. Some secreted proteins are first trafficked to endosomes 

and then targeted for exocytosis (Hou et al. 2012b). Protein trafficking has also been the target for 

engineering efforts to improve protein secretion, e.g. in S. cerevisiae by overexpression of SNARE 

proteins which improved α-amylase secretion but not proinsulin or invertase production, arguably 

due to differential ability to reach the native protein conformation, and thus increased removal of α-

amylase could relieve ER-stress (Hou et al. 2012a). 
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CHAPTER 3 – YEAST CELL FACTORIES FOR PRODUCTION OF SECRETED 

THERAPEUTIC PROTEINS 

No organism is naturally adapted for heterologous production of large amounts of non-native 

protein. Over time, the number of suitable hosts for heterologous protein production (HPP) has 

increased; new hosts often have traits that make them stand out compared to the already 

established hosts. Regardless, there is a set of traits that are deemed as desirable for any cell factory 

candidate, either for cell-based bio-processes in general or for HPP specifically.  

Firstly, the host needs to be amenable to genetic engineering, i.e. gene expression strategies need to 

be in place, either integrative or plasmid-based; suitable genetic elements like promoters, 

terminators, and signal peptides should be available; and methods for transfer of foreign DNA into 

the cell needs to be in place. Secondly, it is favourable if the host exhibits good growth in submerged 

cultivations, since this is the most commonly used method for large-scale production. Additionally, it 

is advantageous if the host can grow on simple and cheap substrates, grows rapidly, and to high cell 

densities, all factors that may improve the economics of a production process, e.g. titres, production 

rates and yields. Thirdly, the host should be tolerant to the physical, chemical and biological stresses 

that can be encountered during cultivations.  

Specifically for HPP, it is desirable for the host to have a high capacity for producing and folding large 

amounts of non-native proteins. It is also often an advantage to be able to secrete the produced 

protein into the cultivation medium instead of having it accumulate intracellularly. This can often 

reduce downstream processing costs since cell lysis is not required to release the heterologous 

protein (HP) and less purification is necessary to obtain the final protein product in a pure form. 

Whether a HP is kept inside the cell or in the cultivation broth is also dependent on the stability of 

the protein in the different environments and needs to be considered. For production of many 

eukaryotic proteins, it is required that post-translational modifications (PTMs) are performed on the 

proteins to make the active form of the protein. 

COMMON PRODUCTION HOSTS FOR HETEROLOGOUS PROTEIN PRODUCTION 
The number of available cell factory hosts is ever increasing, and each one has distinct advantages 

and disadvantages when compared to other hosts. So far, no host has been identified that is 

superior to all others; thus, selection of the correct host organism for HPP is critical in ensuring the 

success of a production process. While there are many options for hosts, three hosts currently 

dominate HPP for therapeutics: The bacterium Escherichia coli, mammalian cells and the yeast 

Saccharomyces cerevisiae (Walsh 2018). The advantages and disadvantages of these expression 

systems will be discussed here. 
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Escherichia coli 

The Gram-negative bacterium Escherichia coli, is a commonly used host organism for HPP 

production. The majority of HPP in bacteria is performed in E. coli, which is a common commensal 

found in the gut of warm-blooded animals. It has served as a popular industrial production host and 

as the most frequently used prokaryotic species for scientific studies. Due to E. coli’s frequent use in 

scientific studies, an expansive body of knowledge concerning its physiology and genetics exists. An 

extensive selection of engineered strains is available, which, when combined with the wide range of 

available expression plasmids and promoter systems, results in a highly versatile toolbox for strain 

engineering (Waegeman and Soetaert 2011).  

Even though plasmid-based expression is the most widely used gene expression strategy for E. coli, 

clustered regularly interspaced short palindromic repeats (CRISPR) techniques have also been 

developed for targeted genome editing, i.e. insertion, deletions and swapping of genetic sequences 

(Chung et al. 2017; Kaur, Kumar and Kaur 2018). When combining the genetic toolbox with the 

genetic tractability of E. coli, a strong platform for HPP presents itself.  

E. coli also has several advantages for cultivations: cell densities of more than 100 gCDW/L can be 

reached by fed-batch cultivation using cheap cultivation media, growth rates of up to 0.77 h-1 in 

defined media and 1.62 h-1 in complex media, and cultivation volumes of at least 100 m3 are 

technically possible (Lee 1996; Paalme et al. 1997; Volkmer and Heinemann 2011).  

However, E. coli also has some drawbacks for HPP; due to being a prokaryote, it does not natively 

have the capacity for making post-translational modifications (PTMs), e.g. disulphide bonds (DBs) 

and glycosylation. Efforts have been made to address these issues. DB formation in E. coli has been 

enabled by shifting the redox potential of the cytoplasm and introduction of DB forming enzymes 

from eukaryotes (Bessette et al. 1999; Hatahet et al. 2010). Another approach is to export the 

protein to the periplasm where the redox environment is oxidising in its native state (Waegeman 

and Soetaert 2011). Bacterial N-glycosylation has been enabled in E. coli by heterologous expression 

of the pgl pathway from Campylobacter jejuni; however, due to the prokaryotic origins of the 

pathway, the resulting glycosylation pattern does not resemble human glycosylation (Wacker et al. 

2002).  

Another drawback of E. coli is its lack of protein secretion into the extracellular space, which makes 

lysis necessary to recover heterologous proteins (HPs) (Kaur, Kumar and Kaur 2018). This is not the 

case for all bacteria, Gram positive bacteria are capable of secreting proteins but are rarely used for 

HPP (Yin et al. 2007; Waegeman and Soetaert 2011). Inability to secrete large amounts of HPs leads 

to accumulation of proteins in the cytoplasm, many of which may not be correctly folded if they 

contain PTMs that the host is not capable of making. Regardless, inclusion bodies may both contain 

active and inactive proteins; however, the ratio appears to be dependent both on the produced 

protein and the process parameters (Slouka et al. 2019). Inclusion bodies often contain very high 

purity HPs and are easy to separate from the remainder of the cell components after lysis; however, 

refolding is often necessary to obtain active protein (Waegeman and Soetaert 2011).  
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A final drawback is E. coli’s susceptibility towards bacteriophages, which in their lytic cycle will 

devastate a bacterial cultivation. Bacteriophage contaminations may also be difficult to remove; thus 

becoming persistent (Łos et al. 2004). It is clear that E. coli based production comes with many 

advantages such as an efficient genetic toolbox and ease of cultivation. However, the disadvantages 

of not being able to natively produce human-like PTMs and difficulty with secretion means that 

many HPs can be difficult to produce; consequently, E. coli is primarily used for production of HPs 

smaller than 50 kDa in size and without PTMs. 

Mammalian cells 

The commonly used umbrella-term, mammalian cells (MCs), covers a range of immortal cell lines 

originating from mammalian organisms. Cell lines used are both of human and non-human origin; 

the most commonly used cell line is Chinese hamster ovary (CHO) but other cell lines are also used, 

e.g. mouse myeloma (NS0), baby hamster kidney (BHK) and human embryo kidney (HEK-293) cells 

(Wurm 2004).  

MCs are the most commonly used host organisms for therapeutic HPP; as a result, a large body of 

knowledge has accumulated on techniques for genetic engineering and cultivation methods (Walsh 

2018). A range of promoter systems have been developed for HPP in mammalian cells, with both 

viral, endogenous, synthetic, and heterologous promoters from other mammalian species available 

to accommodate both constitutive and induced expression (Romanova and Noll 2018). Depending 

on the aim of a production process, transient plasmid-based or stable integration-based gene 

expression are available. Integration-based expression has previously been based on non-

homologous end joining (NHEJ) into the genome, but the development of CRISPR-techniques has 

facilitated efficient, rapid and targeted integration of a DNA fragment into defined sites (Lee et al. 

2015).  

The most important motivation for using MCs for HPP is the ability to make all the PTMs necessary 

to fold and decorate proteins of human origin into the correct native conformation. The N-glycans 

produced by MCs are in most cases similar to such a degree that they are accepted by the human 

immune system, although some MCs of non-human origin may produce immunogenic patterns (Zhu 

and Hatton 2017; O’Flaherty et al. 2020). Since MCs are eukaryotic, they are also capable of 

secreting HPs through the secretory pathway, facilitating simpler downstream protein recovery.  

Cultivating MCs can be difficult; most cells of mammalian origin has evolved for growth in tissues 

under tightly controlled environmental conditions, and specialised cultivation vessels and techniques 

are required to cultivate them. An issue during cultivation is the fragility of MCs due to lack of a cell 

wall; sheer stress from impellers and baffles, and bubble bursting from airflow can potentially lead 

to widespread cell death (Grilo and Mantalaris 2019). MCs are also highly sensitive towards the 

chemical environment; thus, tight control of dissolved gas concentrations and nutrients is necessary 

to provide an environment that promotes cell growth and HPP, while also preventing cell damage 

and apoptosis. Deletion of apoptosis related genes like the Bcl-2/Bcl-xL genes in CHO cells 
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counteracts apoptosis signalling and can make cells more amenable to adverse culturing conditions 

(Krampe and Al-Rubeai 2010).  

Another drawback of working with MCs is that growth rates of 0.03 h-1 are common, and as a 

consequence the productivity of HPP can be very low (Jiang et al. 2019). Due to their slow growth, 

contamination is also a common issue since most contaminants will outgrow MCs; to prevent this, 

stringent sterilisation procedures are performed on media components. Non-living contaminants like 

prions and viruses can also be an issue, and since MCs are closely related to humans, some of these 

may be harmful to humans.  

Media formulations for MC cultivation often contain expensive constituents, e.g. hormones and 

growth factors, which increases the cost of cultivation, and thus, the final price of the produced 

protein (Arora 2013; O’Flaherty et al. 2020).  

MCs are the preferred platform for HPP for therapeutics mainly due to their ability to produce 

human-like PTMs and secrete products. However, cultivations can be difficult due to very specific 

growth requirements, risk of contamination, and poor scalability as well as expensive due to 

extensive nutrient requirements and tight control schemes. 

Saccharomyces cerevisiae 

A common alternative to E. coli and MCs for HPP is the yeast Saccharomyces cerevisiae, colloquially 

known as baker’s yeast or brewer’s yeast. S. cerevisiae is often seen as a domesticated yeast due to 

its millennia-long use for brewing and baking; however, studies have also isolated and described a 

thriving non-anthropogenic population (Peter et al. 2018).  

One of the main advantages of S. cerevisiae is the extensive body of knowledge on its physiology and 

genetics, due to its role as a model eukaryotic organism, e.g. for studies in transcription, the cell 

cycle, and vesicle trafficking. S. cerevisiae was the first eukaryotic organism to have its entire 

genome sequenced, a breakthrough that revolutionised studying and engineering of the organism. 

Since yeasts are eukaryotes as well as being naturally adapted to unicellular growth, they display 

many of the advantages of both E. coli and MCs.  

Genetic engineering of S. cerevisiae is simple since efficient transformation protocols exist to 

transfer exogenous DNA into the cell. The most popular methods are chemical transformation and 

electroporation, reaching efficiencies where 1%, or more, of the cells receive and express foreign 

DNA, although spheroplast transformation also still sees some use (Gietz and Schiestl 2007; Meilhoc 

and Teissie 2020). Several efficiently segregated plasmid backbones exist for S. cerevisiae, like the 

low copy-number centromeric and autonomous replication sequence (CEN/ARS) and the high copy-

number partial 2µ plasmid based on the 2µ selfish genetic elements often found in S. cerevisiae (Da 

Silva and Srikrishnan 2012). Targeted genomic integration of DNA is achieved with ease in S. 

cerevisiae, which has a natural preference for homology directed repair (HDR) of broken DNA 

strands; thus, targeted integration can be obtained with homologous targeting sequences down to 

30 bp, although 60 bp is recommended (Hua et al. 1997). The development of CRISPR techniques for 
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S. cerevisiae, has enabled marker-free integration of fragments and improves on an already very

efficient system for genetic engineering (Raschmanová et al. 2018). 

The microbial origin of yeasts confer many advantages when cultivating, especially when compared 

to MCs. Yeasts have sturdy cell walls surrounding the cell membrane and are thus tolerant to shear 

stress allowing for rapid stirring and aeration. Cultivation media for yeasts are cheap; S. cerevisiae is 

able to synthesise all the required building blocks for accumulation of biomass, and thus also HPP, 

from simple carbon, nitrogen and micronutrient sources. Therefore, both defined minimal media 

and complex media formulations can be used for yeast cultivations (Verduyn et al. 1992).  

However, being the archetypical Crabtree positive yeast, S. cerevisiae will produce ethanol by 

fermentation under aerobic conditions as a by-product when abundant amounts of fermentable 

carbon sources are present in the medium. Preventing this overflow metabolism can be done by 

lowering the growth rate below a critical level, ensuring that the carbon source is most efficiently 

used for ATP generation, leading to comparably higher biomass and protein production. This 

strategy has been successfully demonstrated in the non-conventional yeast Zygosaccharomyces 

bailii (Vigentini et al. 2005). Unfortunately, the critical growth rate is far lower than the maximum 

growth rate, which is usually 0.2-0.4 h-1. Thus, for high cell density cultivations of S. cerevisiae it is 

essential that the feeding rate enforces a growth rate that is equal to or lower than the critical 

growth rate for ethanol fermentation. For a fed-batch cultivation using a semi-defined medium 100 

gCDW/L was obtained while 187 gCDW/L could be obtained by feeding with a mix of molasses and 

corn steep liquor (Vu and Kim 2009; Landi et al. 2015). In a continuous process where biomass was 

retained accumulation of more than 200 gCDW/L was possible (Riesenberg and Guthke 1999).  

S. cerevisiae cultivations are not prone to viral contaminations, as the presence of a cell wall

disfavours extracellular viral transmission, although extracellular transmission has been 

demonstrated under laboratory conditions using spheroplasts or chemically competent cells (El-

Sherbeini and Bostian 1987). It does appear that the main route of viral transmission is through 

mating or cytoplasmic fusion; thus, yeast viruses do not have known lytic cycles as is seen for both 

bacteriophages and mammalian viruses (São-José, Santos and Schmitt 2017).  

Finally, since yeasts are eukaryotes, they also naturally maintain the molecular machinery that 

enables protein secretion and formation of eukaryotic PTMs, chief among them protein 

glycosylation and DB formation. Additionally, sophisticated protein folding and quality control 

systems are in place. Although S. cerevisiae is able to secrete proteins into the extracellular space, a 

significant fraction may be retained in the ER and Golgi pointing to a bottleneck in secretion (Hou et 

al. 2012). During and following secretion, proteins may also be digested by native proteases, leading 

to degradation of the HP of interest. Another major drawback is that S. cerevisiae is prone to 

hypermannosylation and makes terminal α-1,3-mannose linkages on glycan structures, which can 

reduce protein half-life and provoke an immunogenic response in humans (De Pourcq, De Schutter 

and Callewaert 2010). Disruption of genes involved in hypermannosylation, e.g. OCH1, MNN1, and 

MNN4, encoding an α-1,6-mannosyltransferase and two α-1,3-mannosyltransferases, respectively, 
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can counteract this phenomenon; however, growth defects occur as a consequence (Nagasu et al. 

1992; De Pourcq, De Schutter and Callewaert 2010).  

By their unicellular eukaryotic nature, yeasts combine many of the advantages of E. coli and MCs, 

simple and cheap cultivation, and capacity for formation of eukaryotic PTMs; the biggest 

disadvantage being the difference in glycosylation patterns compared to proteins produced in 

humans. 

NON-CONVENTIONAL YEASTS AS PRODUCTION HOSTS FOR HETEROLOGOUS PROTEIN 

PRODUCTION 

S. cerevisiae is the most commonly used yeast for industrial and scientific pursuits, mainly because it 

is the best-characterised eukaryotic organism and its documented century-long utilisation. Its status 

as the, by far, most commonly used yeast is the reason for it also being called the “conventional 

yeast”. This name also outlines the extent of the “non-conventional yeasts” (NCYs) as being any 

yeast that is not S. cerevisiae. One might wonder, wherein lies the potential benefits of moving 

beyond S. cerevisiae to explore new yeast species as hosts for HPP? Diversity. Yeasts are a diverse 

group of organisms, and the physiologies and metabolisms of different species are very different; 

thus, there may be great potential in traits found among the NCYs different from those of S. 

cerevisiae that could benefit heterologous production of specific or many kinds of proteins.  

Remarkably, one of the best arguments for utilising yeast diversity biotechnologically is comparing 

the two common laboratory yeasts, S. cerevisiae S288c and S. cerevisiae CEN.PK 113-7D. 

Heterologous vanillin glucoside production in these two strains, by insertion of an identical pathway, 

showed that S. cerevisiae S288c produced up to ten times more product than S. cerevisiae CEN.PK 

113-7D (Strucko, Magdenoska and Mortensen 2015). In spite of this example concerning itself with 

the production of a small organic molecule, the fact that intraspecies diversity yielded this difference 

in production capability highlights that much may be gained by investigating interspecies diversity, 

also for HPP. A few NCYs are currently being investigated as HPP platforms, in this section four NCY 

species will be introduced as examples of how exploring diversity in yeasts can be beneficial. Many 

of the properties described for S. cerevisiae in the previous section are also relevant for the NCYs, 

and thus, what will be touched upon here is the traits and properties that marks a species as 

interesting in contrast to S. cerevisiae and how they perform comparably.  

Komagataella phaffii 

Among the NCYs, K. phaffii is the most popular yeast being investigated as a host for HPP. Industrial 

use of K. phaffii begun with the production of single-cell protein from methanol; however, the 

process was rendered uneconomical by the oil crisis of the mid-1970s. In spite of this, work 

continued investigating the species as a host for HPP. Recently, strains of the yeast species Pichia 

pastoris were reassigned into three separate species: K. pastoris, K. pseudopastoris, and K. phaffii; 

however, the name P. pastoris persists and is still commonly used in scientific literature. The 
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biotechnological strains of P. pastoris were determined to belong to the species K. phaffii (Kurtzman 

2009).  

Methylotrophy has heavily influenced strain engineering in K. phaffii since the alcohol oxidase 1 

(AOX1) promoter is one of the most commonly used promoters. This is due to the high levels of 

transcription obtained with this promoter when induced by the presence of methanol, making it 

commonly used for HP expression (Vogl, Hartner and Glieder 2013). The AOX1 promoter is highly 

regulated, it is repressed by certain carbon sources, e.g. glucose, ethanol and acetate, and it is 

induced by methanol if it is not under repression (Inan and Meagher 2001). Due to the hazardous 

nature of methanol, a modified version of the AOX1 promoter induced by glycerol instead of 

methanol has been engineered (Wang et al 2017). Several constitutive promoters are also in use e.g. 

native TEF1, PGK1 and TDH3 (Gündüz Ergün et al. 2019).  

Up until recently, episomal gene expression in K. phaffii has rarely been used since only ARS-based 

plasmids were available, leading to poor segregation resulting in frequent plasmid loss. The recent 

discovery of K. phaffii centromere sequences led to the development of a centromeric plasmid 

similar in function to the CEN/ARS plasmids of S. cerevisiae (Nakamura et al. 2018). In spite of K. 

phaffii’s native preference for NHEJ-mediated repair of DNA double-strand breaks (DSBs), where the 

targeted integration frequency is often 20% or less, integration-based gene expression remains the 

most popular option. Deletion of the YKU70 homologue, coding for a central protein in the NHEJ 

pathway, led to HDR rates near 100% using homologous targeting sequences as short as 250 bp 

(Näätsaari et al. 2012). CRISPR/Cas9 has also been developed for K. phaffii for targeted gene editing; 

however, when a linear repair template is provided, DNA still appears to be inserted randomly in the 

genome. Combining a ku70 deficient strain with CRISPR/Cas9 led to the desired targeted integration, 

and even marker-less integration occurred at rates of up to 50% (Weninger et al. 2018).  

For cultivation, K. phaffii stands out in three ways. Firstly, it is an obligate aerobe as well as being 

Crabtree negative; therefore, it is not necessary to design feeding strategies at low growth rates to 

prevent fermentative production of ethanol since aerobic respiration is the preferred pathway for 

ATP generation (Jahic et al. 2006). Secondly, it is cultivatable to cell densities of up to 240 gCDW/L in 

fed-batch cultivations using appropriate feeding regimes (Noseda et al. 2013). As mentioned, K. 

phaffii is methylotrophic and thus able to consume methanol as its sole carbon and energy source, a 

property that has been linked to the occurrence of methanol in decaying plant matter, an ecological 

niche where K. phaffii is commonly found. Thirdly, it has a high secretion capacity that has been 

shown to be higher than in S. cerevisiae, while the level of native secreted proteins appears to be 

lower (Müller et al. 1998; Mattanovich.et al. 2009). This is a major advantage since a large cost 

associated with HPP is the downstream processing of the target product (Mattanovich et al. 2012).  

As previously mentioned, hypermannosylation is a major downside of HPP in yeast; K. phaffii also 

makes branched mannosylated N-glycans, but to a lesser degree than in S. cerevisiae. Additionally, 

terminal α-1,3-mannose linkages are absent in K. phaffii (Bretthauer and Castellino 1999; Vogl, 

Hartner and Glieder 2013). Engineering of the N-glycosylation pathway in K. phaffii has led to the 
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development of strains that produce human-like N-glycan structures, including terminal sialic acid 

residues, enabling production of human-like glycoproteins (Hamilton et al. 2006). 

Ogataea polymorpha 

Another methylotrophic yeast, O. polymorpha, is also under intense study as a host organism for 

HPP. Recent approvals of therapeutics, e.g. a vaccine based on hepatitis B surface antigen, produced 

in this yeast species marks a landmark for the future use of this strain for HPP, particularly for 

proteins for therapeutics (Bian et al. 2009; Walsh 2018). This species was previously named 

Hansenula polymorpha, but was reclassified to the genus Ogataea (Yamada, Maeda and Mikata 

1994); however, the name H. polymorpha is still widely used in literature. Subsequently, genome 

sequencing of O. polymorpha strains revealed that, at least two species were present within the 

species at the time, which led to transfer of some strains to the species Ogataea parapolymorpha, 

including the widely used DL-1 strain (Kurtzman 2011).  

The promoters of the methanol utilisation pathway in this species are regulated similarly to the ones 

in K. phaffii, and are thus also popular choices for HPP (Gündüz Ergün et al. 2019). While methanol 

utilisation pathway promoters of O. polymorpha are not as thoroughly investigated as the ones for K. 

phaffii, they are still strongly induced by methanol and repressed by glucose, also in the presence of 

methanol (Ledeboer et al. 1985). Plasmids for HP gene expression usually contain the ARS1 

sequence of O. parapolymorpha DL-1 for plasmid replication; however, plasmid stability is poor 

without selection. Additionally, during prolonged selection it is often observed that plasmids using 

this sequence are integrated non-randomly in a head-to-tail configuration reaching copy numbers of 

up to 100, a strategy that can be used for production purposes (Gellissen et al. 2005). Interestingly, 

this non-random integration appears in spite of O. polymorpha preferring to repair DNA DSBs using 

NHEJ.  

For targeted integration, linear DNA fragments with long homologous targeting sequences, usually 

of 250-1000 bp in length, are used, the general rule being that longer targeting sequences lead to 

higher efficiency. Depending on the strain used, disruption efficiencies of up to 54% can be reached 

(González et al. 1999). Deletion of the native YKU80 gene increased the frequency of HDR in this 

species to ~90% when using blasticidin, hygromycin B and nourseothricin resistance markers, but 

only 56% when using zeocin resistance (Saraya et al. 2012). CRISPR/Cas9 has been implemented in 

this yeast, with targeted integration of a single gene with up to 100% efficiency and multiplex 

integration of three fragments with up to 60% efficiency (Jiang et al. 2019).  

Some traits important in cultivations for HPP are comparable between O. polymorpha and K. phaffii. 

Both species are Crabtree negative and the regulation of the promoters of the methanol utilisation 

pathway is similar; thus, similar cultivation strategies are often used. The highest published cell 

density observed for O. polymorpha lead to accumulation of biomass of up to 120 gCDW/L, which is 

around half of the cell densities that have been demonstrated for S. cerevisiae and K. phaffii (Mayer 

et al. 1999).  
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Both O. polymorpha and K. phaffii are methylotrophs, but there are differences in their metabolisms 

and physiologies. Firstly, O. polymorpha is thermotolerant; its optimum growth temperature is 37-

43°C and it tolerates temperatures up to 50°C (Van Dijk et al. 2000; Radecka et al. 2015; Manfrão-

Netto, Gomes and Parachin 2019). Secondly, O. polymorpha is able to assimilate nitrate as its sole 

nitrogen source, and is a model organism for studying eukaryotic nitrate assimilation (Pignocchi, 

Berardi and Cox 1998).  

The majority of work regarding glycosylation of proteins in the genus Ogataea continues to be 

conducted in O. parapolymorpha DL-1. N-glycosylation activity is similar between O. 

parapolymorpha and K. phaffii, hypermannosylation does not occur and terminal α-1,3-mannose 

linkages are absent (Kim et al. 2004). While N-glycosylation in O. parapolymorpha has not been 

completely humanised, some efforts have been made by deletion of the OCH1 homologue, 

expression and ER-targeting of an Aspergillus satoi α-1,2-mannosidase-encoding gene, and 

expression and Golgi-targeting of human β-1,2-N-acetylglucosaminyltransferase I. This lead to N-

glycosylation containing a mix of Man5-glycans and GlcNAcMan5-glycans, both of which are 

intermediate glycans in the human glycosylation pathway (Hamilton et al. 2006; Cheon et al. 2012). 

Kluyveromyces lactis 

The yeast Kl. lactis is often isolated from dairy products, and its ability to metabolise lactose, fat and 

proteins found in milk makes it important in providing aroma and maturing dairy products, e.g. 

fermented products like kefir and cheeses (Belloch, Querol and Barrio 2011). This yeast is also a 

popular for research and industrial applications and has been used for HPP of almost 100 proteins 

with titers of more than 1 g/L being possible depending on the protein (Spohner et al. 2016). 

Processes involving this yeast has been granted the generally regarded as safe status (van den Berg 

et al. 1990; Fleer et al. 1991a).  

As for the methylotrophic yeasts, the metabolism shapes strain engineering in Kl. lactis. The most 

notable example is the LAC4 promoter that natively regulates the production of β-galactosidase, 

which is induced by lactose and galactose, and partly repressed by glucose. This promoter sees 

regular use for HPP due to its favourable regulation; however, it has been necessary to develop a 

modified version, LAC4-PBI, due to similarity with E. coli promoters, leading to undesired expression 

(Gündüz Ergün et al. 2019). The native pyruvate decarboxylase 1 (PDC1) and S. cerevisiae 

phosphoglycerate kinase (PGK1) promoters are often used for constitutive expression (Gündüz Ergün 

et al. 2019).  

Kl. lactis is one of only a few NCYs where naturally occurring plasmids have been discovered, i.e. the 

two co-dependent linear plasmids pGKL1 and pGKL2 as well as the circular plasmid pKD1, the latter 

shares functional characteristics, but not sequence similarity, with the 2µ plasmid of S. cerevisiae 

(Gunge et al. 1981; Kikuchi, Hirai and Hishinuma 1984; Falcone.et al. 1986). pKD1 is the preferred 

plasmid for HPP in Kl. lactis, and plasmid copy numbers of up to 60-80 are stably maintained under 

non-selective conditions, although HPP may reduce this number or lead to instability (Bianchi et al. 
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1987; Chen et al. 1988). Plasmids containing full-length pKD1 or the pKD1 origin of replication and 

stability locus can be used for heterologous gene expression, and several variants containing 

different selection genes have been constructed (Hsieh and Da Silva 1998; Panuwatsuk and Da Silva 

2002). Similar to S. cerevisiae, plasmids combining a native centromere and ARS sequence have been 

constructed and used for HPP.  

Targeted integration in Kl. lactis is also used, but the success rate appears to be dependent on the 

integration locus and the design of the homology cassette, although efficiencies up to 90% have 

been seen (Raschmanová et al. 2018). As an alternative, targeted single copy integration of gene 

cassettes into tandem repeats of ribosomal DNA can be used to reach copy numbers of up to 60 

(Rossolini et al. 1992; Gündüz Ergün et al. 2019). CRISPR/Cas9 has also been implemented in Kl. 

lactis, where triple site insertion has been demonstrated for heterologous expression of the six 

genes in the muconic acid biosynthetic pathway in a strain deleted for the native homologue of the, 

although only at a success rate of 2.1% (Horwitz et al. 2015).  

Kl. lactis is an obligate aerobe and is Crabtree negative, although respire-fermentative growth may 

be observed at very low oxygen concentrations (Kiers et al. 1998; Snoek and Steensma 2006). Thus, 

ethanol production can be curtailed by maintaining a sufficiently high oxygenation in cultivations 

(Hagman et al. 2013). The highest reported cell density in Kl. lactis was for production of HSA in a 

fed-batch process where 80-90 gCDW/L was obtained (Fleer et al. 1991a).  

Like the other yeasts presented here, hypermannosylated N-glycans are prevalent in Kl. lactis; the 

common strategy of deleting genes encoding for the native homologs of the OCH1 and MNN4 genes 

abolished hypermannosylation in the double-mutant strain. Similar to S. cerevisiae, Δoch1 strains 

exhibited slower growth and increased flocculation (Liu et al. 2009).  

Yarrowia lipolytica 

Oleaginous yeasts are able to accumulate large amounts of lipids in intracellular lipid bodies, 

constituting at least 20% of the cell dry weight. The lipid bodies function as storage and can be 

degraded for energy generation and used for cell growth (Abghari and Chen 2014). Yarrowia 

lipolytica is one such yeast species, and it is the ability to consume alkanes that lead to the first 

application of this yeast for single-cell protein production from cheap substrates like crude oil, 

beginning in the 1950s (Madzak 2015). Since then, this production has been discontinued, but Y. 

lipolytica has been found to be a favourable host for many other applications like production of citric 

acid, single-cell oils, carotenoids, and industrial enzymes as well as therapeutic enzymes (Tiels et al. 

2012; Groenewald et al. 2014; Madzak 2015; Xie, Jackson and Zhu 2015; Jacobsen, Ledesma-Amaro 

and Martinez 2020). 

Apart from it being oleaginous, Y. lipolytica displays other interesting physiological features. Firstly, it 

is dimorphic, and is able switch between different morphologies, i.e. yeast, true hyphal growth or 

pseudohyphal growth. Morphological switching is influenced by the genetic background of the strain 

as well as the growth conditions, e.g. aeration, carbon and nitrogen sources, pH, nutrient availability, 
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and temperature (Barth and Gaillardin 1996; Ruiz-Herrera and Sentandreu 2002). Production of 

heterologous proteins is affected by the morphology. For production of Pycnoporus cinnabarinus 

laccase and human interferon α2b, significant HPP was only observed when the yeast morphology 

was predominant, although exceptions to this observation has been seen, e.g. for HPP of Zea mays 

cytokinin oxidase/dehydrogenase (Kopečný et al. 2005; Madzak et al. 2005; Gasmi et al. 2011). 

Deletion of the Y. lipolytica MHY1 gene has been found to reliably abolish the hyphal morphology 

with minimal impact on growth and stress tolerance (Konzock and Norbeck 2020). Secondly, it 

exhibits higher growth rates with glycerol rather than glucose as the sole carbon source, which is a 

relatively uncommon occurrence among the yeasts, where catabolite repression is often seen in the 

presence of glucose (Workman, Holt and Thykaer 2013).  

In Y. lipolytica, plasmid-based gene expression is rarely used for production, and mainly for transient 

gene expression. These plasmids are CEN/ARS-based and exhibit high loss frequencies and low copy 

numbers (Madzak 2018). Genomic integration is the most common strategy, usually done by 

targeted integration into a defined locus. In spite of Y. lipolytica’s preference for NHEJ, targeted gene 

deletions can be achieved at up to 76% fidelity using 2 kbp homologous targeting sequences (Fickers 

et al. 2003). CRISPR/Cas9 has also been implemented for targeted integration where single 

integration by HDR could reach 64% and 100%, for strains without and with the yku70 homologue 

deleted, respectively (Schwartz et al. 2016). A system has also been developed for transient 

repression of the NHEJ system by binding of nuclease-deficient Cas9 to the promoters of the 

YKU70/YKU80 homologues (Schwartz et al. 2017).  

For multi-copy integration, random or targeted integration strategies have been developed.  

Targeted strategies relies on genomic DNA sequences present in many copies, namely ribosomal 

DNA and zeta sequences found in the Y. lipolytica t1 transposon, and copy numbers can be amplified 

by using defective selection markers, e.g. Y. lipolytica ura3d4 (Juretzek et al. 2001). 

Y. lipolytica is an obligate aerobic and Crabtree negative yeast. High cell densities have been reached 

in studies for heterologous protein production, with 105 g/L seen for a fed-batch producing 88 

units/mL rice α-amylase, while another fed-batch process producing Rhodotorula araucaria epoxide 

hydrolase reached a production of 194.7 units/mL and reached a cell density of ~100 g/L (Kim et al. 

2000; Maharajh et al. 2008). As a general rule, it was found that scaling up from shake-flask to bio-

reactors led to improved production (Madzak and Beckerich 2013). 

Y. lipolytica is also less prone to produce hypermannosylated N-glycans than S. cerevisiae. A study on 

N-glycan structures of the Y. lipolytica extracellular lipase, LIP2, found that N-glycans mainly 

consisted of Man8GlcNAc2 and Man9GlcNAc2  (Jolivet et al. 2007). Additionally, no immunogenic 

terminal α-1,3-linked mannose residues were detected in this species  (Song et al. 2007). Deletion 

of the ALG3 homologue and heterologous expression and ER targeting of an Aspergillus niger α-1,2-

mannosidase led to formation of Man3GlcNAc2, which can be used as a starting point for formation 

of human-like N-glycans, similar to what was shown for K. phaffii (Hamilton et al. 2006; de Pourcq et 

al. 2012). 
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Table 1: Comparison of heterologous proteins produced by various organisms. HBsAg: Hepatitis B surface antigen, HSA: 
human serum albumin.“K. phaffi” covers K. phaffi and P. pastoris. E. coli; (C): cytoplasm, (S): secreted. Scales; M: 0-10 mL, 
S: 10-500 mL, B: 500mL-10L, L: 10L and up, *: not given. 

Protein Metric Organism Scale Reference 

HBsAg 
0.6-8% total protein H. polymorpha L (Janowicz et al. 1991) 

97 mg/L K. phaffii L (Hardy et al. 2000) 

2µg/106cells/day CHO DX-B11 M (Holzer et al. 2003) 

Hirudin 

1.7 g/L H. polymorpha B (Weydemann et al. 1995; Kim et al. 2001) 

1.5 g/L 
4.25 g/L 

K. phaffii
K. phaffii

B 
B 

(Rosenfeld et al. 1996) 
(Yang, Zhou and Zhang 2004) 

1.1 g/L S. cerevisiae * (Kim et al. 2007)

>1 g/L E. coli * (Schmidt 2004; Zhang and Lan 2018)

HSA 
3 g/L K. lactis B (Fleer et al. 1991b; Fleer 1992) 

200 mg/L S. cerevisiae S (Kang et al. 2000) 

10 g/L K. phaffii B/L (Mallem et al. 2014) 

Insulin 

4.34 g/L 
21 mg/L 

E. coli (C)
E. coli (S)

B 
S 

(Shin et al. 1997) 
(Mergulhão et al. 2004) 

75 mg/L S. cerevisiae * (Cousens et al. 1987)

3 g/L K. phaffii L (Gurramkonda et al. 2010) 

Looking beyond the commonly used non-conventional yeasts 
The four non-conventional yeasts described here, are hardly non-conventional anymore, since 

extensive bodies of knowledge and advanced tools for their engineering now exist. Many of these 

yeasts have seen successful use as hosts for HPP, either in scientific or industrial settings, and are 

living proof that diversity can provide substantial benefits when utilised, both for the production of 

industrial enzymes and therapeutic proteins (Rebello et al. 2018). A selection of therapeutic proteins 

produced in several of the productions host mentioned here can be seen in Table 1. 

The main argument for investigating NCYs, is that every yeast species, and in many cases strains, 

within the same species, exhibit a different set of unique physiological traits (Strucko, Magdenoska 

and Mortensen 2015). Luckily, for the budding non-conventional yeast enthusiast, there is still an 

abundance of yeasts that have scarcely, or never, been screened for their biotechnological potential. 
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CHAPTER 4 – COMPARATIVE PHYSIOLOGICAL CHARACTERISATION OF NON-

CONVENTIONAL YEASTS’ TOLERANCE TOWARDS REDOX STRESS USING A 

QUANTIFIABLE GROWTH ASSAY

INTRODUCTION 

Non-Saccharomyces yeasts, often called non-conventional yeasts (NCYs), show great promise as 

production hosts in the bio-based economy, e.g. for production of proteins, small organic molecules 

and bulk chemicals e.g. for use in the pharmaceutical, food and energy industries (Mattanovich et al. 

2012; Radecka et al. 2015; Forti et al. 2018; Semkiv and Sibirny 2019). The advantages of exploring 

NCYs as production hosts lie in their physiological diversity, e.g. the ability to consume a wide variety 

of carbon sources, and tolerance towards environmental stresses. Both of these traits may be 

advantageous for bioprocesses, reducing materials costs by allowing use of cheaper feedstocks and 

improving process robustness (Radecka et al. 2015; Riley et al. 2016; Do, Theron and Fickers 2019). 

The majority of industrial bioprocesses relies on submerged cultivations for cell propagation and 

product formation in a controlled environment. Submerged cultivations may cause cells to become 

stressed if homeostasis is perturbed, e.g. by exposure to harmful chemicals present in the broth of 

either endo- or exogenous origin, and changes in the physicochemical environment.  

In spite of the predominance of submerged cultivations for industrial production, the majority of 

studies investigating cell stress are based on growth assays performed on solid agar-based media. 

Cells growing as part of a colony on a solid surface will experience unequal exposure to nutrients and 

stressful chemicals as well as begin to differentiate, both as a consequence of the 3D localisation 

within the yeast colony (Palková and Váchová 2006). This is a highly dissimilar situation to that 

experienced by cells in submerged cultivations where unicellular growth or growth in microscopic 

clusters is predominant, meaning that the exposure to nutrients and stressful chemicals is more 

uniform across the cell population. A study by Toussaint and co-workers assessing the effect of DNA 

damaging agents on Saccharomyces cerevisiae strains compared both solid- and liquid-based 

methods, and found liquid-based methods to be more sensitive in detecting perturbed growth 

(Toussaint et al. 2006). Thus, characterisation of yeasts in liquid culture might not only more 

accurately reflect the conditions experienced by cells in a submerged cultivation, but also potentially 

be a more sensitive assay. 

Redox stresses are often characterised based on assays performed using solid media. Redox stress is 

a cellular state where the cellular redox balance is disturbed to such a degree that the cells redox 

detoxification and repair capacity is exceeded. There are two types of redox stress, oxidative stress 

and reductive stress. Oxidative stress can have many causes, e.g. aerobic growth, cellular fatty acid 

degradation, and disulphide bond formation, as well as exposure to ionising radiation, UV radiation, 
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elevated temperature, reactive redox agents and heavy metals (Moradas-Ferreira et al. 1996; 

Lushchak 2011).  

The two most commonly used oxidising agents for studying oxidative stress in yeasts are hydrogen 

peroxide (H2O2) and menadione (Men), the latter being a catalyst for generating superoxide radicals 

(O2
•-). Both H2O2 and O2

•- are generated endogenously by cells, e.g. H2O2 is generated in β-oxidation 

of fatty acids in peroxisomes and disulphide bond formation in the endoplasmic reticulum (ER), 

while O2
•- is generated by leakage of electrons from the electron transport chain onto molecular 

oxygen (O2) in the mitochondria (Hiltunen et al. 2003; Zuin et al. 2008; Tyo et al. 2012; Zeeshan et al. 

2016).  H2O2 is a reactive oxygen species (ROS) itself, and mainly causes cell damage through its 

degradation product, the highly reactive hydroxyl radical (•OH), which is generated by Fenton and 

Haber-Weiss type reactions (Gille and Sigler 1995). Since H2O2 is not regenerated during the 

experiment, the damaging potential declines as a function of the decreasing H2O2 levels.  

On the other hand, Men is a napthoquinone that can accept electrons from cellular electron carriers 

like NADH, NADPH and flavoproteins and donate it to intracellular O2 to form two O2
•- per cycle. 

Superoxide dismutase enzymes transform O2
•-into H2O2. The in vivo conversion of O2

•- to H2O2 has 

led to evolution of two distinct responses against O2
•- stress and H2O2 stress; in S. cerevisiae, O2

•- 

stress provides cross-protection against H2O2 stress, but not vice versa (Fernandes et al. 2007).  

Reductive stress is the opposite situation of oxidative stress, i.e. a situation where cellular 

homeostasis is perturbed by a high reducing potential in the cell. The ER is an oxidising environment, 

which is important to facilitate and stabilise oxidative protein folding that occurs in the 

compartment (Toledano et al. 2013). Thus, the ER is the main target for reducing agents, like 

dithiothreitol (DTT), that disrupts the oxidative environment including reduction of disulphide bonds 

and, as a consequence, accumulation of misfolded proteins, resulting in induction of the unfolded 

protein response (Rand and Grant 2006). Reforming the reduced disulphide bonds requires the 

transport of electrons from reduced cysteine residues which, through intermediary enzymes, is 

transferred to O2 to form H2O2 (Tyo et al. 2012). Accumulation of misfolded proteins in the ER also 

occurs when the oxidative folding machinery is unable to cope with the influx of nascent proteins, 

e.g. during heterologous protein production, making DTT a useful chemical for simulating this

situation (Braakman, Helenius and Helenius 1992; Gasser et al. 2008). 

Thus, it is of great importance to know not only the production capabilities of a host organism but 

also its physiological characteristics, e.g. stress tolerance and carbon utilisation profile, to assess 

whether the organism is right for the intended process or not. In this study, the physiological 

capabilities of 24 yeast strains from 21 species were investigated. The yeasts originated from both 

the Ascomycota and Basidiomycota, and ~700 million years have elapsed since the last common 

ancestor of the most diverged strains (Douzery et al. 2004; Shen et al. 2018).  

The aim of the present study was to quantify the physiological response of NCYs when exposed to 

various extracellularly induced conditions in submerged cultivations. For this purpose, a 
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microcultivation method was developed allowing quantification of key growth parameters: 

maximum growth rate (µmax), lag phase duration (LPD) and biomass (OD600) titer during aerobic 

growth in six 96-well microtiter plates (MTPs) with OD600 determination every 30 minutes. The 

method enables assessment of growth in triplicate cultures of more than 20 strains at five different 

conditions, e.g. five different chemical concentrations, controls for inter-MTP variance, and wells 

containing only medium. The growth parameters of the yeast library in a broad range of carbon 

sources were successfully quantified. Hence, strains were cultivated with glucose, galactose, xylose 

or glycerol as the sole carbon source. Moreover, the pH optima of 21 strains were estimated based 

on the observed µmax from cultures with varying initial pH values. Together these analyses 

demonstrated the applicability of the method for strain characterization. Finally, with the method in 

place, it was decided to investigate the response to chronic exposure to increasing redox agent 

concentrations with the aim of identifying NCYs that potentially could serve as robust production 

hosts. 

MATERIALS AND METHODS 

Strains 

The yeast strains used in this study was obtained from CBS-KNAW collection at the Westerdijk 

Fungal Biodiversity Institute (The Netherlands) or the IBT Culture Collection of Fungi at the Technical 

University of Denmark (Denmark); the full list of strains used in this study can be seen in Table 1. 

Cultivation media 

All cultures, excluding microcultivations, were made using yeast extract peptone dextrose medium 

(YPD) containing 10 g/L yeast extract (Bacto, BD Biosciences), 20 g/L peptone (Bacto, BD Biosciences) 

and 20 g/L glucose (VWR Chemicals). For microcultivations assessing stress tolerance, the final 

concentration was equal to YPD medium containing 5 g/L glucose as well as various stressor 

concentrations. A menadione (Men) stock solution was made by dissolving crystalline Men in 96% 

ethanol to a final concentration of 1M.  For investigating redox agent tolerance, 30% hydrogen 

peroxide (H2O2) (Sigma Aldrich), 1M dithiothreitol (DTT) (Sigma Aldrich), and 1M menadione (Men) 

(Sigma Aldrich) stock solutions were added to YPD medium (5 g/L glucose) just before performing 

experiments. For assessing pH tolerance, YPD medium (5 g/L glucose) containing 25 mM potassium 

hydrogen phthalate (Sigma Aldrich) was adjusted to the target pH using 2M HCl or 2M NaOH. For 

microcultivations made to assess carbon source utilisation, yeast nitrogen base (YNB) medium was 

made; the final concentrations after inoculum addition was 6.7 g/L yeast nitrogen base with 

ammonium sulfate and without vitamins (BD Biosciences) containing 5 g/L of either glucose, glycerol 

(Sigma Aldrich), xylose (Sigma Aldrich) or galactose (Sigma Aldrich). All yeast strains were maintained 

on solid YPD containing 20 g/L glucose and 20 g/L agar (Bacto, BD Biosciences). 
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Table 1: Yeast strains used in this study and their collection number in the CBS-KNAW collection when applicable. 

Species Collection #  Species Collection # 

Cutaneotrichosporon curvatus CBS 2744  Pachysolen tannophilus CBS 4044 

Cyberlindnera jadinii CBS 1600  Papiliotrema laurentii CBS 7140 

Debaryomyces hansenii CBS 767  Rhodotorula mucilaginosa CBS 10938 

Hanseniaspora uvarum Wild isolate  Saccharomyces cerevisiae CBS 405 

Kazachstania servazzii CBS 4311  Saccharomyces cerevisiae CBS 1171 

Kluyveromyces lactis CBS 1067  Saccharomyces cerevisiae CBS 8803 (S288c) 

Kluyveromyces marxianus CBS 1574  Schizosaccharomyces pombe CBS 356 

Komagataella phaffii CBS 2612  Starmerella bacillaris CBS 1713 

Lachancea thermotolerans CBS 137  Sugiyamaella americana CBS 10352 

Lipomyces starkeyi CBS 1807  Torulaspora delbrueckii CBS 6795 

Naumovozyma castellii CBS 4309  Wickerhamiella sorbophila CBS 8746 

Ogataea polymorpha CBS 1976  Zygosaccharomyces rouxii CBS 441 

Determination of relationship between OD600 in 1 cm cuvettes and 96-well 

microtiter plate 

S. cerevisiae CBS 8803 was cultivated to stationary phase at 30°C with 250 rpm shaking in a Forma 

440 orbital shaker (Thermo Scientific). Based on this culture, dilutions were made using sterile YPD 

medium covering the range from 10% to 90% of the original culture in 10% intervals. The OD600 of 

the original culture and dilutions was determined in a 1 cm cuvette in triplicate using a UV1800 

spectrophotometer (Shimadzu) zeroed using sterile YPD medium. Four volumes, 75 µL, 100 µL, 125 

µl and 150 µL, of each dilution, the original culture and sterile YPD medium, representing the 0% 

value, were each pipetted into eight wells in a clear flat-bottom 96-well MTP (Greiner Bio-One) and 

the OD600 was determined using a Synergy MX microplate reader (BioTek). An empirical linear model 

was created that allowed interconversion between OD600 in 1 cm cuvettes and OD600 in the 

microplate reader also taking into account the liquid volume loaded in the MTP. 

Determination of OD600 to cell dry weight ratio 

Each of the 24 strains used in this study was cultivated to stationary phase. Cultures were diluted to 

OD600 values of 10, 7.5, 5.0 and 2.5 using sterile YPD medium. The OD600 value of each cell 

suspension was measured using 1 cm cuvettes. OD600 was determined in triplicate using appropriate 

dilutions measured using a UV1800 spectrophotometer. Cell dry weight was determined for each 

cell suspension, in triplicate, by filtering ~10 mL cell suspension through pre-weighed filters (pore 

size 0.45 µm, Monta Mill® PES, Frisenette), washing twice with 10 mL deionised water. The weight of 

the Falcon tube holding the cell suspension was measured before and after each filtering to 

determine the volume filtered, the cell suspension was assumed to have a density of 1 g/mL. Filters 

with biomass were dried in a microwave for 20 minutes at an effect of 180W followed by at least 10 

minutes of dessication, and subsequently weighed.  
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Due to clogging of the filter, the cell dry weight of P. tannophilus, C. curvatus, and R. mucilaginosa 

could not be determined using this method. For these strains cell suspensions were made as 

previously described. 10 mL cell suspension was transferred to pre-weighed glass vials and water 

was evaporated off by placing them in an oven set at 100°C for at least 24 hours; this was done in 

triplicate for each cell suspension. The cell dry weight of the cell suspension was determined by 

calculating the difference between each filter or glass vial with and without dried biomass and 

dividing by the volume of cell suspension added. 

Microtiter plate growth assay 

Yeast cells were inoculated in YPD and incubated for two days at 30°C with vigorous shaking. Based 

on these cultures, microcultivations were inoculated to a biomass concentration of 0.015 gCDW/L in 

YPD 5 g/L glucose medium both with and without stressor chemicals added; the final volume of all 

cultivations was 100 µL. Cultivations were done in clear flat-bottom 96-well MTPs and were sealed 

using a transparent polyolefin sealing film with 1 mm slits (HJ-Bioanalytik), which was known to not 

impose a limit on oxygen transfer (Sieben et al. 2016).  

Three wells in each MTP were filled with YPD medium and inoculated with S. cerevisiae CBS 8803 to 

enable comparison of culture conditions between plates. Another three wells were blanks 

containing only YPD medium, which were used to assess evaporation from the MTPs, according to 

the method described by McGown and Hafemann (McGown and Hafeman 1998). Blanks of all media 

were run in 16 replicate wells for all MTP cultivations as part of the experiment.  

Incubation of MTP cultures were done at an incubation temperature of 30°C with 900 rpm shaking 

(diameter of 3 mm) at a humidity higher than 95%. Absorbance measurements, pre-culture dilution, 

inoculation, incubation, and plate handling was performed using a MicroLab Star liquid handler 

(Hamilton Bonaduz) connected to a Cytomat 2 C450-LiN humidified shaking incubator (Thermo 

Fisher Scientific) and a Synergy MX microplate reader running the Gen5 software (BioTek). 

Data analysis 

Based on the micro-cultivation OD600 measurements, the lag phase duration (LPD), maximum growth 

rate (µmax) and OD600 titer, collectively referred to as growth parameters (GPs), were calculated for 

each well using an R-script written by associate professor Christopher Workman, DTU 

Bioengineering. The script calculated a feasible LPD and growth rate for all except 19 (out of 1426) 

microcultivations, in these cases the data was manually curated. The script was not able to 

discriminate between non-growing and growing cultures; in order to remove GP values based on 

non-growing cultures, all data for  cultures where the highest OD600 measured was less than 0.2 was 

removed from the analysed dataset.  

The ratios of the GPs were calculated relative to the mean of the reference condition for each strain 

in all individual experiments. The reference condition for pH was the unbuffered cultures, while the 

reference condition for H2O2, Men, and DTT exposure were the cultures where no redox agent was 

added. Additionally, the ratios were log2-transformed for the H2O2, Men, and DTT data sets. The 
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equations for calculating the normalised and transformed data for the pH data and redox agents can 

be seen in Equations 1 and 2, respectively. 

𝑟𝑎𝑡𝑖𝑜𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒 =
𝑥𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒

�̅�𝑟𝑒𝑓,𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒
(1) 

log 𝑟𝑎𝑡𝑖𝑜𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒 = 𝑙𝑜𝑔2 (
𝑥𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒

�̅�𝑟𝑒𝑓,𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒
) 

(2) 

Where 𝑥𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒 is any single data point from a specific strain and of a specific GP type, i.e. µmax, 

LPD or OD600 titer. �̅�𝑟𝑒𝑓,𝑠𝑡𝑟𝑎𝑖𝑛,𝐺𝑃 𝑡𝑦𝑝𝑒 is the mean of the reference condition.  

Linear regressions were fitted to each group of transformed GP values for H2O2, Men, and DTT data, 

while 2nd order polynomials were fitted to the GP values for the pH data. Regressions were 

calculated using the stats::lm R-function. Observations on susceptibility towards redox agents were 

converted to Z-scores using the base::scale function, followed by clustering and visualisation using 

the pheatmap package (version 1.0.12) which utilised the Ward (ward.D2) clustering method (Ward 

1963; Murtagh and Legendre 2014). pH optimum was calculated based on the coefficients of the 

fitted 2nd order polynomials. Data transformations were not made for the data concerning growth on 

different carbon sources since there was no clear control condition. Calculations and visualisations of 

GPs was made using R (version 4.0.2), RStudio (version 1.3.959), and the following packages: 

tidyverse (version 1.3.0), pheatmap (version 1.0.12), RColorBrewer (version 1.1-2), ggpmisc (version 

0.3.5) and factoextra (version 1.0.7) (Neuwirth 2014; Kolde 2019; Wickham et al. 2019; Aphalo 2020; 

Kassambara and Mundt 2020; R Core Team 2020). 

RESULTS 

Characterisation of non-conventional yeast library in unstressed conditions 

All cultivations performed in this study for the characterisation of growth was performed in 96-well 

MTPs where each well functioned as a miniature bioreactor, examples of the raw data can be seen in 

Figure 2. Optical density, measured as absorbance, at 600 nm (OD600), was used to detect biomass 

accumulation. However, cultures reaching too high cell densities are able to absorb all the emitted 

light, in effect blocking detection of biomass accumulation when OD600 reaches a certain threshold 

value. In order to prevent this the carbon source concentrations were reduced to 5 g/L, compared to 

20 g/L glucose in regular YPD, which in previous experiments prevented cultures from reaching the 

threshold value (data not shown).  

For all yeast strains, the growth parameters µmax, LPD and OD600 titer, collectively referred to as 

growth parameter (GPs), were calculated based on collected OD600 data. For unstressed growth a 

6.8-fold difference was seen between the strains with the shortest and longest LPD for N. castellii 

and Li. Starkeyii, respectively. A 4.2-fold difference in µmax was seen for the slowest and fastest 

growing strains for Li. starkeyi and H. uvarum, respectively. Finally, a 2.6-fold difference in OD600 titer 
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was seen for the lowest and highest OD600 tier detected for St. baccilaris and Z. rouxii, respectively. 

Data for unstressed growth of all strains tested in this study can be seen in Figure 1. 

As a point of comparison, the growth rate of S. cerevisiae in YPD medium has been reported to be 

between 0.23 and 0.57 h-1; the growth rate for the three S. cerevisiae strains investigated in this 

study ranged between 0.202±0.027 and 0.244±0.017 h-1 (Garay-Arroyo et al. 2004; Albers and 

Larsson 2009). 

Carbon source utilisation 

In order to test the developed method in characterising the studied yeast library, it was investigated 

how well, if at all, the yeasts grew in YNB-based medium using either glucose, galactose, xylose or 

glycerol as the sole carbon source. µmax, LPD and OD600 titer for all strains that grew can be seen in 

Figure 3A-C, respectively.  

All yeast strains investigated in this study, except H. uvarum, had entries for the strains in the CBS-

KNAW collection with information on their carbon utilisation profile. For most of the strains growth 

on a wide range of carbon sources has been tested, although only with a categorical growth/delayed 

growth/no growth output. To verify the data obtained in this experiment, a comparison was made 

with the entries in the CBS-KNAW collection. Discrepancies between observations in this experiment 

and the records in the collection database were seen for Z. rouxii, St. baccilaris and D. hansenii, 

which in this experiment, did not grow on galactose; grew on glycerol and xylose; and did not grow 

on xylose, respectively. For all other strains, the same utilisation profiles were found as was 

recorded in the CBS-KNAW collection, resulting in 87.8% agreement between collection records and 

data generated in this experiment in a strain-wise comparison.  

Figure 1: Lag phase duration, maximum growth rate (µmax) and OD600 titer of the 24 tested yeast strains in unstressed growth 
conditions. One standard deviation around the mean is marked; all displayed values were calculated based on growth from 12 
cultures. 
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Figure 2: Growth curves of S. cerevisiae CBS 405 and C. curvatus CBS 2744 chronically exposed to H2O2, menadione (Men) and 
dithiothreitol (DTT) at the concentration indicated above the growth curve. Each replicate well in all subplots are represented by 
either being colored red, blue or green. 
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Figure 3: Growth rate (A), lag phase duration (B), and OD600 titer (C) of the tested yeast library when cultivated in yeast nitrogen base 
medium with the indicated compound as the sole carbon source. Absence of a column signifies that no growth above an OD600 of 0.2 
was detected. 
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It was expected that all yeasts would be able to consume glucose since the majority of yeasts have 

been found to be able to utilise this sugar for growth. The majority of strains grew better in medium 

containing glucose as the sole carbon source, except for Kl. lactis and Su. americana where the lag 

time for glycerol and galactose, respectively, were lower. The most commonly utilised carbon  

sources apart from glucose were galactose, glycerol and xylose where 15, 14 and 11 strains out of 24 

strains grew, respectively. 

For Su. americana, W. sorbophila, and R. mucilaginosa growing on galactose it was observed that 

there were two growth phases, a brief primary growth phase with faster growth relative to the 

second but far longer growth phase, where the majority of biomass was formed. The analysis script 

identified the primary growth phase, for which values can be seen in Figure 3; µmax in the 

secondarygrowth phases were manually determined to be 0.037±0.002 h-1, 0.029±0.005 h-1 and 

0.022±0.001 h-1 for Su. americana, W. sorbophila, and R. mucilaginosa, respectively. It was not 

possible to confirm that reference growth in this experiment was similar to the pH and redox 

tolerance experiments due to contamination of the YPD (5 g/L glucose) used for the control 

experiment. 

Studying the variation of the data, here represented by the standard deviation that was determined 

for each strain and GP type, allowed assessing the performance of method. The medians of the 

standard deviations for the three GP types were determined to 7.2∙10-3 h-1, 5.0∙10-1 h, and 1.8∙10-2, 

for µmax, LPD and OD600 titer respectively. This was deemed as acceptable values for continued use of 

the method for characterization of the studied yeast library. 

Identification of pH optima in yeasts 

Next, it was decided to study the response of the yeast library to varying initial pH values. The goal 

of this experiment was to see whether the developed method could be used to approximate the 

optimal pH for the different strains. The optimal pH varies depending both on the strain and the 

medium used, although the optimal pH value for yeasts are usually found between pH 4 and 7 

(Hahn-Hägerdal et al. 2005; Chang et al. 2006). Thus, it was attempted to determine the optimal pH 

values for the tested yeasts based on cultures where the pH of the culture medium was adjusted and 

buffered at pH 4.0, 5.5, 7.0 or 8.5.  

The data collected in this experiment was normalised as shown in Equation 1, using unbuffered 

cultures as the reference condition. Hence, the data used to determine the pH optima was a ratio 

between the measured data and the reference condition. For pH, it was expected that there was an 

optimal pH for growth; thus, increasing or decreasing the pH away from the optimal value would 

have a negative impact on growth. In order to reflect the presence of an optimum, 2nd order 

polynomials were fitted to the data for each GP type and strain. It was expected that µmax and OD600 

titer would have a global maximum around the optimal pH, while the LPD would have a global 

minimum around the optimal pH.  
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To assess which GP best reflected 

the change in pH, the data was split, 

based on GP type (3 categories) and 

strain (24 categories), into 72 sub-

datasets (3∙24 = 72) and tested for 

correlation, with the GP type and 

pH value, as the dependent and 

independent variable, respectively, 

in a 2nd order polynomial. A 

significant result was found in 

87.5%, 83.3% and 50% of the cases 

for µmax, LPD and OD600 titer, 

respectively (Bonferroni-corrected: 

p<2.083∙10-3). Thus, µmax was found 

to be the best GP type to reflect a 

response based on variation in pH 

value.  

It was decided that further analysis 

on the pH dataset would be done 

exclusively using the values of µmax. 

The calculated pH optima and the 

pH range where yeast growth was 

detected can be seen in Table 2. 

The estimated optimum pH for 

most strains fall in the range 

between pH 4 and 7. Z. rouxii 

behaved differently to all other 

yeast strains in this experiment by 

exhibiting inferior growth at pH 5.5 

compared to growth at pH 4.0 and 

7.0; although, better growth at pH 

4.0 compared to pH 5.0 is in accordance with what has been reported in literature (Membré, 

Kubaczka and Chéné 1999). 

The ability to calculate pH optima for the tested yeast library demonstrated that the data generated 

by micro-cultivations could be used for approximating parameters of yeast physiology beyond the 

simple GPs derived from the growth curves. 

Table 2: Estimated pH optima and the detected pH range of the listed 

yeast strains; pH range for each strain may be larger than what is 

reported. The pH optimum was not detected (n.d.) for three species.  

Strain pH optimum pH range 

C. curvatus CBS 2744 6.9 5.5-8.5 

Cy. jadinii CBS 1600 7.1 4.0-8.5 

D. hansenii CBS 767 6.9 4.0-8.5 

H. uvarum sDIV0116 * n.d. 4.0-7.0 

Ka. servazzii CBS 4311 5.3 4.0-7.0 

Kl. lactis CBS 1067 6.8 4.0-8.5 

Kl. marxianus CBS 1574 * ‡ n.d. 4.0-8.5 

K. phaffii CBS 2612 7.2 4.0-8.5 

L. thermotolerans CBS 137 7.1 4.0-8.5 

Li. starkeyi CBS 1807 6.0 4.0-7.0 

N. castellii CBS 4309 5.4 4.0-8.5 

O. polymorpha CBS 1976 6.4 4.0-8.5 

P. tannophilus CBS 4044 4.9 4.0-7.0 

Pa. laurentii CBS 7140 6.5 4.0-8.5 

R. mucilaginosa CBS 10938 6.9 4.0-8.5 

S. cerevisiae CBS 8803 6.0 4.0-8.5 

S. cerevisiae CBS 405 5.3 4.0-7.0 

S. cerevisiae CBS 1171 ‡ 5.6 4.0-8.5 

Sz. pombe CBS 356 6.5 4.0-7.0 

St. bacillaris CBS 1713 6.7 4.0-7.0 

Su. americana CBS 10352 6.0 4.0-8.5 

T. delbrueckii CBS 6795 ‡ 6.1 5.5-8.5 

W. sorbophila CBS 8746 6.2 4.0-8.5 

Z. rouxii CBS 441† n.d. 4.0-7.0 

*: Estimated optimum was out of the tested pH range. 
†: µmax for this strain indicated a minimum at pH 5.5 with better growth 
at pH 4.0 and 7.0. 
‡: p-value not found to be significant (p>2.083∙10-3) 
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Quantifying tolerance towards redox agents 

Having proven the applicability of the used microcultivation method for physiological 

characterisation of the tested yeast library, it was decided to study the yeasts response to chronic 

exposure to three redox agents, H2O2, Men, and DTT. Before performing analysis on the redox agent 

tolerances, it was necessary to find a useful measure by which the yeasts response to chronic redox 

agent exposure could be quantified. It was expected that at least one of the three GP types would 

exhibit a dose-dependent response to increasing redox agent concentrations, resulting in decreasing 

µmax and OD600 titers or increasing LPDs. In order to compare the effects of the redox agents, the GPs 

were normalised as shown in Equation 2, using the cultures where no redox agent was added as the 

reference. Thus, the data used for determination of the redox tolerance was the log-transformed 

(base 2) ratio between the measured data and the reference condition. 

A second analysis split the data by GP type (3 categories), strain (24 categories) and redox agent (3 

categories) into 216 sub-datasets (3∙24∙3 = 216) and fitted a linear regression to the data of each 

sub-dataset. A significant linear correlation between redox agent concentration and GP was found in 

33.3%, 95.8% and 22.2% of the cases for µmax, LPD and OD600 titer, respectively (Bonferroni-

corrected: p<2.315∙10-4). From the same analysis, the R2 values were extracted to determine the 

quality of the observed fits, here it was seen that LPD was by far the measure where the best fits 

were seen, see Figure 4. It could be concluded that the there was a clear proportional linear 

relationship between redox agent concentration and log-transformed LPD in the analysed dataset. 

No such relationship between redox agent concentration and log-transformed µmax or OD600 titer was 

detected using this analysis. Surprisingly, neither of these parameters appeared to be consistently 

affected by increasing redox agent concentrations, see Appendix 2. Thus, for the redox stress 

tolerance analysis, it was decided to continue the analysis using only the LPD. 

The slope of a fitted line described how much the log-transformed LPD changed as redox agent 

concentration increased. The slopes were used as a proxy for how susceptible a strain was to the 

redox agent, large slope values indicated high susceptibility, while small slope values indicated low 

Figure 4: Histograms showing the distribution of R2 values from linear regressions of the three growth parameters, maximum 
growth rate (µmax); lag phase duration; and OD600 titer, all of which were log-transformed, as a function of redox agent 
concentration. The colored sections of each column shows the contribution of each redox agent to the total count. 
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Figure 5: Relative lag phase duration (black circles) for the tested yeast library when exposed to various 

concentrations of hydrogen peroxide (H2O2), and trend lines (blue lines) describing the linear section of the data. 

Data not included in calculation of the trend line is indicated (red box). A low slope indicates low susceptibility 

towards H2O2, while a high slope indicates high susceptibility towards H2O2. 
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Figure 6: Relative lag phase duration (black circles) for the tested yeast library when exposed to various concentrations of 

menadione, and trend lines (blue lines) describing the linear section of the data. A low slope indicates low susceptibility 

towards menadione, while a high slope indicates high susceptibility towards menadione. 

66



Figure 7: Relative lag phase duration (black circles) for the tested yeast library when exposed to various concentrations of 

dithiothreitol (DTT), and trend lines (blue lines) describing the linear section of the data. A low slope indicates low 

susceptibility towards DTT, while a high slope indicates high susceptibility towards DTT. 
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susceptibility. Linear fits and calculated slopes for all strains for H2O2, Men, and DTT can be seen in 

Figure 5-7, respectively.  

As expected, no slope values for the log-transformed LPDs were less than zero, meaning that no 

strains benefitted from increasing concentrations of redox agents. In the H2O2 dataset, there were 

three examples of strains that did not appear to follow the fitted linear regression, i.e. T. delbrueckii, 

N. castellii, and W. sorbophila. For these strains a linear trend was seen from 0 to 10 mM H2O2,

however, at 50 mM the detected LPD was lower than that expected by extending the linear trend 

seen at lower concentrations. For N. castellii and W. sorbophila exposed to 50 mM H2O2, only two 

out of three replicates grew, while all replicates grew for T. delbrueckii. Two out of three replicates 

of C. curvatus grew at 50 mM, however, for this strain the LPD was predicted well by the linear 

model, as can be seen in Figure 5. For Men and DTT it seemed like the data followed the linear 

model proposed, although there was minor variation in the quality of the fit that was likely due to 

random error in the experiment. 

Thus, it was clear that both the calculated slope, based on the change in LPD, and the observed 

maximum concentration where growth was detected were relevant parameters when describing the 

tolerance towards redox agents seen in the tested yeast library. 

Tolerance towards oxidative stress 

Cultivations are often designed to allow the production host to grow aerobically to most efficiently 

generate ATP for metabolism. However, electron leakage from the electron transport chain during 

aerobic growth is also a major source of intracellular ROS that cells have to deal with. Here the effect 

of exposure to either H2O2 or O2
•-, the latter generated by Men, for the investigated yeasts was 

assessed. The oxidative stress tolerance of the yeasts in grown in liquid culture were assessed based 

on the proportional relationship between redox agent concentration and log-transformed LPD as 

well as the highest redox agent concentration where growth was detected. 

To investigate the effect of H2O2 on the studied yeasts, cells were cultivated while exposed to four 

different H2O2 concentrations: 1, 5, 10 and 50 mM. Large differences in tolerance towards oxidative 

stress were observed in the assay for both the slope values and the highest permissive redox agent 

concentrations. Two strains appeared to be highly susceptible towards H2O2, i.e. S. cerevisiae CBS 

405 and P. tannophilus, which both only tolerated 1 mM of H2O2. Five and 13 out of 24 strains 

tolerated up to 5 or 10 mM H2O2, respectively, while four strains grew when exposed to 50 mM 

H2O2; C. curvatus, N. castellii, T. delbrueckii and W. sorbophila.  

The strains that were most tolerant towards H2O2 exposure based on the slope values were C. 

curvatus, Li. starkeyii and Z. rouxii. The most susceptible strains were P. tannophilus, S. cerevisiae 

CBS 405, and R. mucilaginosa. There was a 56-fold difference in slope value seen between the least 

and most tolerant strains. For N. castellii, T. delbrueckii and W. sorbophila, a linear relationship was 

seen between 0-10 mM H2O2, while the LPD for 50 mM H2O2 did not fall on the line seen for the 
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lower concentrations, see Figure 5. For these three strains, the slope values used for analysis were 

based on the data where a linear relationship was observed. 

The effect of exposure to O2
•- generated by Men was tested by cultivating yeast in the presence of 

four different Men concentrations: 5, 10, 25 and 50 µM. The observed effect when cells were 

exposed to Men were less extreme compared to those seen for H2O2. A larger fraction of yeast 

strains were able to tolerate the highest concentration of Men; for 18 out of 24 strains, at least one 

replicate tolerated 50 µM Men, while the remaining six tolerated 25 µM Men. The most tolerant 

strains towards Men based on the slope values were Li. starkeyii, Kl. marxianus and Ka. Servazzii, 

while the most susceptible strains were P. tannophilus, S. cerevisiae CBS 1171, and Su. americana. 

There was a 9.7-fold difference between the slope values of the least and most tolerant yeast strains 

when exposed to Men. 

Three strains distinguished themselves as only tolerating low concentrations of both H2O2 and Men: 

D. hansenii, H. uvarum and P. tannophilus that only tolerated 25 µM Men and 5 mM or less H2O2. Li.

starkeyii was among the three best strains tolerating exposure to H2O2 and Men, while C. curvatus 

did appear to be somewhat more susceptible towards Men (7th best), but still tolerated the highest 

concentration of Men. Thus, C. curvatus and Li. starkeyii appeared to be the overall most tolerant 

strains towards the two oxidative agents tested. 

Tolerance towards reductive stress 

Some of the yeast species tested in this study sees popular use as production hosts for heterologous 

protein production, e.g. K. phaffii, S. cerevisiae, Kl. lactis and O. polymorpha. Thus, it would be 

interesting to investigate whether strains from these species fared better when exposed to DTT. 

Being a reducing agent, DTT reduces the disulphide bonds of proteins in the ER, resulting in 

accumulation of misfolded proteins and induction of the unfolded protein response. This simulates a 

situation where the ER is overburdened, e.g. due to heterologous protein production. 

Four concentrations of DTT were tested; 1, 5, 10 and 50 mM. No strains tested in this study were 

able to grow in the presence of 50 mM DTT. Most strains did not appear to be affected by 1 mM 

DTT, on the contrary for multiple strains the LPD seemed to be shortened. Only two strains were 

unable to grow in 10 mM DTT: D. hansenii and Z. rouxii.  

When looking at the slope values, Z. rouxii, H. uvarum and C. curvatus had the lowest slopes and, 

thus, were the most tolerant strains towards DTT based on this measure. Thus, Z. rouxii appeared to 

be sensitive based on the maximum concentration but tolerant based on the calculated slope value, 

making it difficult to make any certain conclusions regarding this strain when exposed to DTT. N. 

castellii, S. cerevisiae CBS 1171 and Cy. jadinii were the most susceptible strains. There was a 3.3-fold 

difference in slope values between the most and least tolerant strains. Species commonly used for 

heterologous protein production like Kl. lactis, O. polymorpha, and K. phaffii did not stand out as 

exceptionally tolerant to DTT in this study. 
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Classification of yeasts based on hierarchical clustering of redox agent tolerance  

After assessing the different redox agents individually, it was worth investigating whether some 

strains appeared to respond similarly to redox agent exposure. In order to assess whether 

meaningful patterns could be observed in the redox tolerance data, the strains were clustered by 

hierarchical clustering based on the calculated slopes values from the three redox agent datasets, as 

can be seen in Figure 8. P. tannophilus was an extreme outlier that was highly susceptible to 

oxidative stresses, which skewed the colour scale, and, thus, it was decided to exclude it in Figure 8. 

Nine distinct clusters were visually identified, giving in total ten clusters (I-X) when including P. 

tannophilus which constituted cluster X.  

Clusters II and VI contained members which were intermediately tolerant (white) or tolerant (light 

red or red) towards all tested redox agents. Clusters II and VI appeared to be particularly tolerant 

towards Men and DTT, respectively. Cluster IX did not seem particularly tolerant or susceptible to 

any of the redox agents, members seemed to cluster apart from clusters II and VI due to the lower 

general level of tolerance seen for the member strains. Clusters I, IV, V, and VIII were 

Figure 8: Clustering of yeast species based on tolerance towards hydrogen peroxide (H2O2), menadione (Men) and 
dithiothreitol (DTT); tolerance was represented by the slopes that can be seen in Figure 5-7. Each cluster is assigned a roman 
numeral shown to the right of the heatmap. µmax of each strain during unstressed growth is shown in the designated column; 
low µmax are blue while high µmax are red. The lowest and highest slope values for each redox agent are indicated at each end of 
the three color scales. * Experiments where a clear deviation from the linear model was observed. 
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intermediately tolerant or tolerant towards two redox agents and susceptible to one redox agent, 

DTT, DTT, H2O2 and Men, respectively. Clusters I and IV clusters were different due to the higher 

relative susceptibility towards DTT seen for cluster I and the higher tolerance towards Men seen for 

cluster IV. Clusters III, VII, and X were susceptible towards two redox agents. Cluster III was 

susceptible towards H2O2 and DTT, cluster VII was susceptible towards Men and DTT, and cluster X 

was susceptible towards H2O2 and Men. No clusters were found to be susceptible towards all tested 

stresses. 

A diverse set of yeast strains was tested in this study with 20 genera represented, covering up to 700 

million years of evolution. Thus, the first possible pattern investigated was based on the phylogeny 

of the yeasts tested. It was clear that strains did not cluster based on phylogeny, this was most 

evident by looking at the three S. cerevisiae strains which were members of clusters V, VII, and IX. 

The same was the case for the two strains from the Kluyveromyces genus which were members of 

clusters IV and IX.  

Studies in S. cerevisiae have found  growth slower than µmax to be correlated with improved 

tolerance towards various stresses, including oxidative stress (Lu, Brauer and Botstein 2009; 

Zakrzewska et al. 2011). The growth rate was not controlled in this study, however, a wide range of 

µmax values were observed for the tested yeast library, allowing comparison of clustering with the 

observed µmax for each strain, as can be seen in Figure 8. There did not appear to be a pattern in the 

data indicating that slow growing strains were more tolerant towards any of the redox agents 

tested. 

DISCUSSION 

The presented study contains two parts, an evaluation of the proposed method compared to other 

high-throughput methods for growth characterisation, and an analysis of the observations made on 

the growth characteristics of the yeast library, particularly the physiological response of the yeasts 

towards redox agent exposure. 

Comparison of microcultivation setups for physiological characterisation of NCYs 

It is most reasonable to compare the presented method against similar methods for running and 

detecting growth in micro-scale, mainly systems like the BioLector (m2p-labs) and Growth Profiler 

(EnzyScreen). As default, the BioLector runs 48 cultivations at a time in a temperature-controlled 

and humidified chamber; biomass is detected by light-scattering and fluorescence can be measured 

by using different filters; measurement can be done every couple of minutes. Additionally, custom 

MTPs also allow on-line detection of dissolved oxygen and pH.  

The Growth Profiler can cultivate up to 960 cultures at a time in a temperature-controlled chamber, 

detecting biomass accumulation by photographing the bottom of plates during cultivation and 

running an image analysis, this can be done every few minutes; no additional measurements can be 
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made. This system uses 96-well square-well plates with a sandwich cover that allows for efficient gas 

transfer while still preventing large scale evaporation.  

In this study, 480 cultivations could be run simultaneously with direct OD600 measurement every 30 

minutes. Since biomass detection relies on OD600 measurements, the system is best used for cells 

that exhibit dispersed and suspended growth, as in this study where yeasts were investigated. The 

use of a multi-mode plate reader in combination with different plate formats offers a wider range of 

options for detection than the other systems, although this capability was not used in the current 

study. The system used for these studies allows for a higher throughput than seen for the BioLector 

system, while it is also more flexible than the GrowthProfiler, since it has the full capabilities of a 

dedicated plate reader at its disposal. Thus, the used system sacrifices measurement frequency for 

increased throughput and higher flexibility. For the growth rates observed in this study, which were 

all less than 0.4 h-1 (doubling time of 1.73 h or more), measuring every 30 minutes should be 

adequate to capture sufficient information about yeast growth.  

Cultivation design considerations 

Microcultivations in this study were designed to support aerobic growth, since this is commonly 

used for production processes with yeasts as the production host. Additionally, many yeasts are 

either facultative anaerobes or strict aerobes, i.e. they either prefer or will only grow in the presence 

of oxygen, respectively. The cultivation design was shaped by this requirement. Firstly, the MTP 

cultivation setup in this study utilised a polyolefin sealing tape with ~1 mm slits that was previously 

described as being gas-permeable to such a degree that it did not limit culture oxygenation (Sieben 

et al. 2016). Secondly, initial culture volume was kept low at 100 µL to reduce the liquid volume for 

which oxygen needed to be dispersed in. This was particularly important since turbulence, and thus, 

oxygen distribution in the liquid is poor in round wells (Duetz 2007).  

Additionally, the carbon source concentration was kept low at 5 g/L, which was done for two 

reasons. Firstly, it prevented saturation of the culture to such a degree that an increase in 

absorbance could not be properly detected, and secondly, it enabled detection of secondary growth 

phases. Micro-cultivations of S. cerevisiae, a yeast well known for having two growth phases due to 

its overflow metabolism, showed a primary growth phase, where the highest growth rate was 

detected, followed by a secondary growth phase. Exponential growth was achieved in both of these 

growth phases, indicating that oxygen was not limiting the oxidative phosphorylation known to 

occur during ethanol consumption after the diauxic shift (Thomson et al. 2005).  

Another experimental design feature was a very low initial biomass concentration; this was done to 

prevent the biomass from having a strong influence on the early cultivation conditions, e.g. very 

quickly detoxify redox agents or alter pH; thus, giving a better picture of the tolerance of the strains 

at the desired environmental conditions. However, the low initial concentration of cells also meant 

that the early dynamics of the cell populations went undetected by the plate reader. 
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Method performance and carbon source utilisation 

With a method devised, the first test was to see whether the method could be used for reliable 

determination of the three investigated GPs, µmax, LPD and OD600 titer. In addition to being useful for 

assessing the applicability of the used method, the quantification of the yeasts libraries growth on 

glucose, galactose, xylose and glycerol are in itself valuable information. The power of the presented 

method for carbon source utilisation studies is the quantifiable side-by-side comparison of three key 

parameters relevant for growth in alternative feedstocks, µmax, LPD and biomass titer, the latter 

being represented by proxy by the final OD600 absorbance value. With a more advanced script for 

analysis, it potentially also be possible to identify additional growth phases, should they be present. 

Studies that quantitatively compare a wide range of yeasts for their carbon source utilisation profiles 

appear to be relatively sparse, regardless of the great interest in value-adding bioprocesses based on 

industrial waste-streams (Löbs, Schwartz and Wheeldon 2017; Semkiv and Sibirny 2019). 

The carbon source utilisation data demonstrated that the used method could be used for reliable 

physiological characterisation of yeast growth. Most importantly, it was shown that triplicate 

cultures in the used method were sufficiently similar to allow relatively precise determination of the 

three GPs for further analysis. 

Method application: Investigating physiological response to initial pH 

With the knowledge that the GPs could be reliably determined using the presented method, it was 

attempted to determine the pH optima and pH growth range for the studied yeast library. To 

identify the pH optimum for each strain, the data for each GP type was fitted with a 2nd order 

polynomial. For 19 out of 24 strains a significant fit with a growth optimum within the tested pH 

range was found using the µmax GP values. The pH optimum identified for K. phaffii in this study was 

pH 7.2, which appears to be in agreement with a study by Chang and co-workers who identified the 

pH optimum to be 6.9 for optimal specific growth rate in a medium similar to the one used here 

(Chang et al. 2006). However, the pH optimum for a production process is dependent both on the 

strain, the medium, and the goal of the production, which might not always be found at the pH 

where the optimum growth is observed (Chang et al. 2006). Nevertheless, this study appears to be 

unique in attempting to determine the pH range and pH optimum for a wide selection of non-

conventional yeasts using a comparative method. 

Determination of the pH optimum demonstrated the applicability of the used method for more 

advanced analysis of growth data, and showed that the used method could be used to detect 

interesting patterns regarding the physiology of the studied yeasts, here shown by determination of 

pH optima. 

Physiological response of NCYs to redox stresses 

For studying redox stress, LPD was the found to be the best GP type for describing how the 

investigated yeasts were affected by chronic exposure to redox agents. Extension of the lag phase 

hints to at least two possible mechanisms that may explain the observed trends. Firstly, cells may 
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reduce or arrest growth due to the presence of stress-inducing chemicals. This phenomenon has 

been observed in S. cerevisiae where cells arrest growth in the G1-phase of the cell cycle to allow 

repair of damage on cellular components induced by ROS before resuming progression through the 

cell cycle (Chiu et al. 2011). In this case, a growth phase arrest would likely both be used to repair 

the cellular damage caused by the redox agents as well as inducing a cellular response towards the 

relevant stress to prevent further cellular damage and allow resumption of growth. Thus, it is 

obvious that if cells grew slower or did not grow at all due to cell cycle arrest that the lag phase 

would become longer.  

Secondly, cell death as a response to exposure to lethal concentrations of redox agents. Regulated 

cell death as a consequence of exposure to ROS is a well-known phenomenon that has been 

extensively studied in S. cerevisiae and may cause apoptosis or necrosis, which have also been seen 

in other yeast, e.g. Pa. laurentii (Davies, Lowry and Davies 1995; Farrugia and Balzan 2012; Zhang et 

al. 2017). In the presented study, cell death would lead to an apparent increase in lag phase due to 

the reduced number of viable cells, without in reality extending the duration of the lag phase. The 

cause of this apparent longer LPD would be the need for additional cell doublings to reach the lower 

detection limit in the plate reader, which this study was sensitive to since the OD600 after inoculation 

was well below the lower detection limit.  

The occurrence of cell death in a dose- and time-dependent manner has been demonstrated in 

multiple studies where yeasts were exposed to H2O2 (Davies, Lowry and Davies 1995; Spencer et al. 

2014; Zhang et al. 2017). The study by Spencer and co-workers also showed that exposure to 

increasing concentrations of H2O2 led to an increase in LPD for four NCYs, while the OD600 titer did 

not appear to be affected, which was in agreement with the observations made in this study 

(Spencer et al. 2014). In the H2O2 exposure experiment, three strains distinguished themselves by 

not following the linear relationship between redox agent concentration and log-transformed LPD at 

a H2O2 concentration of 50 mM, i.e. T. delbrueckii, N. castellii, and W. sorbophila. It is worth pointing 

out that for N. castellii and W. sorbophila only two out of three cultures grew for these strains. This 

could be a hint to the cause for these outliers, since all three cultures grew at lower concentrations. 

Increasing concentrations of H2O2 have been shown to have an inverse relation with cell viability 

(Spencer et al. 2014). It seems reasonable to assume that at some threshold H2O2 concentration 

there is a likelihood that exactly one cell survives long enough to resume growth and populate the 

culture broth, similar to cell death kinetics seen for heat sterilisation (Deindoerfer 1957). The specific 

value of the threshold concentration would probably be dependent on strain, medium, and number 

of cells used for inoculation. Whenever concentration increases above this threshold concentration, 

it becomes a question of if a cell survives the treatment, represented by a probability, and not how 

many cells survives.  

If H2O2 concentration only affected viability, and did not cause any growth impediments otherwise, 

then it would be observed that there would be an upper limit on the LPD. If, on the other hand, H2O2 

concentration also caused growth arrest, then LPD would still increase with increasing H2O2 
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concentrations, although with all likelihood at a different rate. The lack of growth in one of three 

cultures for both N. castellii and W. sorbophila could indicate that 50 mM H2O2 was just past the 

threshold concentration for these strains. For strains growing in the presence of 50 mM Men, one 

and two replicates grew for S. cerevisiae CBS 1171 and Z. rouxii, respectively. However, for these 

strains the growing replicates were still fitting with the linear regression, unlike what was observed 

for H2O2. For yeasts exposed to DTT, no growth was seen at concentrations higher than 10 mM, and 

thus, a potential threshold value would be higher than this concentration. For DTT exposure, all 

replicates of each strain grew at the highest permissive DTT concentration. That similar observations 

were not seen for Men and DTT can either mean that another model than the one proposed for H2O2 

is relevant, or that the tested concentrations did not fall at a value just above the threshold 

concentration where growth is still likely for at least of one of three replicates. 

Implications of redox agent stability  

The behaviour of the redox agents is relevant in trying to understand the experimental data. The 

redox agents used were different both in their mechanism of action and stability. DTT is a reducing 

agent, while H2O2 and Men are oxidising agents. During aerobic growth, O2
•- is formed by leakage of 

electrons from the electron transport chain that reacts with O2 (Turrens 1997; Dröse and Brandt 

2012). O2
•- can be enzymatically converted to H2O2 by O2

•- dismutase, while H2O2 in turn can be 

turned into water by the action of the catalase enzyme. However, if these defences against ROS are 

not sufficient to remove ROS from the cell, it will experience oxidative stress due to the damage that 

ROS can cause to DNA, proteins and lipids (Gille and Sigler 1995). The stress response to oxidative 

stress is different when exposed to O2
•- or H2O2, with exposure sub-lethal concentrations of O2

•- 

providing cross-protection towards H2O2, but cross-protection is not seen for cells exposed to H2O2 

and then to O2
•- (Fernandes et al. 2007).  

Thus, exposure to H2O2 and Men simulate different scenarios in vivo. Men, being a catalyst and not 

the ROS itself, is likely to affect cells differently. Since Men’s activity is regenerated after reacting, it 

can continue to exert its effect throughout the cultivation (Hassan and Fridovich 1979; Castro et al. 

2008). The half-life of Men in a buffered solution at pH 7 has been determined to be 1500 h, and it is 

thus very stable. However, removal of Men from the cell has been observed, and it is found to be 

dependent on conjugation with glutathione (Vire, Patriarche and Christian 1979; Zadziński et al. 

1998). In comparison, H2O2 will be degraded more quickly, either by abiotic decay or by bio-

catalysed decay facilitated mainly by catalase of cellular origin; thus, the exposure profiles are likely 

to be very different (Altıntaş et al. 2016). It is possible that the lacking correlation between H2O2 and 

Men could be due to differences in the cellular response to the ROS and/or the degradation profiles 

of the two redox agents. 

DTT is an inducer of protein folding stress in the ER that disrupts oxidative folding by breaking 

disulphide bonds; thus, tolerance towards DTT may be indicative of improved ability to refold or 

degrade accumulated proteins in the ER. This is a desirable trait in organisms used for heterologous 

protein production where improved protein folding capacity in the ER may result in improved 
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production of secreted proteins, due to folding often being the bottleneck in the cell (Mattanovich et 

al. 2012). The data did not indicate that species commonly used for heterologous protein 

production, e.g. K. phaffii, S. cerevisiae, Kl. lactis and O. polymorpha, distinguished themselves as 

being more tolerant towards DTT than other strains. The strains that did exhibit a higher tolerance 

towards DTT, e.g. Z. rouxii, H. uvarum and C. curvatus might be interesting candidates to investigate 

for heterologous protein production.  

To summarise, it was clear that the effect that H2O2, Men, and DTT had on the cells produced a 

similar behaviour in the used assay. It seems reasonable to assume that the observed increases in 

LPD was a combined effect of cellular repair and adaptation as well as cell death due to redox agent 

toxicity. 

Phenotypical clustering of NCYs based on redox agent tolerance 

When clustering the 24 tested strains based on their behaviour when chronically exposed to the 

three redox agents, 10 distinct clusters were identified. This is a relatively high number of clusters 

when considering that only 24 strains were tested, but all clusters represented a unique combination 

of phenotypes. If one reduces the number of possible phenotypes to susceptible, moderate, and 

tolerant, and tests three compounds, there are a total of 27 possible phenotypes. Of these 27 

phenotypes, 9 or 10 were seen in this study, depending on where the limits between moderate and 

tolerant are placed, which would be particularly relevant for clusters II and VI. These clusters show 

a similar tolerant phenotype but are differentiated by being more tolerant towards Men and DTT, 

respectively. It seems reasonable to assume that if a larger number of strains were characterised 

using the same methods, the remaining phenotypes would also be observed. There seems to be a 

good representation of phenotypes, and very much to the point of the study, several strains were 

identified that seemed to be tolerant towards all the tested redox agents, which might be good 

candidates for physiologically demanding bio-processes. However, it should not be assumed that the 

strains tested here represent the most susceptible and tolerant yeast strains, it is likely that there 

are untested yeasts that would display more extreme tolerance or susceptibility. 

It was investigated whether phylogeny or the determined µmax in unstressed cultivations were good 

predictors of tolerance towards redox stress. There seemed to be no clear correlation between 

redox agent tolerance and phylogeny or unstressed µmax, indicating that other factors must explain 

the observed differences. A study based on data obtained from The Yeasts: A Taxonomic Study also 

determined that phylogeny and ecological niche was not predictive of carbon-source utilisation, with 

overlapping biochemical and genetic pathways and promiscuous enzymes being described as the 

largest explained contributor to the observed differences (Kurtzman, Fell and Boekhout 2011; 

Opulente et al. 2018). Thus, it appears that phylogeny does not predict the physiological response 

seen when a diverse yeast library is chronically exposed to redox agents. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

In this study, a yeast library consisting of 24 diverse strains were screened for their growth at five 

different conditions: Variable sole carbon source (glucose, galactose, xylose, and glycerol), variable 

initial culture pH, and presence of various concentrations of three redox agents (H2O2, Men, or DTT). 

All of these were studied using a submerged aerobic microcultivation-based growth assay. From this 

assay data on three GP types were extracted for all strains, µmax, LPD, and OD600 titer. Cultivation in 

the presence of various carbon sources provided quantitative insights into the ability to utilise the 

tested carbon sources, and demonstrated that the used growth assay provided reliable and precise 

data for quantifying yeast physiology based on the three GP types. Cultivation at various initial pH 

values allowed for estimating the pH optimum for 19 out of 24 strains by applying a simple 2nd order 

polynomial modelling approach. This demonstrated that the growth assay could be used for more 

advanced physiological characterisation of the studied yeast library. Having proven the method, the 

focus of the study was directed towards physiological response of the yeast library when chronically 

exposed to either H2O2, Men, or DTT. It was found that of the three GP types, the log transformed 

ratios of LPD relative to a reference condition, was linearly correlated with redox agent 

concentrations. A few strains did not appear to follow this trend at high H2O2 concentrations, and a 

model was discussed to explain these outliers. In brief, it was speculated that a compound effect of 

growth arrest and cell death as a function of redox agent concentration could describe the observed 

lengthening of the LPD up until a threshold concentration was reached, after which the probability 

of at least a single cell surviving would decrease with increasing redox agent concentrations. 

With a growth assay as the one presented here that has a wide range of possible applications, there 

is an almost infinite number of options in which one can direct ones attention. However, the biggest 

questions left unanswered in this study concerns itself with the proposed model regarding the 

yeasts’ response to chronic exposure to H2O2, Men, and DTT. Firstly, it would be relevant to perform 

additional rounds of growth assays where more redox agent concentrations were tested to 

investigate whether the proposed model is feasible, and whether it applies to H2O2 alone or also to 

Men and/or DTT. Secondly, it would also be relevant to determine the relationship between redox 

agent concentration and cell death, particularly just after cell inoculation, since the potential death 

rate might very well follow 1st order kinetics. The simplest of assays for determining the number of 

viable cells in the culture would be a plating experiment. Thirdly, the dynamics of redox agent 

degradation would also be highly relevant to know in order to shed light on the concentrations of 

redox agent that the cells are exposed to during the course of the cultivation experiment. 

Generation of this data would not only aid in further explaining the observations made in this study, 

but also be an obvious opportunity to attempt to construct a mathematical model to simulate the 

yeasts response to chronic redox agent exposure. 
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CHAPTER 5 – SCREENING OF NON-CONVENTIONAL YEASTS FOR THEIR 

POTENTIAL AS SUPERIOR HOSTS FOR HETEROLOGOUS PROTEIN 

PRODUCTION

INTRODUCTION 

Yeasts are commonly used as production hosts for a variety of industrial processes; their unicellular 

morphology, simple cultivation needs, and eukaryotic protein production machinery, capable of 

protein folding, quality control, post-translational modification of proteins of eukaryotic origin, and 

ability to secrete into the cultivation medium, makes them prime candidates as hosts for such 

production processes. This is also evident by the wide application of yeasts for production of 

therapeutic proteins, e.g. insulin, Hepatitis B virus antigen, glucagon-like peptide 1, and various 

forms of antibody fragments (McAleer et al. 1984; Gasser and Mattanovich 2007; Dou et al. 2008; 

Baeshen et al. 2014).  

All products are not equally suited for all production hosts, there will be some cases where one host 

outperforms others, and even seemingly similar proteins, e.g. single chain variable domains 

fragments, can give varying results depending on the variant (Miller et al. 2005). Thus, it is clear that 

in such cases it can be highly beneficial to screen alternative host organisms for improved 

production before settling on a preferred yeast host.  

For many years, Saccharomyces cerevisiae was the preferred yeast host organism for most yeast-

based processes. However, the non-conventional yeast (NCY) Komagataella phaffii (previously 

named Pichia pastoris) is now the most commonly used yeast species for studies on heterologous 

protein production (HPP) due to higher secretion capacity, lesser degree of hypermannosylation in 

N-glycans, a strong inducible promoter system, and ability to grow to high cell densities in

cultivations (Ahmad et al. 2014). Other yeast species are also commonly used for HPP, e.g. 

Kluyveromyces lactis and Ogataea polymorpha (formerly Hansenula polymorpha); each yeast species 

comes with its own distinct advantages based on their unique physiologies (Rebello et al. 2018). 

However, still only a small fraction of the 2339 described yeast species have been investigated for 

heterologous protein production, and there must conceivably be many more yeasts, hitherto not 

investigated for HPP, that could be viable candidates (Boekhout et al. 2020).  

This study seeks to investigate the potential of HPP in 24 yeast strains (21 species) using standard 

molecular biology techniques and genetic elements to screen for intracellular production of 

fluorescent proteins, eGFP and mCherry, as well as secreted production of human serum albumin 

(HSA) and the peptidyl-Lys metallopeptidase (LysN). 

eGFP and mCherry are variants of fluorescent proteins originating from the jellyfish Aequorea 

victoria and the sea anemone Discosoma sp., respectively. Fluorescent proteins are often used as 
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reporter proteins in biotechnological applications, e.g. development of biosensors and protein 

tagging for localisation studies (Ghaemmaghami et al. 2003; Rosado et al. 2008).  

HSA is the most abundant protein in blood plasma where constitutes around 60% of all protein and 

is present at a concentration of 35-50 g/L. It is important in maintaining the oncotic pressure in the 

blood, and is also involved in scavenging of reactive oxygen and nitrogen species and anti-

inflammation (Wang, Tian and Chang 2012). HSA for therapeutic purposes is mostly extracted from 

blood plasma, but heterologous production could potentially replace the need for blood-derived 

HSA. It has already been produced heterologously in S. cerevisiae, K. phaffii and Kl. lactis (Sleep, 

Belfield and Goodey 1990; Fleer et al. 1991; Kobayashi 2006). 

LysN is a protease with an uncommon specificity for cleaving the peptide bond on the N-terminal 

side of lysine residues discovered in the fruiting bodies of the basidiomycete fungus Armillaria 

mellea (Ødum et al. 2015). Currently, the protein is mainly used for proteomics studies, but it also 

has potential uses as a processing enzyme for removing C-terminal sequences from proteins, e.g. as 

part of a pharmaceutical production process (Ødum et al. 2016a). However, the protein has proven 

to be difficult to produce in large amounts with the highest production titer being 0.25 mg/L in a 

process in K. phaffii (Ødum et al. 2016b). The difficulty involved in expression of LysN makes it an 

interesting protein for testing whether exploring yeast diversity as presented in this study is feasible. 

MATERIALS AND METHODS 

Strains 

E. coli Top10 cells (Invitrogen) were used for plasmid construction and propagation. Yeast strains

used were obtained from the CBS-KNAW collection at the Westerdijk Fungal Biodiversity Institute 

and the IBT Culture Collection of Fungi at the Technical University of Denmark; the full list of strains 

used in this study can be seen in Table 1.  

Cultivations 

E. coli strains were cultivated at 37°C with vigorous shaking using Luria-Bertani (LB) liquid and solid

medium supplemented with 100 µg/mL ampicillin (Sigma-Aldrich). Yeast strains were cultivated at 

30°C with vigorous shaking. For transformations, yeast strains were recovered in Yeast Extract 

Peptone Dextrose (YPD) medium; the medium composition was as follows: yeast extract 10 g/L 

(Difco, BD Biosciences), peptone 20 g/L (Difco, BD Biosciences), and glucose  20 g/L. For protein 

production, yeast strains were cultivated in either YPD medium with 60 g/L glucose or in a modified 

Synthetic Complete (SC+Cas) medium containing the following ingredients: 6.7 g/L yeast nitrogen 

base w. ammonium sulfate (Sigma-Aldrich), 0.69 g/L complete supplement mixture without leucine 

(MP Biomedicals), 100 mg/L leucine (Sigma-Aldrich), 20 g/L casamino acids (Bacto, BD Biosciences) 

and 60 g/L glucose. Solid growth media were prepared by addition of 20 g/L agar (BD Biosciences). 

To select for plasmid presence, solid media were supplemented with 100 µg/mL nourseothricin 

(NTC) (Jena Bioscience), while liquid media  

Table 1: Yeast strains used in this study and their collection number in the CBS-KNAW collection, when applicable. 
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Species Collection # Species Collection # 

Cutaneotrichosporon curvatus CBS 2744 Pachysolen tannophilus CBS 4044 

Cyberlindnera jadinii CBS 1600 Papiliotrema laurentii CBS 7140 

Debaryomyces hansenii CBS 767 Rhodotorula mucilaginosa CBS 10938 

Hanseniaspora uvarum Wild isolate Saccharomyces cerevisiae CBS 405 

Kazachstania servazzii CBS 4311 Saccharomyces cerevisiae CBS 1171 

Kluyveromyces lactis CBS 1067 Saccharomyces cerevisiae CBS 8803 (S288c) 

Kluyveromyces marxianus CBS 1574 Schizosaccharomyces pombe CBS 356 

Komagataella phaffii CBS 2612 Starmerella bacillaris CBS 1713 

Lachancea thermotolerans CBS 137 Sugiyamaella americana CBS 10352 

Lipomyces starkeyi CBS 1807 Torulaspora delbrueckii CBS 6795 

Naumovozyma castellii CBS 4309 Wickerhamiella sorbophila CBS 8746 

Ogataea polymorpha CBS 1976 Zygosaccharomyces rouxii CBS 441 

were supplemented with 50 µg/mL NTC. The cultivation working volume was 300 µL in 96-square 

half deepwell microtiter plates (EnzyScreen) using a sandwich low evaporation seal (EnzyScreen). 

Cultures were incubated at 30°C at 70% humidity and orbital shaking at 300 rpm (diameter 50 mm) 

in an ISF1-X shaking incubator (Kuhner). Yeast and bacterial strains were stored at -80°C in 25% 

glycerol. 

Biomass determination 

Culture was diluted appropriately in YPD 20 g/L glucose medium to a total volume of 1 mL; diluted 

culture was transferred to an optically clear cuvette and absorbance was measured at 600 nm 

(OD600) using a Ultrospec 2100 pro spectrophotometer (Amersham Biosciences). For microplate 

cultures, culture was diluted 5 and 25 times in YPD 60 g/L glucose medium in a total volume of 200 

µL in clear polystyrene 96-well flat bottom microtiter plates (Nunc – ThermoFisher Scientific). OD600 

in microtiter plates was measured using an EnSight multimode plate reader (PerkinElmer). 

Plasmid construction 

All plasmids used in this study were based on plasmid pDIV116, carrying a hybrid ARS (hARS) 

element and the NatMX cassette (Goldstein and McCusker 1999) with a version of the NAT 

resistance gene devoid of the CUG codon. Promoter and mCherry reporter cassette DNA fragments 

were synthesised de novo (Invitrogen). The combined coding sequence-terminator fragments were 

PCR amplified from plasmid templates using Phusion DNA polymerase with HF buffer (Thermo 

Scientific). Molecular cloning was done using InFusion cloning (Takara Bio) followed by 

transformation into E. coli Top10 cells according to the manufacturers’ protocols. Plasmids were 

extracted from E. coli cultures using the QIAprep Spin Miniprep Kit (Qiagen) according to the 

manufacturer’s protocol. DNA concentrations were determined by absorbance at 260 nm using a 

NanoDrop 8000 spectrophotometer (Thermo Scientific).  
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Table 2: List of plasmids used in this study. B.a.: Blastobotrys adeninivorans, S.c.: Saccharomyces cerevisiae, PTEF1: TEF1 

promoter, Tsynth7 and Tsynth8: Short synthetic terminators (Curran et al. 2015). All plasmids share the following components: 

hybrid ARS (hARS), S. cerevisiae CEN6/ARS209, NatMX nourseothricin resistance cassette, Escherichia coli plasmid 

backbone. 

Plasmid Characteristics Source 

pDIV116 Empty cassette Courtesy of T. Strucko 

pDIV353 B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV372 Armillaria mellea MEP - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV378 Homo sapiens ALB - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV383 eGFP - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV401 B.a. PTEF1 – A. mellea MEP - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV413 S.c. PTEF1 – H. sapiens ALB - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV419 B.a. PTEF1 - H. sapiens ALB - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV430 S.c. PTEF1 - eGFP - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

pDIV435 B.a. PTEF1 - eGFP - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8 This study 

Correct plasmid assembly was verified by colony PCR using Illustra PuReTaq Ready-To-Go PCR beads 

(GE Healthcare) and sequencing (Eurofins Genomics). Plasmids used in this study are listed in Table 

2. 

Yeast transformations 

Cells were cultivated to an OD600 value of up to 2 and transformed according to the high efficiency 

polyethylene glycol (PEG)/lithium acetate (LiAc)/salmon sperm DNA (ssDNA) protocol by Gietz and 

Schiestl (Gietz and Schiestl 2007). Electroporation was performed on strains that were not 

transformable by PEG/LiAc/ssDNA transformation. Electroporation was done as described by Gordon 

et al. with minor changes (Gordon et al. 2019). Cells were cultivated in YPD to an OD600 value no 

higher than 2 in 50 mL shake flask cultures by incubation at 30°C with vigorous orbital shaking. All 

centrifugation steps were at 3000g for 5-10 minutes, depending on the strain, and the supernatant 

was always discarded. For pre-treatment, cells were resuspended in 10 mL 150 mM LiAc in Tris-

EDTA, pH 7.5, and incubated at 30°C with vigorous shaking for 60 minutes. Subsequently, 250 µL DTT 

was added to cells and incubated for an additional 30 minutes. Cells were washed two times with 

ice-cold ultrapure water, first by addition of 40 mL to the pre-treatment mixture followed by a 25 mL 

wash. A third wash was done with 5 mL ice-cold 1M sorbitol solution. Washed cells were 

resuspended in 250 µL 1M sorbitol and 50 g/L glycerol solution. 40 µL aliquots, corresponding to one 

reaction, were made and frozen at  

-80°C. Electrocompetent cells were rapidly thawed at 37°C and then kept on ice; 20 µg ssDNA and 1

µg plasmid DNA were added to the cells and mixed gently. Cells were transferred to a chilled 2 mm 

electroporation cuvette (Bio-Rad) and pulsed using a Gene Pulser X-Cell (Bio-Rad) with a capacitance 

of 25 µF, variable field strengths and resistances depending on the strain. After pulsing, cells were 

immediately transferred to YPD medium for recovery by incubation at 30°C with vigorous shaking for 
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2.5 hours. Plasmid uptake was selected for by spreading recovery culture onto selective YPD+NTC 

agar plates and incubating at 30°C for 2-7 days, depending on the strain. 

Validation of plasmid presence 

Genomic DNA was extracted from yeast cells following the protocol described by Löoke and co-

workers (Löoke, Kristjuahan and Kristjuhan 2011). Presence of the expected plasmid was tested by 

performing PCR reactions on the extracted genomic DNA. The final concentration of reagents in PCR 

reactions were: 1x Phusion GC buffer (New England Biolabs), 200 µM dNTPs, 0.4 µM of each primer, 

and 0.02 U/µL Phusion DNA polymerase (New England Biolabs).  

SDS-PAGE 

Reducing PAGE was prepared by mixing 26 µL supernatant with 10 µL 4x NuPAGE sample buffer 

(Invitrogen) and 2 µL XT Reducing Agent (Bio-Rad) and incubating them at 95°C for 5 minutes. 

Samples were loaded onto NuPAGE Bis-Tris pre-cast 4-12% gels (Invitrogen) and run for 50 minutes 

at 150V in 1x NuPAGE MES buffer (Invitrogen); SeeBlue Plus2 prestained protein standard was used 

to estimate molecular weight. Proteins were visualised by staining with InstantBlue Coomassie 

protein stain (Abcam) for at least 1 hour and de-staining with water for several hours. 

Test of cultivation media formulation for heterologous protein production 

Yeast strains with plasmids carrying the Homo sapiens ALB gene coding for the human serum 

albumin protein (HSA) were inoculated from YPD agar plates into 300 µL YPD medium or modified 

SC+Cas medium with casamino acids, both with 60 g/L glucose. Cultures were incubated for three 

days at 30°C with vigorous shaking. Culture plates were centrifuged at 2000 g for 5 minutes and the 

protein content of the supernatants were visualised by SDS-PAGE. 

Fluorescent protein expression assay 

Each strain was inoculated into YPD 60 g/L glucose, 50 µg/mL NTC in biological quadruplicates from 

single colonies on restreaked plates, followed by cultivation overnight. From these cultures, 

normalised cell suspensions were prepared and three culture plates with YPD 60 g/L glucose 50 

µg/mL NTC were inoculated with an identical volume of cells to an initial OD600 of ~0.001. Plates 

were cultivated at identical conditions. After 24, 48 and 72 hours OD600 and fluorescence was 

determined for mCherry (Ex. 577 nm, Em. 619 nm) and eGFP (Ex. 481 nm, Em. 516 nm) using an 

Ensight multi-mode plate reader. All plasmids carried mCherry under the control of B. adeninivorans 

PTEF1, regardless of which promoter was used for gene expression; this was used as an internal 

reference to correct for copy number variations and biomass differences to get a better estimate of 

the promoter activity. 

LysN protease activity assay 

A nonapeptide tagged with 2-aminobenzoyl (Abz) and 2,4-dinitrophenyl (Dnp) was used as substrate 

to test for LysN protease activity.  The fluorogenic nonapeptide (K-Abz)-SAQKARA-(K-Dnp) was 

synthesized by sold phase synthesis as by Ødum and co-workers where Abz is the fluorophore and 
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Dnp the quencher (Ødum et al. 2015). For each strain, a small amount of yeast cells from an agar 

plate were resuspended in 100 µL YPD 60 g/L glucose and inoculation of 15 µL cell suspension into 

285 µL culture in three separate culture plates, leading to identical inoculation conditions; biological 

quadruplicates were performed for each strain. After 24, 48 and 72 h of growth, cells were 

harvested from one of the culture plates for analysis. Yeast cells were pelleted from culture by 

centrifugation for 5 minutes at 2000g. 10 µL supernatant was transferred into 190 µL assay solution 

containing 20 mM 3-morpholinopropane-1-sulfonic acid (MOPS) pH 7 and 2.8 µM peptide substrate 

in a non-binding white 96-well flat bottom microtiter plate (Greiner Bio-One) and mixed briefly. Rate 

of hydrolysis of (K-Abz)-SAQKARA-(K-Dnp) was proportional to the rate of change in the fluorescence 

signal from Abz with excitation at 320 nm and excitation at 420 nm. Fluorescence was measured 

every 60 seconds for five hours using an EnSpire multimode plate reader. The mean of the 

fluorescence for uninoculated medium at every read cycle was subtracted from the reads of all 

culture wells to correct for medium influence. The maximum rate of change in fluorescence signal 

was calculated as the 98th percentile of the first derivative of a smoothing spline using the 

stats::smooth.spline, with default settings, and the stats::predict R-functions. 

RESULTS 

Plasmid design and strain construction 

The plasmids constructed were meant to be functional in a range of different species without 

making extensive species-specific considerations. For this reason, elements with broad functionality 

across species were chosen for plasmid construction. To ensure plasmid replication, all plasmids 

carried a hybridARS sequence, a panARS element with additional sequences that has a wider 

functionality than the original panARS (unpublished results) (Liachko and Dunham 2014). In addition, 

a CEN6/ARS209 sequence from S. cerevisiae was also present in the plasmid. The NatMX resistance 

cassette, conferring resistance to the aminoglycoside antibiotic nourseothricin, was used for 

dominant selection for transformation events (Goldstein and McCusker 1999).  

Promoters of the translation elongation factor EF-1 α (TEF1) gene homologs from various 

ascomycetes have been shown to initiate transcription in a range of non-native hosts; commonly 

used TEF1 promoters have been isolated from Ashbya gossypii (used in the MX cassettes) and 

Blastobotrys adeninivorans (Terentiev et al. 2004). The S. cerevisiae and B. adeninivorans TEF1 

promoters were used for promoting transcription of genes of interest, while short synthetic 

terminators with multi-species functionality were used for transcription termination (Curran et al. 

2015). A reporter cassette containing the mCherry coding sequence with the B. adeninivorans TEF1 

promoter (B.a. PTEF1) and Tsynth8 terminator was present in all plasmids. Expression of eGFP the 

coding sequence was expressed using either the S. cerevisiae TEF1 promoter (S.c. PTEF1) or B.a. 
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PTEF1 and the Tsynth7 terminator, while for LysN expression only B.a. PTEF1 was used. In addition, an 

E.coli plasmid backbone with an ori sequence and an ampicillin resistance gene (bla) was included;

the final plasmid designs can be seen in Figure 1. 

Plasmids were successfully transformed into C. jadinii CBS 1600, Kl. lactis CBS 1067, Kl. marxianus 

CBS 1574, K. phaffii CBS 2612, N. castellii CBS 4309, CBS S. cerevisiae CBS 8803, S. cerevisiae CBS 405, 

S. cerevisiae CBS 1171, and T. delbrueckii CBS 6795 using a standard chemical transformation

protocol optimised for S. cerevisiae (Gietz and Schiestl 2007). L. thermotolerans CBS 137 (voltage: 4-

8 kV/cm, resistance: 400Ω) and Sz. pombe CBS 356 (voltage: 7.5 kV/cm, resistance: 200Ω) were 

found to be transformable using the electroporation protocol described in this study. Colonies 

formed after restreaking for all strain backgrounds except L. thermotolerans. Studies were continued 

with all transformable strains that could be restreaked after transformation. 

Testing cultivation media for heterologous production of human serum albumin 

It was not known which medium would best support protein production in the ten studied 

background strains. Two types of growth media commonly used for cultivation of S. cerevisiae was 

assessed for their ability to support heterologous protein production; yeast extract peptone 

dextrose medium (YPD) and synthetic complete medium (SC). The SC medium was supplemented 

with 20 g/L casamino acids, while the carbon source for both media were 60 g/L glucose. The SC-

based medium was investigated because it had a lower background signal, in particular for running 

Figure 1: Cloning strategy and plasmid design of plasmids constructed in this study. Three rounds of clonings were performed; 1) 
reporter cassette insertion, 2) Gene of interest (GOI, coding for eGFP, Homo sapiens ALB or LysN) and terminator insertion, 3) GOI 
cassette promoter insertion. The following abbreviations were used: S.c.: S. cerevisiae, B.a.: Blastobotrys adeninivorans, pTEF1: 
promoter region of translation elongation factor EF-1 α, Ter7 and Ter8: Short synthetic terminator 7 or 8, CS: Reconstituted AsiSI 
restriction site for InFusion cloning; ori: Escherichia coli origin of replication bla: Ampicillin resistance cassette. Element sizes are not 
to scale. 
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SDS-PAGE gels where minimal smear from medium constituents is preferred. The YPD-based 

medium was studied because it was expected to facilitate good protein production due to it being a 

complex medium rich in nutrients.  

In order to assess protein production and secretion in the two media, a gene construct coding for 

human serum albumin (HSA) with the S. cerevisiae mating factor α signal peptide and pro-peptide at 

the N-terminal was expressed under the control of either S.c. PTEF1 or B.a. PTEF1 in all the tested 

yeasts. HSA was chosen for this experiment since it has been produced and secreted in several of the 

species included in the experiment, e.g. S. cerevisiae, Kl. lactis and K. phaffii (Sleep, Belfield and 

Goodey 1990; Fleer et al. 1991; Kobayashi 2006).  

Strains were cultivated for three days; the presence of proteins in the supernatant was visualised by 

reducing SDS-PAGE, of which photographs of the gels can be seen in Appendix 3. No HSA was seen 

to be produced by any strain in SC+Cas medium (data not shown). Bands at the size corresponding to 

HSA (66.5 kDa) appeared in YPD medium with S. cerevisiae CBS 405 or S. cerevisiae CBS 8803 

expressing HSA controlled by either of the tested promoters, however, the band was stronger for 

S.c. PTEF1. SDS-PAGE gels for the two HSA producing strains can be seen in Figure 2 (data not shown

for non-producing strains). Based on these results it was decided to exclusively cultivate yeasts in 

YPD medium to facilitate a better protein production. 

Heterologous expression of fluorescent proteins 

Next, fluorescent protein markers were used as reporters to investigate the relative strength of two 

promoters in the different yeast strains. Specifically, the 10 yeast strains that were previously found 

to be transformable were investigated for their ability to produce intracellular eGFP via an open 

reading frame (ORFs) equipped with either S.c. PTEF1 or B.a. PTEF1. Additionally, mCherry was 

produced from an ORF equipped with B.a. PTEF1. eGFP and mCherry expression cassettes were 

carried on the same plasmids; thus, two plasmid variants were tested here, pDIV430 (S.c. PTEF1 - 

eGFP - Tsynth7; B.a. PTEF1 - mCherry - Tsynth8) and pDIV435 (B.a. PTEF1 - eGFP - Tsynth7; B.a. PTEF1 - 

mCherry - Tsynth8). For each transformation, four colonies were picked from restreaked plates and 

Figure 2: SDS-PAGE of YPD culture supernatants of S. cerevisiae CBS 405 (2-7) and S. cerevisiae CBS 8803 (9-14) expressing 
the HSA coding gene under control of S.c. pTEF1 (2-4 and 9-11) or B.a. pTEF1 (5-7 and 12-14). SeeBlue Plus2 was used for 
protein size determination (1 and 8). Host cell protein (red arrows) and HSA (blue arrows) bands were marked. 
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cultivated. To study fluorescence, all strains were cultivated in triplicate, and eGFP as well as 

mCherry fluorescence was determined after 24, 48 and 72 h of cultivation.  

First, it was investigated whether eGFP and mCherry controlled by B.a. PTEF1 were produced in 

proportional amounts at all times and in all tested strains. Since the eGFP and mCherry cassettes 

were carried on the same plasmid, there should be no variation in gene copy number between the 

two ORFs. For this reason, it was expected that there was a linear correlation between eGFP and 

mCherry fluorescence. This was confirmed by plotting mCherry and eGFP fluorescence detected 

from pDIV435-carrying strains against each other. As can be seen in Figure 3, there appeared to be a 

proportional relationship between eGFP and mCherry fluorescence for all strains except N. castellii 

and Sz. pombe. For these two strains the fluorescence measured was very low, making it difficult to 

determine whether a proportional relationship existed for these strains. However, for the remaining 

eight strains where eGFP and mCherry fluorescence increased proportionally, the magnitude of 

eGFP fluorescence seemed to be an appropriate reporter for promoter strength. 

Differences in biomass concentrations may affect the observed fluorescence; thus, it was important 

to ensure that growth was similar to get the best estimate on promoter strength. Cell growth was 

determined by measuring OD600 at all sampling times. Cultures with strains carrying either eGFP 

expressed from S.c. PTEF1 or B.a. PTEF1 was seen to be highly similar, as seen in Figure 4A. This also 

showed that eGFP production facilitated by either promoter did not appear to significantly affect the 

growth of the yeasts.  

Figure 3: mCherry fluorescence as a function of eGFP fluorescence for ten yeast strains carrying pDIV435. Both eGFP and 
mCherry was equipped with B.a.  pTEF1. 
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Figure 4: OD600 and fluorescence for ten yeast strains expressing eGFP from either B.a. pTEF1 (red) or S.c. pTEF1 (blue) measured 
after 24, 48 and 72 h. A) OD600 in strains expressing eGFP from B.a. pTEF1 (red, full line) or S.c. pTEF1 (blue, dashed line). B) eGFP 
fluorescence; the dotted line shows the threshold value set at 5∙106 AFU. C) mCherry fluorescence expressed from B.a. pTEF1 in 
strains where eGFP is expressed from either B.a. pTEF1 (red) or S.c. pTEF1 (blue); the dotted line shows the threshold value set at 
2∙105 AFU. One standard deviation is shown. t-test significance – *: p<0.05; **: p<0.01; ***: p<0.001. 
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Next, it was investigated how well the two promoters, S.c. PTEF1 and B.a. PTEF1, performed when 

compared based on eGFP fluorescence. During the studies, it was observed that the fluorescence 

background of the supernatant in parent strain cultures was unique for each strain and varied with 

cell density. Thus, conservative thresholds were set to represent background, above which any 

additional fluorescence detected was assumed to be caused by the presence of fluorescent proteins; 

thresholds for eGFP and mCherry was set at 5.0∙106 and 2.0∙105 arbitrary fluorescence units (AFU), 

respectively.  

Significant differences in eGFP fluorescence above the set threshold for at least one time point was 

seen for seven out of ten strains, as seen in Figure 4B. Thus, B.a. PTEF1 appeared to be the stronger 

promoter in Kl. marxianus, K. phaffii, N. castellii and T. delbrueckii, while S.c. PTEF1 appeared to be 

stronger in S. cerevisiae strains. Both promoters appeared to produce similar eGFP fluorescence in 

Cy. jadinii and Kl. lactis, while Sz. pombe did not produce eGFP fluorescence above the set threshold 

at any time measured. 

Since B.a. PTEF1 was always used for expression of mCherry, and there was an mCherry expression 

cassette in all plasmids, it was expected that mCherry fluorescence could be used as a reporter for 

average copy number in the culture, enabling comparison between strains carrying either pDIV430 

or pDIV435. As biomass density appeared to be very close for all strains at all times, it was also 

expected that the mCherry signal would be similar. This was not the case, significant differences in 

mCherry fluorescence above the set threshold for at least one time point was observed for half of 

the tested strains, as seen in Figure 4C. 

Differences in mCherry fluorescence, reporting on average plasmid copy number, might result in 

altered eGFP fluorescence due to the change in eGFP gene dosage, and as a result the conclusions 

on which promoter performed better. For Kl. marxianus, the difference in mCherry fluorescence was 

only seen after 24 h of cultivation, where there was no significant difference in eGFP fluorescence. 

Thus, it still seemed reasonable to conclude that B.a. PTEF1 was the stronger promoter in this strain. 

For K. phaffii the mCherry signal was higher for strains where eGFP was expressed by S.c. PTEF1 at all 

tested time points. However, B.a. PTEF1 was found to be the stronger promoter in this strain, 

therefore, this just reinforces that conclusion since it appears that a far stronger eGFP fluorescence 

was produced in spite of a lower mCherry signal which might indicate a lower plasmid copy number 

for pDIV435-carrying strains. For N. castellii a significant difference in mCherry fluorescence in 

favour of pDIV435-carrying strains was seen when measured after 24 h of cultivation. At this time, 

eGFP fluorescence was also higher for these strains, implying that the observed difference at this 

time point might be due to differences in plasmid copy number. For S. cerevisiae CBS 8803 

differences in mCherry fluorescence was observed for all time points. In this strain, higher eGFP and 

mCherry fluorescence was seen when pDIV430 was present in the cell, and thus, higher plasmid 

copy number may in part explain the observed difference in eGFP fluorescence. This also means that 

for this strain B.a. PTEF1 and S.c. PTEF1 may exhibit similar levels of activity. A similar situation was 
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also seen for T. delbrueckii after 48 and 72h of cultivation, although in favour of B.a. PTEF1, 

indicating that also in this strain, activity might be equal for the two tested promoters. 

Both B.a. PTEF1 and S.c. PTEF1 showed broad applicability by enabling production of fluorescent 

proteins resulting in fluorescence measured to be above the set thresholds in nine out of ten strains. 

S.c. PTEF1 appeared to only be the best promoter in S. cerevisiae strains, while B.a. PTEF1 was

equally good or better in all non-S. cerevisiae strains. 

Heterologous expression of Armillaria mellea peptidyl-Lys metallopeptidase 

LysN is a protease with an uncommon specificity for cleaving the peptide bond on the N-terminal 

side of lysine residues, which is contrary to most other proteases that cleave on the C-terminal side 

of their recognition sites (Ødum et al. 2015). Previously, secreted HPP of LysN has only been 

attempted in K. phaffii, with low titers of 0.25 mg/L after purification (Ødum et al. 2016b). LysN 

appears to be a difficult protein to produce, and thus, an interesting candidate for comparing HPP in 

the yeast strains investigated in this study.  

LysN was expressed using B.a. PTEF1; strains carrying a similar plasmid expressing HSA instead of 

LysN was used as a negative control. For an initial assessment of production, strains were cultivated 

in YPD 60 g/L glucose for three days, and the protein content of the supernatant was visualised by 

reducing SDS-PAGE. Visible bands that corresponded to the expected sizes of LysN proenzyme (36 

kDa), partially processed LysN (28 and 31 kDa) and fully processed LysN (19 kDa) was detected for S. 

cerevisiae CBS 405 and S. cerevisiae CBS 8803, see Figure 5; the cleaved propeptide (15 kDa) was not 

detected (Ødum et al. 2016b). For the two S. cerevisiae strains, the LysN proenzyme band coincided 

with a host cell protein band of similar size, and thus, it was not possible to determine whether the 

band was present due to LysN expression.  

In previous studies on LysN, a highly sensitive Förster resonance energy transfer (FRET) assay was 

developed for quantification of proteolytic activity; in this study the nonapeptide (K-Abz)-SAQKARA-

(K-Dnp) was used (Ødum et al. 2015). Abz is a fluorophore while Dnp quenches the fluorescence 

signal of Abz by FRET. Cleavage of the nonapeptide separates Abz and Dnp, both of which will diffuse 

Figure 5: SDS-PAGE of culture supernatants of S. cerevisiae CBS 405 (2-4) and S. cerevisiae CBS 8803 (5-7) expressing the LysN 
gene. SeeBlue Plus2 was used for protein size determination (1). Host cell protein (red arrows) bands and expected sizes for 
LysN with propeptide, partially processed LysN and mature LysN (blue arrows) bands were marked. 
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and thus increase the distance between them beyond the range where FRET is observed, enabling 

Abz fluorescence.  

An initial screen found the proteolytic activity in Sz. pombe and T. delbrueckii to be similar for the 

LysN producing strain and the HSA producing control strain; no further analysis was made in these 

strains (data not shown). For the second test, cultures were inoculated with either Cy. jadinii, Kl. 

lactis, Kl. marxianus, K. phaffii, N. castellii, S. cerevisiae CBS 405, S. cerevisiae CBS 1171 or S. 

cerevisiae CBS 8803 carrying either a plasmid expressing LysN or HSA, both under the control of B.a. 

PTEF1. Maximal proteolytic activity and OD600 of cultures were determined after 24, 48 and 72 h, as 

can be seen in Figure 6. For Kl. lactis and Kl. marxianus, there was no difference between strains 

carrying a plasmid with the LysN or HSA gene.  

At all sampling times, K. phaffii, N. castellii, S. cerevisiae CBS 405, S. cerevisiae CBS 1171 and S. 

cerevisiae CBS 8803 carrying a plasmid with the LysN gene produced a higher maximum peptide 

cleavage rate than what was observed for strains expressing the HSA gene. Cy. jadinii appeared to 

have an exceptionally high background activity based on the maximal activity seen for the control, 

nevertheless, the strain carrying the LysN gene did show a significantly higher maximal activity at 24 

and 48 h. The largest absolute difference between LysN producing and HSA producing strains were 

seen for K. phaffii after 72h and Cy. jadinii after 48h at 955 and 921 AFU/min, respectively. For Kl. 

lactis, the observed OD600 between the LysN and HSA producing strains was significantly different at 

all sampling points, while it was different for Kl. marxianus at 24 and 48h, for K. phaffii at 24 h, and 

for S. cerevisiae CBS 1171 and S. cerevisiae CBS 8803 at 72h. Thus, it seemed clear that detectable 

proteolytic activity was seen in Cy. jadinii, K. phaffii, N. castellii, S. cerevisiae CBS 405, S. cerevisiae 

CBS 1171 and S. cerevisiae CBS 8803. 

Figure 6: Maximum detected peptide cleavage activity (primary axis) and OD600 (secondary axis) for strains carrying a plasmid 
expressing HSA (red; circles and full line) or LysN (blue; triangles and dashed line). One standard deviation has been marked. 
Significance is only marked for maximum peptide cleavage activity. t-test significance – *: p<0.05; **: p<0.01; ***: p<0.001. 
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DISCUSSION 

The plasmids constructed for assessing protein production in this study were designed with 

applicability in multiple species as a critical design criterion. The plasmids were able to transform 

into yeasts originating from seven different genera using either the PEG/LiAc/ssDNA chemical 

transformation method or an electroporation-based method. This demonstrates that the tested 

plasmids, based on a simple design, can be used to screen for improved HPP in NCYs. It was not 

determined whether failure to transform in the remaining strains was due to the transformation 

protocols not being applicable or non-functionality of the plasmids. However, in L. thermotolerans it 

could very well be due to poor functionality of the plasmid, where formation of microcolonies and a 

few large colonies could indicate plasmid loss and plasmid genomic integration, respectively.  

The next step, after the creation of plasmid-carrying strains, was to find a suitable cultivation 

medium for HPP that was applicable in all the strains included in the study. Media have been found 

to have a strong influence on protein production based on the protein of interest, and sophisticated 

screening methods for medium optimisation exists, although it is outside the scope of this study, 

where only two widely different media types were tested (Gasmi et al. 2011; Hemmerich et al. 

2017). SC-based medium supplemented with casamino acids was tested due to the low background 

that the medium had, making it easier to detect protein bands on SDS-PAGE gels, while the rich YPD 

medium was included since prior experience showed that the yeasts included in this study grew 

nicely in it. No appreciable protein production of HSA was seen in the SC-based medium while bands 

with the expected size did appear in the YPD-based medium. HSA production was only observed in S. 

cerevisiae, and thus, it might be difficult to conclusively say that the YPD medium was the better 

medium for HPP in all cases, however, it was an indication that it supported better production. 

Based on the eGFP fluorescence, both the tested TEF1 promoters appeared to be applicable in all 

strains, with N. castellii and Sz. pombe being possible exceptions. Both S.c. PTEF1 and B.a. PTEF1 

showed a similar range of strains where they were functional and gave an appreciable fluorescent 

signal, although S.c. PTEF1 was found to be stronger in S. cerevisiae strains, while B.a. PTEF1 was 

stronger in Kl. marxianus and K. phaffii. It is puzzling that B.a. PTEF1 functioned better in Kl. 

marxianus and appeared to be almost as good as the native TEF1 promoter in S. cerevisiae, 

considering that the majority of non-Saccharomyces strains tested are much closer related to S. 

cerevisiae than B. adeninivorans (Shen et al. 2016). Thus, generally speaking, the two tested TEF1 

promoters showed a remarkably broad applicability for screening for HPP production in NCYs, 

although B.a. PTEF1 arguable exhibited a broader range of function.  

LysN has previously been found to be difficult to produce heterologously in K. phaffii, making it an 

interesting protein to study given the advantages that it is believed NCYs can provide (Ødum et al. 

2016b). Production of LysN was detected in Cy. jadinii, K. phaffii, N. castellii, S. cerevisiae CBS 405, S. 

cerevisiae CBS 1171 and S. cerevisiae CBS 8803, i.e. six out of ten strains where production was 

attempted, three of them being non-conventional.  
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Cy. jadinii was a special case due to the high background activity that was seen for cleavage of the 

(K-Abz)-SAQKARA-(K-Dnp) peptide; a finding that was likely caused by a high level of native 

extracellular proteases. Extracellular protease activity was detected in a Cy. jadinii strain tested for 

use in cheese production, while a proteomics study did not detect secretion of any proteolytic 

enzymes (study was investigating Candida utilis, a species now reclassified as Cy. jadinii) (Wyder and 

Puhan 1999; Buerth et al. 2011). In spite of this, a significant increase in peptide cleavage was 

detected in C. jadinii strains carrying a plasmid where the LysN gene was expressed. Thus, Cy. jadinii 

could be proposed as a possible LysN production candidate for further investigation, although the 

possible protease background activity is an argument against it.  

The remaining five strains exhibited a much lower background activity from the strains carrying a 

HSA expressing plasmid, indicative of less native extracellular protease activity. The highest activity 

seen for K. phaffii is 2.6-fold higher than that of N. castellii, and K. phaffii is the better producer 

when comparing activity directly. However, the eGFP and mCherry fluorescence produced by B.a. 

PTEF1 in N. castellii was extremely low, with eGFP fluorescence for K. phaffii being between 6- and 

72-fold higher. It is reasonable to assume that some of this difference can be attributed to lower

promoter activity, making N. castellii a potential candidate for improved LysN production, in spite of 

Cy. jadinii and K. phaffii showing higher activity in the assay presented here. 

CONCLUSIONS AND PERSPECTIVES 

This study demonstrates the ease with which it is possible to screen a set of NCYs as potential host 

organisms for HPP of a difficult-to-produce protein. The plasmids constructed in this study were 

shown to support HPP in seven different genera of ascomycete yeasts; transformation was done 

using common yeast transformation methods. As little as two different plasmids were shown to be 

required to assess promoter strength and production capabilities. Using the developed plasmids, 

screening for candidates for production of the difficult to produce LysN protease from Armillaria 

mellea was performed. Of the ten tested strains, six strains were found to produce significantly 

higher LysN protease activity than for control strains expressing HSA. Of the six strains, K. phaffii and 

Cy. jadinii were found to produce the highest LysN protease activity compared to control strains, 

while an alternative candidate, N. castellii, was found to produce an appreciable level of proteolytic 

activity in spite of a very low detected promoter activity. This highlights the potential that a 

screening system like the one presented here can provide to identify alternative strains of interest 

for HPP. 

Based on these findings, it would be very interesting to delve further into the production potential of 

LysN by N. castellii and K. phaffii. The first question that presents itself is whether LysN production 

could be improved by swapping B.a. PTEF1 with a native TEF1 promoter or another strong promoter, 

e.g. the AOX1 promoter from K. phaffii. This could then be assayed both by performing a FRET assay

to directly determine activity, but also by quantitative reverse transcription PCR to analyse whether 

the promoter swaps resulted in increased mRNA levels. 
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CHAPTER 6 – ENGINEERING OF THE 2µ PLASMID OF SACCHAROMYCES 

CEREVISIAE FOR APPLICATION IN NON-CONVENTIONAL YEASTS 

INTRODUCTION 

The most commonly used yeast species, Saccharomyces cerevisiae, is central to production of 

several industrial products, e.g. fermented beverages, leavened bread, biofuels, small organic 

molecules and therapeutic proteins, but also stands out as an important model organism for 

studying eukaryotic cell biology, e.g. regulation of the cell cycle, telomere function and transcription. 

Non-Saccharomyces yeasts, also called non-conventional yeasts (NCYs), are becoming increasingly 

popular as hosts for heterologous production both for scientific and industrial pursuits, e.g. 

Komagataella phaffii, Kluyveromyces lactis, Ogataea polymorpha and Yarrowia lipolytica (Buzzini 

and Vaughan-Martini 2006; Rebello et al. 2018). This opens up new opportunities to exploit the 

diverse physiological traits but also presents challenges to overcome. One challenge when exploring 

a less developed expression host is the lack of molecular biology tools, e.g. efficient transformation 

protocols, selective markers and gene expression vectors.  

Plasmids are commonly used for gene expression; in yeast, three general types of plasmids exist; 

integrative, centromere/autonomous replicating sequence-based (CEN/ARS) and 2µ-based, 

commonly abbreviated as YIp, YCp and YEp, respectively (Gietz and Akio 1988; Sikorski and Hieter 

1989; Christianson et al. 1992; Baker Brachmann et al. 1998). The 2µ element used in YEp plasmids is 

a small part of a larger plasmid, the 2µ selfish circular DNA element, originating from yeasts of the 

genus Saccharomyces (Strope et al. 2015). This genus is one among a handful of yeast genera where 

selfish circular DNA elements similar to the 2µ plasmid have been isolated, e.g. Kluyveromyces, 

Zygosaccharomyces, Lachancaea, and Torulaspora (Toh-e, Tada and Oshima 1982; Falcone et al. 

1986; Utatsu et al. 1987; Chen et al. 1992; Blaisonneau et al. 1997).  

The 2µ plasmid is the best studied of these, and it has been found to be remarkably stable, as the 

estimated loss rate has been estimated to 10-4-10-5 per cell per generation. Additionally, the 2µ 

plasmid is maintained at copy numbers between 20 and 100 copies, making it attractive as a vector 

for gene expression. YEp plasmids contain a part of the 2µ plasmid, i.e. the origin of replication, 

stability locus (STB) and a single FLP recombination target (FRT) site to facilitate high fidelity 

segregation and replication (here referred to as partial 2µ plasmid). 

Segregation and copy number maintenance is dependent on four proteins encoded by the 2µ 

plasmid, Flp1p, Rep1p, Rep2p, and Raf1p (Chan et al. 2013). Additionally, the plasmid contains two 

inverted FRT sites, a STB locus, and an origin of replication (Ori) that can initiate replication in a 

manner similar to  autonomously replicating sequences (ARSs) found in chromosomes, see Figure 1. 
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Copy number of the 2µ plasmid is intricately regulated by interactions between Rep1p, Rep2p and 

Raf1p. Rep1p and Rep2p forms a heterodimer that represses the genes expressing Rep1p, Flp1p, and 

Raf1p. Raf1p can bind both Rep1p and Rep2p to prevent formation of the Rep1p-Rep2p 

heterodimer. Rep2p is constitutively expressed, contrary to Rep1p, Flp1p, and Raf1p. As a 

consequence, concentration of the repressive protein complex is highly dependent on the 

concentration of Rep1p, which is dependent on the gene dosage, and thus on the plasmid copy 

number. Low concentration of the Rep1p-Rep2p heterodimer leads to derepression of REP1, FLP1, 

and RAF1, and consequently, to production of Rep1p, Raf1p and Flp1p; a consequence of this 

regulation mechanism is that the system naturally oscillates (Rizvi et al. 2017). Flp1p is a site-specific 

recombinase, as a consequence, production of Flp1p leads to inverted repeat recombination 

between the two FRT sites, and isomerisation between two plasmid isoforms, A and B. Depending 

on the timing, Flp1p mediated recombination is the initiating step in the mechanism regulating 2µ 

plasmid copy number. 

Copy number maintenance of the 2µ plasmid is dependent on Flp1p, the two FRT sites, and the Ori. 

Rolling circle amplification of the 2µ plasmid will occur if, after replication has begun, Flp1p 

recombines the two FRT sites after only one replication fork has passed a FRT site. In this case, the 

two replication forks change from bidirectional to unidirectional movement, resulting in rolling circle 

amplification of the plasmid. As Flp1p once again isomerises the plasmid, the replication forks will 

again move bidirectionally, and plasmid replication will terminate as the replication forks meet. The 

resulting product will be the template 2µ plasmid, and a circular polymer consisting of direct repeats 

of the 2µ plasmid. Flp1p will resolve the newly synthesised polymeric 2µ DNA into individual 2µ 

plasmids by direct repeat recombination. An overview of the replication mechanism can be seen in 

Figure 2.  

Figure 1: Structure and regulation of the endogenous 2µ plasmid. The A form of the plasmid is displayed; the B form occurs 
after FLP1 mediated recombination between the two FLP1 recombination target (FRT) sites. Ori – origin of replication; STB – 
Stability locus. Boxes with rounded corners represent proteins, while boxes with sharp corners represent DNA sequences. 
Yellow pointed boxes represents coding sequences. Hovering orange boxes represent FRT sites where overlap with genes 
occur; arrows inside the boxes represents the directionality of the repeat. 
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Besides being present at high copy numbers, the endogenous 2µ plasmid is also very stable. 

Pedigree analysis of plasmid inheritance showed that the proteins encoded on the 2µ plasmid are 

required for functional plasmid segregation, which, as a consequence, means that partial 2µ 

plasmids require the presence of trans-acting proteins to segregate. The same study showed that in 

the absence of trans-acting proteins to facilitate segregation partial 2µ plasmids showed a strong 

mother bias, meaning that in the case of missegregation, it was far more likely that only the mother 

would contain plasmid (Murray and Szostak 1983). Thus, both the STB sequence and the 2µ-encoded 

proteins are essential for 2µ plasmid stability. Specifically, Rep1p and Rep2p as well as several host 

factors which are involved in chromosome segregation interacts at the STB locus. However, the 

exact mechanism for 2µ plasmid segregation has not yet been fully elucidated (Chan et al. 2013; 

McQuaid et al. 2017).  

High plasmid copy numbers and stable segregation makes 2µ-based plasmids attractive as gene 

expression vectors. To date, the 2µ plasmid has mainly been utilised in Saccharomyces strains, since 

the desirable characteristics have been found to only be applicable in this genus. Thus, if the full 

function of the 2µ plasmids could be transferred to NCYs, it would provide a poweAFUl tool for 

plasmid-based high-copy number gene expression. It is clear that a full suite of proteins encoded by 

2µ-borne genes, a functional STB locus recognised by host factors, a functional Ori/ARS, and two FRT 

sites are required for proper plasmid copy number maintenance and segregation of the 2µ plasmid. 

However, this transfer will in all likelihood not be trivial, the lack of full functionality in non-

Saccharomyces yeasts proves that all elements of the 2µ plasmid are not transferable. It is 

frequently found that ARS sequences do not conserve function in non-native species, which could, in 

Figure 2: Replication mechanism of the 2µ plasmid. Origin of replication (Ori, green box), replication forks (black dashed 
arrows); original 2µ plasmid (black line); newly synthesized 2µ DNA (green line); FLP1 recombination target (FRT) sites (orange 
arrows); Flp1p recombinase (blue ellipsis); recombination event (blue lines). 
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part, explain why the 2µ plasmid does not seem to conserve its full function in non-Saccharomyces 

species, e.g. Kl. lactis, K. phaffii, O. polymorpha and Schwanniomyces occidentalis (Das and 

Hollenberg 1982; Cregg et al. 1985; Gleeson, Ortori and Sudbery 1986; Oda and Tonomura 1995; 

Liachko et al. 2010). Another possible reason for the 2µ plasmid not being functional may be the lack 

of proper segregation either due to 2µ proteins not being expressed or lack of recognition of the STB 

locus by host chromosome segregation factors. 

With the goal of developing multi-copy plasmids for gene expression and heterologous production 

that are functional in a wide range of NCYs,  a set of 2µ hybrid plasmids were created. These were 

transferred into a set of yeasts comprising three S. cerevisiae strains as well as six NCY species, Kl. 

lactis, Kl. marxianus and T. delbrueckii for which 2µ-like plasmids have been discovered or utilised, 

and Naumovozyma castellii, Cyberlindnera jadinii and K. phaffii where episomal high copy-number 

plasmids have not been developed. To compensate for the potential malfunction of either 2µ Ori or 

STB, the 2µ hybrid plasmids were equipped with hybridARS (hARS) and CEN sequences, and tested 

for their ability to replicate and segregate. In this way, circular plasmids were developed for all 

tested species. 

MATERIALS AND METHODS 

Strains 

E. coli Top10 cells (Invitrogen) were used for plasmid construction and propagation. Yeast strains

used were obtained from the CBS-KNAW collection at the Westerdijk Fungal Biodiversity Institute 

and the IBT Culture Collection of Fungi at the Technical University of Denmark; the full list of strains 

used in this study can be seen in Table 1. 

Table 1: List of strains used in the current study. 

Strain Species 

CBS 405 Saccharomyces cerevisiae 

CBS 1067 Kluyveromyces lactis 

CBS 1171 Saccharomyces cerevisiae 

CBS 1574 Kluyveromyces marxianus 

CBS 1600 Cyberlindnera jadinii 

CBS 2612 Komagataella phaffii 

CBS 4309 Naumovozyma castellii 

CBS 6795 Torulaspora delbrueckii 

CBS 8803 (S288c) Saccharomyces cerevisiae 
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Cultivation 

E. coli strains were cultivated at 37°C, with vigorous shaking for liquid cultures, using Luria-Bertani

(LB) liquid and solid medium supplemented with 100 µg/mL ampicillin (Sigma). Yeast strains were 

cultivated at 30°C with vigorous shaking in Yeast Extract Peptone Dextrose (YPD) medium; the 

medium composition was as follows: yeast extract 10 g/L (Difco, BD Biosciences), peptone 20 g/L 

(Difco, BD Biosciences), and glucose 20 g/L, solid media contained 20 g/L agar. To select for plasmid 

presence, solid medium was supplemented with 100 µg/mL nourseothricin (NTC) (Jena Bioscience), 

while liquid medium was supplemented with 50 µg/mL NTC. Yeast and bacterial strains were stored 

at -80°C in 25% glycerol. 

Plasmid construction 

Plasmids used in this study were based on pDIV116, carrying a hybrid ARS (hARS) element and the 

NatMX cassette (Goldstein and McCusker 1999) without CUG codons, and pKO175, carrying the full 

2µ sequence in addition to a shuttle vector element. PCR fragments for molecular cloning were 

amplified using Phusion DNA polymerase with HF buffer (Thermo Scientific), primers used in this 

study can be seen in Table 2. Molecular cloning was done using InFusion cloning (Takara Bio) 

followed by transformation into E. coli Top10 cells according to the manufacturers’ protocols. 

Plasmids were extracted from E. coli cultures using the QIAprep Spin Miniprep Kit (Qiagen) according 

to the manufacturer’s protocol. DNA concentrations were determined by measuring absorbance at 

260 nm using a NanoDrop 8000 spectrophotometer (Thermo Scientific). Correct plasmid assembly 

was verified by colony PCR using Illustra PuReTaq Ready-To-Go PCR beads (GE Healthcare) and 

sequencing (Eurofins Genomics). A list detailing the plasmids used in this study can be seen in Table 

3. pDIV472, pDIV469, pDIV470, and pDIV471 are referred to as pH2µ, pH2µA, pH2µAC and pAC,

respectively, throughout the text. 

Table 2: List of primers used in this study. 

Primer ID Sequence 

PR_DIV1989 † CACCAGAGGTTAAGAACAAA 

PR_DIV1990 † GGGACGAGGCAAGCTAAA 

PR_DIV2039 * CGTTGAATGCACGCGATTAATGCAGGTTGCGGC 

PR_DIV2041 * CATATTTAAATGCCCCCGTCCTAAGAAACCATTAT 

PR_DIV2042 * CATATTTAAATGCCCAAATAGGGGTTCCGCGCA 

PR_DIV2043 * CGCATTTAAATGCCCTTTTGCTGGCCTTTTGCT 

PR_DIV2058 † TCTGACACATGCAGCTCC 

PR_DIV2060 † CTCGCGTTGCTCTACTTTT 

PR_DIV2064 * AGCGGAATGCGTGCGAGCAATCACCCCAGCGTA 

PR_DIV2093 * CATATTTAAATGCCCCGACAACCCTTAATATAACT 

* Plasmid construction; † Plasmid verification.
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Table 3: List of plasmids used in this study. S.c.: Saccharomyces cerevisiae, PTPI1: TPI1 promoter, TTPI1: TPI1 terminator. 

2µ: Full length 2µ plasmid with subsequently listed elements inserted in the REP1-RAF1 intergenic region. All plasmids 

carried an Escherichia coli origin of replication and ampicillin resistance cassette. 

Plasmid Characteristics Source 

pKO175 2µ; S.c. PTPI1 - pHluorin - S.c TTPI1; HygMX Courtesy of K. Olesen 

pDIV116 hybrid ARS (hARS); CEN6/ARS209; NatMX Courtesy of T. Strucko 

pDIV469 2µ, hARS; S.c. PTPI1 - pHluorin - S.c TTPI1; NatMX This study 

pDIV470 
2µ, hARS; CEN6/ARS209; S.c. PTPI1 - pHluorin - S.c TTPI1; 

NatMX 
This study 

pDIV471 hARS; CEN6/ARS209; S.c. PTPI1 - pHluorin - S.c TTPI1; NatMX This study 

pDIV472 2µ; S.c. PTPI1 - pHluorin - S.c TTPI1; NatMX This study 

Transformation rate and efficiency 

For all strains, the transformation efficiency was determined based on the mean and standard 

deviation of three biological replicates, except when otherwise noted. Cells were cultivated to an 

OD600 value of up to 2 and transformed according to the high efficiency polyethylene glycol 

(PEG)/lithium acetate (LiAc)/salmon sperm DNA (ssDNA) protocol by Gietz and Schiestl, although 

scaling down reactions to half the volume (Gietz and Schiestl 2007); 250 ng plasmid was used for 

each 180 µL transformation reaction. Plasmid uptake was selected for by spreading recovery culture 

onto selective agar plates. The number of colony forming units (CFU) in the recovery culture was 

determined by spreading appropriate dilutions on YPD agar plates. All plates were incubated at 30°C 

until colonies appeared at which point the number of colonies on each plate was counted. The 

transformation rate, 𝑟𝑇, was calculated using Equation 1. 

𝑟𝑇 =
(

𝑁𝑇
𝑉𝑇

)

(
𝑁𝐷

𝑉𝐷 ∙ 𝑑
)

=
𝑁𝑇 ∙ 𝑉𝐷 ∙ 𝑑

𝑉𝑇 ∙ 𝑁𝐷

(1) 

𝑁𝑇  and 𝑉𝑇 is the number of colonies counted and the volume of recovery culture spread on selective 

solid medium; 𝑁𝐷 and 𝑉𝐷 is the number of colonies counted and the volume of diluted recovery 

culture spread on non-selective solid medium; 𝑑 is the dilution applied, e.g. for a 105 times dilution 𝑑 

is equal to 10-5. The transformation efficiency, 𝐸𝑇, was calculated using Equation 2. 

𝐸𝑇 =
𝑟𝑇

𝑛𝑃
(2) 

Where 𝑛𝑃 is the amount of plasmid provided in the transformation reaction. 

Plasmid stability 

For all strains, the plasmid loss rate was determined based on the mean and standard deviation of 

three biological replicates, except when otherwise noted. From transformation plates, a single 

growing colony of each tested strain was inoculated into selective liquid medium in a sterile 96-well 
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square microtiter plates (MTPs) with a working volume of 300 µL. Plates were sealed using a Duetz 

sandwich cover (EnzyScreen) (Duetz et al. 2000), and cultivated for 48 hours in a ISF1-X shaking 

incubator (Kuhner) at 300 rpm (50 mm diameter) and 70% humidity. Cultures were diluted 5 and 25 

times in liquid non-selective YPD medium in sterile clear 96-well flat bottom MTPs (Greiner Bio-One) 

to a total volume of 200 µL; OD600 was measured using a EnSight multimode plate reader 

(PerkinElmer). In 96-well square MTPs, fresh cultures were inoculated by transferring 15 µL 25x 

diluted culture into 285 µL non-selective YPD; sealing and incubating the cultures as previously 

described for 24 hours. Dilution, OD600 measurement, inoculation of fresh non-selective YPD 

cultures, sealing and incubation for an additional 24 hours was performed as previously described. A 

final round of dilution and OD600 measurement was performed. To determine plasmid stability, 

cultures were diluted appropriately (between 104 and 106 times) and 100 µL was plated on both 

selective and non-selective plates and incubated until colonies appeared. Plasmid loss frequencies, 

𝑓𝐿, were calculated using Equation 3. 

𝑓𝐿 = (1 −
𝑁𝑆

𝑁𝑃
) ∙ 100% (3) 

Where 𝑁𝑆 and 𝑁𝑃 is the number of colonies on selective and permissive medium, respectively. 

Flow cytometry 

Cells were inoculated into 300 µL liquid selective YPD medium and cultivated for 48 h with vigorous 

shaking; from this culture, cells were 20x diluted into fresh liquid selective medium and cultivated 

for an additional 24 h. From this culture, cells were 3x diluted into fresh selective YPD medium and 

incubated for 4 h. Cells were fixed using the method described by Strucko and co-workers with 

minor modifications; 200 µL culture was pelleted by centrifugation at 2000 g for 5 minutes and 

washed with 200 µL phosphate buffered saline (PBS) solution followed by a second centrifugation 

step (Strucko et al. 2017). The supernatant was removed, and pellet was resuspended in 200 µL 2% 

paraformaldehyde (Sigma-Aldrich) and cooled on ice for 60 minutes. Cells were centrifuged and the 

supernatant removed, pellet was resuspended in 200 µL PBS and stored at 4°C. Cells were analysed 

using a SH800S cell sorter (Sony) equipped with 405, 488, 561 and 638 nm collinear excitation lasers 

(30 mW, max output); a 100 µm microfluidics sorting chip (Sony) was used. The 488 nm laser 

combined with the in-built 525 nm (50 nm bandwidth) filter was used for detection of green 

fluorescence. Non-fluorescent cells from parent strains were used as negative control. 100,000 

events were recorded for all strains. Samples were analysed using the accompanying software from 

the cell sorter. For assessing relative population sizes based on fluorescence, gating between high- 

and low-fluorescent populations was set at the middle-point between the two highest counts in the 

two distinct subpopulations, if no such point was easily distinguishable an estimate was made. 

Data analysis 

Transformation efficiency was calculated in Excel based on Equations 1-2. Linear regression model 

analysis and data visualisations were made using R (version 4.0.2), RStudio (version 1.3.959), and the 
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following packages: tidyverse (version 1.3.0), pheatmap (version 1.0.12), RColorBrewer (version 1.1-

2), ggpmisc (version 0.3.5) and factoextra (version 1.0.7), ggpubr (version 0.4.0), readxl (version 

1.3.1) and car (Neuwirth 2014; Fox and Weisberg 2019; Kolde 2019; Wickham and Bryan 2019; 

Wickham et al. 2019; Aphalo 2020; Kassambara 2020; Kassambara and Mundt 2020; R Core Team 

2020). When multiple statistical tests were conducted for comparison between strains, the statistical 

significance level was corrected using Bonferroni’s method. Only statistically significant differences 

are reported, the standard significance level used was 0.05. 

RESULTS 

Plasmid design 

Previous studies have demonstrated that 2µ plasmids are not universally applicable in NCYs. Based 

on this simple premise, four plasmids were constructed that would enable investigation of the 

applicability of non-2µ elements for restoring the stability and high copy number characteristics of 

Figure 3: Graphic representation of the 2µ hybrid plasmids constructed in this study. Plasmid names above inserted fragments 
show which plasmids were created after molecular cloning. pHluorin: pHluorin fluorescent cassette; ori: Escherichia coli origin of 
replication ; bla: ampicillin resistance cassette; hARS: hybrid autonomously replicating sequence; NatMX: Resistance cassette 
carrying the nat gene from Streptomyces noursei; CEN/ARS: S. cerevisiae CEN6/ARS209 sequence. Depicted elements are not to 
scale. 
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the endogenous 2µ plasmid. All plasmids were designed as yeast – E. coli shuttle vectors with a 

pHluorin fluorescent reporter cassette, and a NatMX antibiotic resistance cassette for selection in 

nouseothricin-containing medium (Miesenböck, De Angelis and Rothman 1998; Goldstein and 

McCusker 1999). The pHluorin gene was under the control of the S. cerevisiae TPI1 promoter and 

terminator. 

Three plasmid variants were constructed that contained the full length 2µ sequence with all other 

elements inserted in the intergenic region between REP1 and REF1, all of which were collectively 

referred to as hybrid 2µ plasmids. The three 2µ hybrid plasmids contained either; no additional 

elements; an ARS with broad-range functionality, hybridARS (hARS); or hARS as well as S. cerevisiae 

CEN6/ARS209. The three plasmids were dubbed pH2µ (pDIV472), pH2µA (pDIV469), and pH2µAC 

(pDIV470), respectively. hARS is a modified version of the published panARS sequence that exhibited 

application in a wider range of yeast species (data not shown) (Liachko and Dunham 2014). A fourth 

plasmid was constructed that would show the effect that hARS and S. cerevisiae CEN6/ARS209 

conveyed in the absence of cis-acting 2µ elements, this plasmid was dubbed pAC (pDIV471). An 

overview of plasmid construction can be seen in Figure 3.  

Transformation efficiency of 2µ hybrid plasmids 

Next, the four plasmids were attempted transformed into the three S. cerevisiae strains and six NCY 

strains to investigate whether the plasmids were able to: 1) enter the nucleus, 2) replicate, and 3) 

segregate, all of which are requirements for colony formation. Transformation of all strain – plasmid 

combinations were performed in triplicate; using Equation 1 and 2, the transformation efficiency 

was calculated, as seen in Figure 4. 

All nine yeast strains were transformable by pH2µA, pH2µAC, and pAC, while pH2µ could be 

transformed into all strains except Kl. lactis, Kl. marxianus, and Cy. jadinii. This indicates that for the 

latter three strains, the 2µ sequence alone was insufficient to support plasmid replication and/or 

plasmid segregation; strain competence was proven by transformation of the three other plasmids 

in all three strains. Additionally, it seems plausible that the hARS sequence enabled colony formation 

in these three strains, since it is the common element for pH2µA, pH2µAC, and pAC. However, only a 

single colony was formed for Cy. jadinii with pH2µA; this combination of strain and plasmid was not 

further investigated. 

The highest transformation efficiencies were observed for the three S. cerevisiae strains, although N. 

castellii on average showed a similar transformation efficiency to S. cerevisiae CBS 1171. There was 

more than three orders of magnitude difference between the best and worst performing strains, S. 

cerevisiae CBS 8803 and Cy. jadinii. 

When colonies were restreaked on selective medium, new colonies appeared. This showed that for 

the plasmid and strain combinations where transformants appeared, the plasmids could replicate 

and segregate, either randomly or facilitated, when plasmid presence was selected for. Thus, there 

were two possible explanations for the appearance of transformants, either the plasmids were able 
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to replicate episomally, requiring a functional ARS, or the plasmids had integrated ectopically, and 

were replicated as part of a chromosome. 

Stability of 2µ hybrid plasmids 

Next, it was pertinent to investigate the stability of the NTC-resistant phenotype, since it would be 

expected that an integrated plasmid was more stable than an episomal plasmid. In S. cerevisiae, the 

estimated loss rate for chromosomes has been found to be 10-6 chromosome per generation per 

cell, compared to 10-4-105 complete plasmid losses per generation per cell for the endogenous 2µ 

plasmid,  and 1-5∙10-2 complete plasmid losses per generation per cell for CEN/ARS-based plasmids 

and 2µ hybrid plasmids (Hieter et al. 1985; Chan et al. 2013; Gnügge and Rudolf 2017; Jelenic et al. 

2018). 

To investigate this, the stability of strains previously generated was determined by serial non-

selective cultivations. Each plasmid – strain combination was cultivated in triplicate; the initial 48-

hour cultivation was in YPD medium supplemented with NTC to select for plasmid-carrying cells. Two 

consecutive 24-hour cultivations in non-selective YPD medium was done to allow plasmid loss. For 

some strains complete plasmid loss was observed after non-selective growth for 48 hours, for these 

strains the experiment was repeated with non-selective cultivation for only 24 hours. A few 

experiments had to be repeated for various other reasons, these were also cultivated non-selectively 

for 24 hours. Regardless of the length of the non-selective cultivation, plasmid loss was determined 

Figure 4: Plot displaying the transformation efficiency of each of the four plasmids pH2µ (2µ, red), pH2µA (2µ+hARS, green), 
pH2µAC (2µ+hARS+CEN/ARS, turqoise), and pAC (hARS+CEN/ARS, purple) in nine yeast strains. Transformation efficiency was 
calculated as CFU transformants (CFUT) per CFU at permissive conditions (CFU0) per pmol plasmid used for transformation. The 
black line represents the mean and the box boundaries represent one standard deviation. Where no box is seen, no 
transformants were obtained. 
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by plating diluted cultures on solid medium with and without NTC. The number of generations 

without selection was determined based on OD600 measurements of the inoculum and the non-

selective cultures after each 24-hour period. The plasmid loss frequencies at the end of non-selective 

cultivation can be seen in Table 4 and the raw data can be seen in Appendix 4. 

From the plasmid loss frequencies it could be seen that extensive plasmid loss occurred for all tested 

strain – plasmid combinations, indicating that the plasmids did in fact propagate episomally. 

Additionally, the observed plasmid loss frequencies were much higher than what was expected if 

plasmid loss rates were between 1-5∙10-2 complete plasmid losses per generation per cell. Based on 

this  estimated plasmid loss rate, plasmid loss frequencies of 9.5-40% and 18-65% after 10 and 20 

generations, respectively, was to be expected. However, the lowest observed plasmid loss frequency 

in this study was 66±3% after 18 generations seen for S. cerevisiae harbouring pAC. 

For pH2µAC and pAC, two different segregational mechanisms could potentially be utilised, the 2µ 

STB-facilitated mechanism or the CEN6-facilitated mechanism. For the three S. cerevisiae strains, 

pAC was the most stable plasmid with observed plasmids loss frequencies between 66±3% and 

91±3%, although in S. cerevisiae CBS 1171 pH2µ performed equally well. For S. cerevisiae CBS 405 

and S. cerevisiae CBS 8803, the three 2µ hybrid plasmids appeared to be less stable than what was 

seen for pAC.  The higher observed stability for pAC is likely a consequence of the CEN and ARS 

sequences of the plasmid being applicable in S. cerevisiae strains.  

N. castellii is the closest related species to S. cerevisiae included in this study. For this strain the CEN-

carrying plasmids, pAC and pH2µAC, appeared to be lost for around 70% of the cells after 18-19 

generations, while at least 95% plasmid loss was seen for the strain – plasmid combinations where 

the CEN sequence was absent from the plasmid. This was a unique behaviour that was not observed 

in any of the other tested strains. 

For Kl. lactis, it appeared that pAC was the less stable plasmid with what amounted to an almost 

complete plasmid loss (1 CFU on selective plates compared to 2370 CFU on non-selective plates), 

compared to pH2µA and pH2µAC where plasmid loss frequencies did appear to be lower. However, 

strains carrying pAC grew for two additional generations compared to the 2µ hybrid plasmids, which 

is likely to explain some of the observed difference. It seems reasonable that the plasmid loss was 

similar for the three strain – plasmid combinations. 

For K. phaffii, pAC was the most stable plasmid, with more extensive plasmid loss being seen for the 

2µ hybrid plasmids. For Kl. lactis, the 2µ hybrid plasmids with a hARS sequence seemed to be lost 

slightly less frequently than pAC, for which an almost complete plasmid loss was seen. However, a 

larger number of generations was observed for the latter making it plausible that the observed 

plasmid loss was similar. For Cy. jadinii, there seemed to be too large uncertainty in the data to make 

any distinctions between the tested strain-plasmid combinations. 

For Kl. marxianus carrying either pH2µA and pH2µAC, plasmid loss frequencies, after almost twice as 

many generations, were still much lower than that seen for pAC, which also seemed to have a near  
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Table 4: Plasmid loss frequencies for each yeast strain carrying one of the investigated plasmids. Plasmid loss 
frequencies were estimated after submerged cultivation in non-selective medium after 24 hours (blue background, 
bold numbers) or 48 hours (green background); generation number estimates shows generations after transfer to 
non-selective medium. All values were estimated based on biological triplicates, except for Cy. jadinii carrying 
pH2µAC for which only biological duplicates were made. n.d.: not determined. 

Strain Plasmid Generations Plasmid loss frequency (%) 

S. cerevisiae CBS 8803

pH2µ * 7.5 ± 0.0 96 ± 2 
pH2µA * 8.1 ± 0.5 98 ± 1 
pH2µAC 17 ± 0 99 ± 1 
pAC 18 ± 0 66 ± 3 

S. cerevisiae CBS 405

pH2µ 19 ± 1 96 ± 1 
pH2µA 19 ± 1 98 ± 1 
pH2µAC * 8.9 ± 0.1 97 ± 1 
pAC 18 ± 0 91 ± 3 

S. cerevisiae CBS 1171

pH2µ 17 ± 0 78 ± 3 
pH2µA 19 ± 0 93 ± 3 
pH2µAC 18 ± 1 92 ± 1 
pAC 17 ± 1 78 ± 9 

N. castelli CBS 4309

pH2µ 17 ± 0 97 ± 1 
pH2µA * 8.1 ± 0 95 ± 3 
pH2µAC 18 ± 1 71 ± 10 
pAC 19 ± 2 68 ± 23 

T. delbrueckii CBS 6795

pH2µ 17 ± 1 99 ± 0 
pH2µA 8.7 ± 0.1 88 ± 6 
pH2µAC * 8.6 ± 0.1 97 ± 2 
pAC 17 ± 1 95 ± 2 

Kl. lactis CBS 1067 

pH2µ n.d.
pH2µA * 7.6 ± 0.3 96 ± 1 
pH2µAC * 7.4 ± 0.2 95 ± 3 
pAC * 9.6 ± 0.1 100 ± 0 

Kl. marxianus CBS 1574 

pH2µ n.d.
pH2µA 18 ± 0 94 ± 1 
pH2µAC 17 ± 0 95 ± 3 
pAC * 9.5 ± 0.0 100 ± 0 

Cy. jadinii CBS 1600 

pH2µ n.d.
pH2µA n.d.
pH2µAC 8.6 ± 0.6 80 ± 16 
pAC 19 ± 2 96 ± 1 

K. phaffii CBS 2612

pH2µ * 8.8 ± 0 96 ± 0 
pH2µA † 17 ± 0 100 ± 0 
pH2µAC * 8.9 ± 0.1 98 ± 1 
pAC 17 ± 1 91 ± 3 

*: At least one selective plate among the triplicate determinations contained 0 CFU after cultivation for 48 hours in 
non-selective medium. 
†: CFU was detected on all plates, but the relative size between CFU on non-selective plates results in 100% loss after 
rounding. 
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complete plasmid loss (5 CFU compared to 1762 CFU on selective and non-selective media, 

respectively). For Kl. marxianus, the addition of the hARS sequence to the 2µ hybrid plasmids 

seemed to bring the observed plasmids loss frequencies to a comparable level with those seen for 

the S. cerevisiae strains with the same plasmids. Thus, it seemed that for Kl. marxianus, the 

combination of the 2µ sequence with a hARS sequence led to a lower plasmid loss frequency than 

that seen for pAC and most likely also for the non-transforming pH2µ, indicating that combining 2µ 

and hARS could restore some 2µ functionality. 

The observed plasmid loss frequencies showed that 2µ functionality did not have a positive effect on 

stability for most of the tested strains. Surprisingly, this included two of the three S. cerevisiae 

strains, where the 2µ sequence was expected to be functional, since the 2µ plasmid originates from 

this species. In Kl. marxianus, the combined effect of the 2µ and hARS sequences resulted in lower 

plasmid loss frequencies than that observed when the 2µ sequence was absent.  

Fluorescent reporter activity 

Both S. cerevisiae CBS 8803 and Kl. marxianus behaved differently than expected. For the former, by 

exhibiting poor stability for all 2µ hybrid plasmids, and for the latter by exhibiting improved stability 

when combining 2µ and hARS sequences. Since the endogenous 2µ plasmid is known both for being 

present in the host cell at high copy number as well as being highly stable, it was decided to further 

study both of these traits in S. cerevisiae CBS 8803 and Kl. marxianus.  

Thus, it was investigated whether there were differences in the fluorescence of strains carrying the 

different plasmids after growth in selective medium. Single cells of of S. cerevisiae CBS 8803 and Kl. 

marxianus, the parent strains as well as all transformable strain – plasmid combinations, were 

Figure 5: Histograms of the distribution of fluorescence in cell populations of the two yeasts S. cerevisiae CBS 8803 and Kl. 
marxianus CBS 1574 carrying no plasmid or one of the tested plasmids. 
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analysed by flow cytometry, assuming that pHluorin fluorescence could be used as a reporter for 

plasmid copy number, the corresponding histograms can be seen in Figure 5. 

In S. cerevisiae CBS 8803, all strain – plasmid combinations had two distinct cell populations, a low 

fluorescence population (LFP) where the median fluorescence was 900-1000 AFU, slightly higher 

than plasmid-free cells, as well as a high fluorescence population (HFP) with a median fluorescence 

between 6,888 and 22,210 AFU. The median fluorescence of the HFP for strains carrying pH2µ or 

pH2µA was 3-fold higher than for strains carrying pH2µAC or pAC. Thus, there seemed to be a large 

difference in the median fluorescence of the HFP of strains carrying a plasmid with or without a CEN 

sequence. 

Large differences were also seen in the relative sizes of the LFPs and HFPs for the different strain – 

plasmid combinations. The relative size of the HFP was 24, 11, 24 and 70% of the population for 

pH2µ, pH2µA, pH2µAC and pAC, respectively. Thus, there seemed to be a good agreement between 

the relative sizes of the fluorescent populations observed for the different strain – plasmid 

combinations, and the observed plasmid loss frequencies. 

For Kl. marxianus, LFPs and HFPs were only seen for strain – plasmid combinations where the 

plasmid contained a full length 2µ sequence and the hARS sequence. The median fluorescence for 

pH2µAC was 14% higher than for pH2µA. For the strain that carried pAC, there was only a LFP with a 

tail of cells with higher fluorescence, although there did not seem to be a distinct peak for these 

cells. Using an estimate of the median fluorescence of the strain with pAC, the median fluorescence 

of the two applicable 2µ hybrid plasmids seemed to be 4- to 5-fold higher than that seen for pAC.  

In Kl. marxianus, the distribution of fluorescent cells for the two 2µ hybrid plasmids was almost 

identical, the relative size of the HFP was determined to be 28-30%, while there was no distinct HFP 

for pAC. These observations were also in accordance with the observed plasmid loss frequencies 

where an almost complete plasmid loss was seen for pAC, while a lower plasmid loss frequency was 

seen for the applicable 2µ hybrid plasmids. Firstly, this indicated that there was very little functional 

difference between the 2µ hybrid plasmids. Secondly, the presence of a HFP for the 2µ hybrid 

plasmids carrying a hARS sequence, which is not observed for pAC, supports the notion that the both 

the full length 2µ sequence and the hARS sequence participates in a mechanism that appears to 

improve both plasmid stability and plasmid copy number in Kl. marxianus. 

DISCUSSION 

The endogenous 2µ plasmid has been extensively studied to elucidate the mechanisms responsible 

for the efficient segregation and high plasmid copy number seen in in S. cerevisiae. In several of 

these studies, the full length 2µ sequence was used in combination with other elements to study its 

biology. In most of these studies, cloning of foreign DNA into the 2µ plasmid has been achieved 

through restriction-ligation cloning, limiting the integration sites to positions on the plasmid where 

compatible restriction sites are located (Erhart and Hollenberg 1983; Ludwig and Bruschi 1991).  
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None of the most common restriction enzyme recognition sites used for restriction cloning are 

located in the REP1-RAF1 intergenic region, and thus very little is known about the site. The 2µ 

plasmid is likely to be very streamlined with little room for modification; insertion of foreign DNA 

into the EagI site in the REP2-FLP1 intergenic region have been found to be disruptive to the proper 

function of the modified 2µ plasmid, even in the presence of trans-acting factors from the 

endogenous 2µ plasmid (Ludwig and Bruschi 1991). It is probable that insertion of the cassette used 

in this study into the REP1-RAF1 intergenic region could be causing similar issues, strongly affecting 

plasmid stability. After finishing the experiments it was discovered that the HpaI restriction site, 

between the RAF1 open reading frame and the STB locus, has been found to be amenable to 

insertion of foreign DNA without disrupting 2µ plasmid function (Ludwig and Bruschi 1991). This site 

is a natural next step to utilise for further investigation of whether high plasmid stability as well as 

high copy number of the 2µ plasmid can be restored and transferred to more NCYs. 

For the stability experiment, a very large fraction of cells appeared to have lost the plasmid at the 

time of sampling. The error, incurred by the unknown number of generations grown without 

selection in the pre-culture, adds some uncertainty to the stability, it is in principle possible that up 

to 10 additional generations might need to be added to the number of generations observed in 

Table 4. However, for many of the strains it does not change the conclusions if the assumption that 

the concentration of NTC went below the inhibitory concentration roughly at the same time for each 

strain holds, which is reasonable to assume if transport of NTC across the cell membrane is a 

bottleneck in NTC detoxification. Extracellular detoxification of the medium is not expected to be a 

major contributor since the detoxification mechanism is facilitated by an N-acetyltransferase that 

requires acetyl-CoA as an acetyl donor (Krügel et al. 1993; Tsirka et al. 2018). Thus, analysis of the 

data obtained in the experiment was based on the assumption that NTC was eliminated at similar 

rates for each of the nine tested parent strains. 

Differences were seen for the transformation efficiency between S. cerevisiae strains, although the 

transformation efficiency within strains appeared to be roughly similar, indicating that the 

differences were not due to the properties of the plasmids, but more likely due to variation in strain 

transformability or random fluctuations in cell competency. For S. cerevisiae strains, cells carrying 

pAC appeared to be the most stable, which is unsurprising since the CEN6/ARS209 sequence used 

originates from S. cerevisiae, and CEN-containing plasmids are well known for being highly stable 

(Murray and Szostak 1983). The loss rate per generation of CEN/ARS-based plasmids in S. cerevisiae 

has been estimated to be between 3-5% (Gnügge and Rudolf 2017). Based on this range, the plasmid 

loss frequency after 20 generations without selection for plasmid presence would be between 45.6 

and 64.2%, which is close to what was seen for S. cerevisiae CBS 8803 at 66±3%, although higher 

plasmid loss frequencies were observed for S. cerevisiae CBS 405 and S. cerevisiae CBS 1171 at 

91±3% and 78±9%, respectively. The difference might be explained by differential timing of NTC 

detoxification, regardless, it seems that pAC does appear to be among the less stable CEN/ARS type 

plasmids.  
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Comparing pAC with pH2µAC revealed that the stability of the CEN sequence was not shared 

between the two plasmids, since pH2µAC showed a higher plasmid loss frequency in all S. cerevisiae 

strains. A study by Apostol and Greer investigated the effect that carrying a CEN sequence on 2µ 

hybrid plasmids had on plasmid copy number and stability. They found that when the CEN sequence 

was undisturbed, the plasmid copy number was low but stability was high, while destabilisation of 

the CEN sequence by transcription across it lowered stability but increased plasmid copy number 

(Apostol and Greer 1988). The same study also reported that combining 2µ and CEN lowered the 

stability conferred by the CEN sequence.  

For S. cerevisiae CBS 8803, a similar effect was seen for the median fluorescence for the HFPs of pAC 

and pH2µAC which had roughly similar values. However, increased stability was not observed based 

on the plasmid loss frequencies and the relative population sizes of the LFPs and HFPs. This indicates 

that similar effects might be in play for the 2µ hybrid plasmids investigated in this study when 

present in S. cerevisiae. 

The endogenous 2µ plasmid is known to be present at high copy number in S. cerevisiae, and thus it 

would also be expected that cells carrying a 2µ-based hybrid plasmid, without a CEN sequence, 

would give a stronger fluorescent signal than cells carrying a CEN/ARS-based plasmid where there is 

no amplification mechanism. This was indeed observed, the median for the highly fluorescent 

subpopulation of S. cerevisiae CBS 8803 cells carrying pH2µ was roughly 3-fold higher than that seen 

for cells carrying pAC. However, a 3-fold difference is far less than what would be expected from an 

up to 80-fold difference between plasmid copy numbers of 2µ- and CEN/ARS-based plasmids 

(Gnügge and Rudolf 2017). This could indicate either that the average plasmid copy number for 

pH2µ was only three times higher than that of pAC or that there was a non-linear relationship 

between plasmid copy number and cell fluorescence. 

2µ-like plasmids are not exclusive to the Saccharomyces genus, similar plasmids have also been 

discovered in close relatives, e.g. Zygosaccharomyces rouxii (Toh-e, Tada and Oshima 1982), Z. 

bisporus, Z. bailii, Lachancea fermentati (formerly Z. fermentati) (Toh-e et al. 1984; Utatsu et al. 

1987), Kluyveromyces drosophilarum (Falcone et al. 1986), K. waltii (Chen et al. 1992), and 

Torulaspora delbrueckii (Blaisonneau et al. 1997). All these plasmids are similar in size to the 2µ 

plasmid, contain a pair of inverted repeats, exist in high copy number, and can isomerise between 

two different forms. In spite of these similarities, they do not share sequence similarity, except for 

the FLP1 gene homolog that all of these plasmids carry.  

Thus, there was an overlap between some of the genera where 2µ-like plasmids have been 

discovered and the species included in this study. The full length 2µ plasmid has previously been 

demonstrated to be functional in T. delbrueckii (Compagno, Ranzi and Martegani 1989). In this study, 

T. delbrueckii with pH2µ did show comparable plasmid loss frequencies with S. cerevisiae CBS 8803,

while it was less stable than what was seen for the other S. cerevisiae strains; however, for the 

transformation efficiency, T. delbrueckii performed far worse than what was seen for any of the S. 
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cerevisiae strains. Thus, there appears to be possible agreement in the plasmid loss experiment, 

although it depends on the strain used for comparison.  

On the other hand, there seemed to be good agreement between reports on the functionality of the 

full length 2µ plasmid in Kl. lactis, where it was previously observed that it did not replicate or 

segregate as seen in S. cerevisiae (Das and Hollenberg 1982). In this study, transformation with pH2µ 

was not achieved for either Kl. lactis and Kl. marxianus, indicating that the full length 2µ plasmid did 

not function in these strains, which would be in agreement with the observations by Das and 

Hollenberg, since they also noted that the ARS sequence on the 2µ plasmid did not appear to be 

functional (Das and Hollenberg 1982). For both Kluyveromycse strains, the hARS sequence was 

present in all strain – plasmid combinations where transformation was seen. This indicates that the 

replication conferred by hARS was essential for transformation in these strains. It was expected that 

the hARS sequence would allow plasmid replication in Kl. lactis, since the panARS sequence, which is 

included in hARS, was functional in Kl. lactis (Liachko and Dunham 2014). 

The ability of the hARS sequence to rescue 2µ plasmid functionality in Kl. marxianus, while the 

presence of the hARS sequence on the non-2µ plasmid did not confer the same effect, is a strong 

indication that the lack of an ARS functional in Kl. marxianus is, at least in part, responsible for the 

non-functionality of the 2µ plasmid. The stronger fluorescent signal for the HFPs of Kl. marxianus 

carrying pH2µA or pH2µAC compared to pAC indicates that the 2µ hybrid plasmids were present in 

multiple copies.  

For the two strains tested by flow cytometry, a very large fraction of cells were observed to be part 

of a low fluorescence cell population, which was surprising since growth in the experiment had been 

conducted with selection. The high plasmid loss frequencies may be a hint to why this large 

subpopulation comes into existence. One possible cause could be that plasmids with poor 

segregation qualities in a specific strain will lead to a high likelihood of missegration occurring where 

a daughter cell does not inherit the plasmid. Segregation frequency in plasmids where only a 

functional ARS is present has been estimated to be between 47 and 69%, with the vast majority of 

missegregation events leading to only the mother cell receiving at least a single plasmid (Murray and 

Szostak 1983). Thus, poor stability would both lower the rate of viable cells being formed and lead to 

an increasing population of non-plasmid carrying cells, which would explain the observations of the 

flow cytometry experiment. 

CONCLUSIONS AND PERSPECTIVES 

Insertion of foreign DNA into the REP1-RAF1 intergenic region in 2µ plasmid hybrids was found to 

drastically increase the plasmid loss frequency compared to the expected loss for the endogenous 

2µ plasmid during mitotic division. In S. cerevisiae, interference was seen between CEN functionality 

and 2µ plasmids functionality when both sequences were combined on the same plasmid. Contrary 

to this, it was discovered that improved stability and fluorescence signal could be achieved in Kl. 

marxianus from 2µ-based hybrid plasmids which contained an ARS sequence that was functional in 
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the species; similar activity was not observed for the full length 2µ sequence or functional ARS 

sequence separately. This indicates that the cause for lacking 2µ plasmid functionality in the Kl. 

marxianus strain was due to lack of a functional ARS sequence. 

The study presented here will provide a solid basis for further studies into expanding the 

applicability of 2µ hybrid plasmids to NCYs. First of all, it is encouraging that the combination of the 

full length 2µ sequence with an ARS that works in Kl. marxianus showed activity that resembled 

what would be expected from 2µ-like activity, i.e. improved stability and high plasmid copy 

numbers.  

Regarding plasmid design, with the knowledge that the HpaI site on the 2µ plasmid is more 

amenable to engineering with less effect on plasmid functionality, it is clear that this site should be 

used for the next generation of 2µ hybrid plasmids. In this study, the S. cerevisiae CEN and ARS 

sequences were not investigated separately, while the S. cerevisiae ARS activity is of less interest 

since its applicability is likely to be narrower than that of hARS, the CEN sequence should be 

evaluated alone for its ability to confer stability. Alternatively, CEN sequences from non-S. cerevisiae 

species could also be investigated for their ability to confer stability. 

For testing of plasmid stability, further studies should also investigate the fraction of cells that 

carried the plasmid after the selective growth phase as this would mitigate the uncertainty that was 

seen for the same experiment made in this study. Finally, while fluorescence from a gene product 

encoded on the plasmid is a useful reporter for plasmid copy number, particularly for flow 

cytometry, copy numbers should be determined by methods that directly quantify the copy number, 

e.g. quantitative PCR.
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CHAPTER 7 – CONCLUSIONS, PERSPECTIVES AND FINAL REMARKS 

The goal of the DIVERSIFY project was to make non-conventional yeasts (NCYs) more accessible to 

facilitate the exploration of their potential as cell factories, and it is by this ambition that this thesis has 

been formed, shaped and created. Due to the sheer number of yeast species and strains in existence, it 

has, of course, not been possible to assess the full diversity that NCYs truly encompass in this text, which 

would be a genuinely titanic endeavour. This thesis contains two parts; a theoretical section which aims 

to educate the reader, particularly if the reader has little experience with yeast in general, NCYs, or 

protein expression, as well as an experimental section that aims to explore and expand the options and 

opportunities that NCYs provide. Here only the experimental section will be further elaborated on. The 

three studies described in this thesis concern themselves with two main areas; the physiological 

characterisation of NCYs (chapter 4), and development of tools to enable simpler screening of NCYs to 

identify potentially superior production hosts (chapters 5 and 6). This has mainly been done by studying 

several yeast species using broadly applicable methods and tools to provide a comparable and coherent 

picture, instead of the patchwork of information that one often has to collect to compare different 

strains and species. 

CHAPTER 4 – COMPARATIVE PHYSIOLOGICAL CHARACTERISATION OF NON-

CONVENTIONAL YEASTS’ TOLERANCE TOWARDS REDOX STRESS USING A QUANTIFIABLE 

GROWTH ASSAY

While the few select species that are seeing common use as production hosts have been physiologically 

characterised to various degrees, this is not the case for most NCYs. Comparable data, generated using a 

reliable method, provides an easily manageable platform for selecting strains that fit a given bioprocess. 

With this in mind, submerged microcultivation-based growth assays were performed for 24 strain that 

quantified the growth on various carbon sources, determined the pH optima for 19 out of the 24 strains, 

and quantified tolerance towards various redox agents. Performing a submerged cultivation-based 

growth assay to quantify redox agent tolerance appears to be a novel approach, and it is expected that 

performing these studies by such an assay more closely resembles the true environment where these 

redox stresses may be relevantly encountered, i.e. a bioreactor. 

Physiological characterisation of yeasts used for submerged cultivations, should ideally also be 

characterised in submerged cultivations, and the presented growth assay provides an example of how 

this may be done, as well as how the raw data may be quantified and analysed. It would be ideal to 

investigate whether the observations on growth parameters and stress tolerance seen in this study are 

descriptive of larger scale cultivations. If that is the case, then there is a wide range of stresses that 
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could be interesting to investigate to improve bioprocesses for all kinds of products where yeasts are 

involved. 

PLASMID-BASED APPROACHES FOR SCREENING AND FOR GENE EXPRESSION IN NON-

CONVENTIONAL YEASTS

If one takes a transformable wild type yeast strain and is interested in studying its ability to produce a 

heterologous product, one is presented with the problem of which route to use for propagation and 

replication. Generally, there are two options for replication and segregation, either the gene is 

integrated into the genome and then segregated and replicated with the chromosome, or the gene is 

carried on an episomal plasmid which usually replicates by similar means as a chromosome, and either 

segregates randomly or by interactions with the host cell machinery. Here episomal expression was 

explored as a tool for screening species diversity among the NCYs (chapter 5), and efforts were made to 

develop a broadly applicable high copy-number plasmid based on the S. cerevisiae 2µ plasmid (chapter 

6). 

CHAPTER 5 – SCREENING OF NON-CONVENTIONAL YEASTS FOR THEIR POTENTIAL AS 

SUPERIOR HOSTS FOR HETEROLOGOUS PROTEIN PRODUCTION

For screening of NCYs for their potential as production hosts of heterologous proteins, a simple but 

versatile plasmid design was created that allowed for screening of several species using the same 

plasmid (chapter 5). There were multiple challenges that needed to be overcome to construct a plasmid 

that could be applied in many species, i.e. a broadly active promoter was required, the plasmid needed 

to be able to replicate in many species, and the plasmid also needed to be able to segregate. In this 

study, the TEF1 promoter from Saccharomyces cerevisiae and Blastobotrys adeninivorans were tested 

for their ability to express a florescent protein, both promoters were found to be broadly applicable. The 

B. adeninivorans TEF1 promoter was found to facilitate a similar or stronger level of fluorescence in the

majority of species tested, when compared to the S. cerevisiae TEF1 promoter. To ensure replication of 

the plasmid in a wide range of species, an in-house ARS sequence, hybrid ARS (hARS), was used that was 

a further development of the panARS sequence (Liachko and Dunham 2014). A S. cerevisiae CEN6 was 

used to facilitate segregation by the chromosomal segregational machinery. However, it is likely that this 

element has a relatively narrow application since centromere sequences evolve rapidly, and point 

centromeres are a unique feature of the Saccharomycetaceae. Random segregation is likely the 

predominant mechanism in strains where S. cerevisiae CEN6 is inactive (Malik and Henikoff 2009; Dujon 

2010). Finally, the NatMX cassette, conferring resistance to the antibiotic nourseothricin, allowed for 

selection for plasmid presence. These elements ensured the broad range applicability of the plasmids, 
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demonstrated by the ability of the plasmids to be transformed into S. cerevisiae, Komagataella phaffii, 

and Schizosaccharomyces pombe representing more than 500 million years of evolution since the last 

common ancestor (Douzery et al. 2004).  

Ultimately, using only two plasmids, one expressing eGFP and the other expressing the difficult-to-

produce protein Armillaria mellea peptidyl-Lys metallopeptidease (LysN), among 8 species (10 strains) 

the NCY Naomovozyma castellii CBS 4309 was identified as a promising candidate for production of 

LysN. This provided an example of how the system could be applied to screen for better producers of 

various proteins, given that a quantifiable assay for detection of the secreted protein of interest is in 

place. The fluorescence gives an estimate of the strength of the used promoters, although other factors 

may also influence the fluorescence of cells, e.g. folding capacity in the cytosol, oxygen availability, and 

autofluorescence of cells and media components. However, assuming that fluorescence is proportional 

to promoter activity, as was demonstrated in this study, comparison of heterologous protein titer and 

fluorescence can provide an estimate of the host organism performance. 

The power of the proposed system lies in its simple design, making it easily applied in many 

transformable yeast species at once. If the simplicity of the system was sacrificed, the system could be 

expanded into a family of plasmids including combinations of various widely applicable promoters and 

signal peptides, to cover different expression levels and preference for co-translational or post-

translational translocation.  

The challenges that this system may meet is: 1) strains that are difficult to transform, although this 

would be a challenge for any screening, and 2) non-functionality of the plasmid design. Regarding the 

latter challenge, there will certainly be species where the system is not applicable, one possible example 

could be Lachancea thermotolerans CBS 137. In this strain it seemed plausible that the tested plasmid 

was highly unstable and that formation of a healthy colony could likely only occur by genomic 

integration of the plasmid. However, that is one of the compromises that must be accepted when 

screening using a broad-range simple system: It will never work in all strains. An alternative to screening 

by a plasmid system like the one used here, would be to simply do screening by random genomic 

integration of genes of interest, which would overcome issues with replication and segregation. 

The plasmids described in chapter 5 functioned either mainly as centromeric or replicative plasmids, 

depending on the functionality of S. cerevisiae CEN6 in the tested strain. However, the endogenous 2µ 

plasmid of S. cerevisiae is known to be almost as stable as chromosomes and to be present in high copy 

number. High copy-number and highly stable plasmid-based expression in NCYs would be a useful tool if 

it could be developed. The presence of 2µ-like plasmids in other yeast species provides hope that such 

an ambition is possible, although a significant amount of work is required to make it a reality.  
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CHAPTER 6 – ENGINEERING OF THE 2µ PLASMID OF SACCHAROMYCES CEREVISIAE FOR 

APPLICATION IN NON-CONVENTIONAL YEASTS 

Chapter 6 investigated this ambition by testing whether the full length 2µ plasmid can be adapted for 

other yeast species. This was done by constructing 2µ hybrid plasmids with either hARS or hARS, S. 

cerevisiae CEN6 and S. cerevisiae ARS209 inserted in the plasmid and comparing to a 2µ hybrid plasmid 

with no additional elements or a plasmid with hARS and CEN6/ARS209 but no 2µ sequence. Testing the 

transformability, and subsequently the stability of all transformed strains revealed that the plasmids 

were replicated episomally and that they were surprisingly unstable. S. cerevisiae CBS 8803 and 

Kluyveromyces marxianus CBS 1574 showed interesting behaviour, by the 2µ hybrid plasmids either 

being less stable than expected, or the 2µ hybrid plasmids carrying hARS being more stable than 

expected. These two strains were studied by flow cytometry. The behaviour of S. cerevisiae carrying the 

different plasmids seemed to be in agreement with previous studies, with 2µ plasmids without a CEN 

sequence showing higher fluorescence than when a CEN sequence was present (Apostol and Greer 

1988). The 2µ hybrid plasmid carrying hARS, when present in Kl. marxianus, exhibited another hallmark 

of the endogenous 2µ plasmid, higher expression, when compared to the non-2µ plasmid. Thus, Kl. 

marxianus showed that plasmid engineering efforts may enable the restoration of 2µ functionality in 

NCYs. 

However, it was still seen that 2µ functionality was not restored in most of the studied yeasts. As 

previously discussed, a part of the explanation for this may be the insertion site used in the 2µ plasmid, 

and an alternative insertion site will likely provide a better chance of retaining 2µ functionality, 

particularly in S. cerevisiae where it appeared to be lost. There are several other avenues that could be 

explored in attempting to restore the 2µ functionality of 2µ hybrid plasmids in NCYs. 

Lack of promoter activity from the 2µ promoters could be a plausible explanation for lacking 

functionality of the 2µ hybrid plasmids in NCYs. One solution could be swapping out the 2µ plasmid 

promoters with promoters that have a wider range of applicability, which could restore the expression 

of the 2µ-borne genes. A challenge to this proposition is of course that it would not only be required to 

restore promoter function but also the 2µ plasmid regulation that ensures its high copy number in S. 

cerevisiae. Great strides have been made in the development of synthetic circuits for transcriptional 

regulation and synthetic transcription repressors based on nuclease-deficient CRISPR-associated 

endonucleases, e.g. dCas9, for synthetic biology and if either of these methods might be able to provide 

the regulation needed (Jensen et al. 2017; Rantasalo et al. 2018). 

FINAL REMARKS 

While this thesis have delved into the potential of NCYs as cell factories, it is clear that it has only just 

scratched the surface of this expansive topic. There is no doubt an enormous potential among the 
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undiscovered and uncharacterised yeast species and strains that exist. NCYs may be able to solve many 

of the issues that humanity is met with. The meddle of yeasts have been pioneered by S. cerevisiae and 

the commonly used NCYs for producing a wide array of useful products that provides the opportunity 

for longer healthier lives and a more sustainable use of resources. It is my hope that the thoughts, 

results and observations reported and discussed in this thesis will provide a small push towards the 

wider application of NCYs. 
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APPENDIX 1 – GROWTH CURVES FOR ALL 24 YEAST STRAINS TESTED IN 

CHAPTER 4 

Growth curves of all 24 yeast strains tested in chapter 4. The strain and condition tested (carbon source, 

initial pH, or presence of either H2O2, menadione or dithiothreitol) is indicated above each set of growth 

curves, and each sub-plot supplies information on the specific carbon source, pH or redox agent 

concentration. 
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APPENDIX 2 – LOG-TRANSFORMED RATIO OF MAXIMUM GROWTH RATE OR 

OD600 AS A FUNCTION OF REDOX AGENT CONCENTRATION 

Relative maximum growth rate or OD600 titer (black circles) for the tested yeast library when exposed to 

various concentrations of H2O2, menadione or DTT, and trend lines (blue lines) describing the best linear 

fit detected in the data.  

151



152



153



154



155



156



157



APPENDIX 3 – HUMAN SERUM ALBUMIN DETECTED BY SDS-PAGE GELS OF 

SUPERNATANT FROM PDIV413- AND PDIV419-CARRYING YEAST STRAINS 

CULTIVATED IN EITHER YPD (A) OR SC+CAS (B) 

Alternating full and dashed horizontal lines indicate the lanes associated with the strain listed above the 

line. Three lanes were run for each promoter, as indicated by the promoter names below the line. 
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APPENDIX 4 – FULL DATA SET FOR CALCULATION OF PLASMID LOSS 

FREQUENCIES IN CHAPTER 6 

Total doublings: Total number of doublings detected by repeated OD600 during non-selective growth. 

Dilution: Dilution used for plating 

Perm. count: Number of colonies counted on permissive (YPD) plates 

Sel. Count: Number of colonies counted on selective plates (YPD + 100 µg/mL nourseothricin) 

Loss frequency: Calculated plasmid loss frequencies 

Used for calc: Used for plasmid loss frequency calculation in Table 4 of chapter 6 
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Genus Species

Strain 

(CBS) Plasmid

Total 

doublings Dilution

Perm. 

count 

(CFU)

Sel. Count 

(CFU)

Loss 

frequency 

(%)

Used 

for calc

Saccharomyces cerevisiae 8803 pH2µ 7.5 10^5 230 3 98.7 Yes

Saccharomyces cerevisiae 8803 pH2µ 7.5 10^5 233 9 96.1 Yes
Saccharomyces cerevisiae 8803 pH2µ 7.5 10^5 234 13 94.4 Yes

Saccharomyces cerevisiae 8803 pH2µ 18.6 10^5 144 1 99.3 No

Saccharomyces cerevisiae 8803 pH2µ 18.3 10^5 258 4 98.4 No
Saccharomyces cerevisiae 8803 pH2µ 18.8 10^5 147 0 100.0 No

Saccharomyces cerevisiae 8803 pH2µA 7.8 10^5 238 3 98.7 Yes

Saccharomyces cerevisiae 8803 pH2µA 8.8 10^5 183 6 96.7 Yes
Saccharomyces cerevisiae 8803 pH2µA 7.8 10^5 223 4 98.2 Yes

Saccharomyces cerevisiae 8803 pH2µA 16.7 10^5 271 6 97.8 No

Saccharomyces cerevisiae 8803 pH2µA 18.3 10^5 104 0 100.0 No
Saccharomyces cerevisiae 8803 pH2µA 17.4 10^5 224 2 99.1 No

Saccharomyces cerevisiae 8803 pH2µAC 17.1 10^5 143 1 99.3 Yes

Saccharomyces cerevisiae 8803 pH2µAC 16.8 10^5 262 1 99.6 Yes
Saccharomyces cerevisiae 8803 pH2µAC 16.7 10^5 117 3 97.4 Yes

Saccharomyces cerevisiae 8803 pAC 17.7 10^5 205 69 66.3 Yes

Saccharomyces cerevisiae 8803 pAC 17.7 10^5 135 51 62.2 Yes
Saccharomyces cerevisiae 8803 pAC 17.7 10^5 245 78 68.2 Yes

Saccharomyces cerevisiae 405 pH2µ 18.7 10^5 63 3 95.2 Yes

Saccharomyces cerevisiae 405 pH2µ 19.7 10^5 82 3 96.3 Yes
Saccharomyces cerevisiae 405 pH2µ 17.8 10^5 39 1 97.4 Yes

Saccharomyces cerevisiae 405 pH2µA 18.2 10^5 100 1 99.0 Yes

Saccharomyces cerevisiae 405 pH2µA 18.5 10^5 48 2 95.8 Yes
Saccharomyces cerevisiae 405 pH2µA 19.9 10^5 133 2 98.5 Yes

Saccharomyces cerevisiae 405 pH2µAC 8.9 10^5 142 4 97.2 Yes

Saccharomyces cerevisiae 405 pH2µAC 8.9 10^5 103 1 99.0 Yes
Saccharomyces cerevisiae 405 pH2µAC 9.0 10^5 127 5 96.1 Yes

Saccharomyces cerevisiae 405 pH2µAC 19.8 10^5 92 0 100.0 No

Saccharomyces cerevisiae 405 pH2µAC 19.3 10^5 122 0 100.0 No
Saccharomyces cerevisiae 405 pH2µAC 19.5 10^5 107 0 100.0 No

Saccharomyces cerevisiae 405 pAC 17.9 10^5 56 7 87.5 Yes

Saccharomyces cerevisiae 405 pAC 18.3 10^5 53 5 90.6 Yes
Saccharomyces cerevisiae 405 pAC 17.3 10^5 67 4 94.0 Yes

Saccharomyces cerevisiae 1171 pH2µ 17.2 10^5 64 11 82.8 Yes

Saccharomyces cerevisiae 1171 pH2µ 17.2 10^5 46 11 76.1 Yes
Saccharomyces cerevisiae 1171 pH2µ 17.2 10^5 45 11 75.6 Yes

Saccharomyces cerevisiae 1171 pH2µA 19.2 10^5 49 6 87.8 Yes

Saccharomyces cerevisiae 1171 pH2µA 19.1 10^5 45 2 95.6 Yes
Saccharomyces cerevisiae 1171 pH2µA 19.2 10^5 35 2 94.3 Yes

Saccharomyces cerevisiae 1171 pH2µAC 18.8 10^5 66 4 93.9 Yes

Saccharomyces cerevisiae 1171 pH2µAC 19.3 10^5 23 2 91.3 Yes
Saccharomyces cerevisiae 1171 pH2µAC 16.6 10^5 50 4 92.0 Yes
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Genus Species

Strain 

(CBS) Plasmid

Total 

doublings Dilution

Perm. 

count 

(CFU)

Sel. Count 

(CFU)

Loss 

frequency 

(%)

Used 

for calc

Saccharomyces cerevisiae 1171 pAC 16.7 10^5 43 9 79.1 Yes

Saccharomyces cerevisiae 1171 pAC 17.2 10^5 55 19 65.5 Yes

Saccharomyces cerevisiae 1171 pAC 18.2 10^5 26 3 88.5 Yes

Naomovozyma castelli 4309 pH2µ 17.2 10^5 67 1 98.5 Yes

Naomovozyma castelli 4309 pH2µ 17.5 10^5 57 2 96.5 Yes

Naomovozyma castelli 4309 pH2µ 16.9 10^5 91 3 96.7 Yes

Naomovozyma castelli 4309 pH2µA 8.1 10^5 120 4 96.7 Yes

Naomovozyma castelli 4309 pH2µA 8.1 10^5 142 3 97.9 Yes

Naomovozyma castelli 4309 pH2µA 8.1 10^5 167 16 90.4 Yes

Naomovozyma castelli 4309 pH2µA 18.6 10^5 15 0 100.0 No

Naomovozyma castelli 4309 pH2µA 18.7 10^5 26 6 76.9 No

Naomovozyma castelli 4309 pH2µA 18.3 10^5 87 6 93.1 No

Naomovozyma castelli 4309 pH2µAC 18.8 10^5 20 7 65.0 Yes

Naomovozyma castelli 4309 pH2µAC 17.4 10^5 16 6 62.5 Yes

Naomovozyma castelli 4309 pH2µAC 17.4 10^5 54 8 85.2 Yes

Naomovozyma castelli 4309 pAC 16.9 10^5 13 8 38.5 Yes

Naomovozyma castelli 4309 pAC 20.6 10^5 49 14 71.4 Yes

Naomovozyma castelli 4309 pAC 19.0 10^5 20 1 95.0 Yes

Torulaspora delbrueckii 6795 pH2µ 17.8 10^5 616 5 99.2 Yes

Torulaspora delbrueckii 6795 pH2µ 17.9 10^5 574 3 99.5 Yes

Torulaspora delbrueckii 6795 pH2µ 15.9 10^5 530 3 99.4 Yes

Torulaspora delbrueckii 6795 pH2µA 8.7 10^5 555 104 81.3 Yes

Torulaspora delbrueckii 6795 pH2µA 8.7 10^5 570 69 87.9 Yes

Torulaspora delbrueckii 6795 pH2µA 8.6 10^5 431 20 95.4 Yes

Torulaspora delbrueckii 6795 pH2µA 15.9 10^5 397 20 95.0 No

Torulaspora delbrueckii 6795 pH2µA 16.5 10^5 797 2 99.7 No

Torulaspora delbrueckii 6795 pH2µA n.d. 10^5 443 0 100.0 No

Torulaspora delbrueckii 6795 pH2µAC 8.7 10^5 468 23 95.1 Yes

Torulaspora delbrueckii 6795 pH2µAC 8.5 10^5 426 16 96.2 Yes

Torulaspora delbrueckii 6795 pH2µAC 8.7 10^5 478 5 99.0 Yes

Torulaspora delbrueckii 6795 pH2µAC 18.2 10^5 497 3 99.4 No

Torulaspora delbrueckii 6795 pH2µAC 20.2 10^5 465 0 100.0 No

Torulaspora delbrueckii 6795 pH2µAC n.d. 10^5 21 0 100.0 No

Torulaspora delbrueckii 6795 pAC 16.0 10^5 543 28 94.8 Yes

Torulaspora delbrueckii 6795 pAC 16.4 10^5 350 10 97.1 Yes

Torulaspora delbrueckii 6795 pAC 17.2 10^5 489 35 92.8 Yes

Kluyveromyces lactis 1067 pH2µA 7.2 10^5 175 6 96.6 Yes

Kluyveromyces lactis 1067 pH2µA 7.9 10^5 299 17 94.3 Yes

Kluyveromyces lactis 1067 pH2µA 7.6 10^5 234 9 96.2 Yes

Kluyveromyces lactis 1067 pH2µA 16.3 10^5 732 1 99.9 No

Kluyveromyces lactis 1067 pH2µA 16.1 10^5 339 0 100.0 No

Kluyveromyces lactis 1067 pH2µA 16.9 10^5 620 0 100.0 No
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Genus Species

Strain 

(CBS) Plasmid

Total 

doublings Dilution

Perm. 

count 

(CFU)

Sel. Count 

(CFU)

Loss 

frequency 

(%)

Used 

for calc

Kluyveromyces lactis 1067 pH2µAC 7.5 10^5 221 6 97.3 Yes

Kluyveromyces lactis 1067 pH2µAC 7.2 10^5 157 14 91.1 Yes

Kluyveromyces lactis 1067 pH2µAC 7.4 10^5 284 12 95.8 Yes

Kluyveromyces lactis 1067 pH2µAC 16.7 10^5 415 1 99.8 No

Kluyveromyces lactis 1067 pH2µAC 16.3 10^5 620 1 99.8 No

Kluyveromyces lactis 1067 pH2µAC 16.4 10^5 342 0 100.0 No

Kluyveromyces lactis 1067 pAC 9.5 10^5 763 0 100.0 Yes

Kluyveromyces lactis 1067 pAC 9.5 10^5 800 0 100.0 Yes

Kluyveromyces lactis 1067 pAC 9.7 10^5 807 1 99.9 Yes

Kluyveromyces lactis 1067 pAC 18.1 10^5 562 0 100.0 No

Kluyveromyces lactis 1067 pAC 18.0 10^5 491 0 100.0 No

Kluyveromyces lactis 1067 pAC 17.9 10^5 551 0 100.0 No

Kluyveromyces marxianus 1574 pH2µA 18.2 10^5 224 14 93.8 Yes

Kluyveromyces marxianus 1574 pH2µA 18.0 10^5 263 17 93.5 Yes

Kluyveromyces marxianus 1574 pH2µA 18.2 10^5 198 8 96.0 Yes

Kluyveromyces marxianus 1574 pH2µAC 16.2 10^6 38 1 97.4 Yes

Kluyveromyces marxianus 1574 pH2µAC 16.7 10^6 32 3 90.6 Yes

Kluyveromyces marxianus 1574 pH2µAC 16.7 10^5 305 10 96.7 Yes

Kluyveromyces marxianus 1574 pAC 9.5 10^5 615 0 100.0 Yes

Kluyveromyces marxianus 1574 pAC 9.4 10^5 564 2 99.6 Yes

Kluyveromyces marxianus 1574 pAC 9.5 10^5 583 3 99.5 Yes

Kluyveromyces marxianus 1574 pAC 17.9 10^5 350 0 100.0 No

Kluyveromyces marxianus 1574 pAC 11.6 10^5 192 0 100.0 No

Kluyveromyces marxianus 1574 pAC 18.1 10^5 97 0 100.0 No

Cyberlindnera jadinii 1600 pH2µAC 9.2 10^5 478 171 64.2 Yes

Cyberlindnera jadinii 1600 pH2µAC 8.0 10^5 243 8 96.7 Yes

Cyberlindnera jadinii 1600 pH2µAC n.d. 10^5 315 206 34.6 No

Cyberlindnera jadinii 1600 pH2µAC 22.3 10^5 2 1 50.0 No

Cyberlindnera jadinii 1600 pH2µAC n.d. 10^5 0 0 #DIV/0! No

Cyberlindnera jadinii 1600 pAC 15.9 10^5 283 11 96.1 Yes

Cyberlindnera jadinii 1600 pAC 20.5 10^5 400 7 98.3 Yes

Cyberlindnera jadinii 1600 pAC 21.0 10^5 419 22 94.7 Yes

Komagataella phaffii 2612 pH2µ 8.7 10^5 1193 49 95.9 Yes

Komagataella phaffii 2612 pH2µ 8.7 10^5 1112 40 96.4 Yes

Komagataella phaffii 2612 pH2µ 8.8 10^5 952 38 96.0 Yes

Komagataella phaffii 2612 pH2µ 16.2 10^5 385 0 100.0 No

Komagataella phaffii 2612 pH2µ 16.5 10^5 456 1 99.8 No

Komagataella phaffii 2612 pH2µ 16.0 10^5 268 4 98.5 No

Komagataella phaffii 2612 pH2µA 16.9 10^5 315 1 99.7 Yes

Komagataella phaffii 2612 pH2µA 17.3 10^5 318 1 99.7 Yes

Komagataella phaffii 2612 pH2µA 17.4 10^5 332 3 99.1 Yes
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Komagataella phaffii 2612 pH2µAC 8.8 10^5 2896 78 97.3 Yes

Komagataella phaffii 2612 pH2µAC 8.9 10^5 1808 22 98.8 Yes

Komagataella phaffii 2612 pH2µAC 8.8 10^5 1200 19 98.4 Yes

Komagataella phaffii 2612 pH2µAC 17.7 10^5 513 1 99.8 No

Komagataella phaffii 2612 pH2µAC 16.4 10^5 466 0 100.0 No

Komagataella phaffii 2612 pH2µAC 15.6 10^5 432 0 100.0 No

Komagataella phaffii 2612 pAC 15.9 10^5 461 49 89.4 Yes

Komagataella phaffii 2612 pAC 17.9 10^5 372 41 89.0 Yes

Komagataella phaffii 2612 pAC 17.9 10^5 249 12 95.2 Yes
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