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5 

Summary 
 

Microorganisms, enhanced by genetic engineering, are important cell factories for 

conversion of renewable feedstocks into fuels, chemicals, biomaterials, nutraceuticals 

and drugs. Microbial synthesis of these products from chemically simple carbon 

substrates often requires a net input of free energy in the form of ATP, which is typically 

provided by respiration in aerobic bioprocesses. In such processes, oxidation of a 

fraction of the substrate with oxygen releases carbon dioxide and water as final 

products and provides the ATP that is needed for product formation as well as for 

maintenance requirements and cellular growth. 

In aerobic bioprocesses, the poor solubility of oxygen in water imposes rate 

limitations.  Improvement of oxygen transfer by measures such as aeration and mixing, 

as well as cooling to compensate for respiration-associated heat generation, are major 

contributors to the cost of aerobic processes in microbial biotechnology. Since oxygen- 

and substrate requirements for ATP provision are negatively correlated to the ATP yield 

on oxygen from respiratory metabolism, one approach to alleviate these disadvantages 

and at the same time improve product yields of aerobic processes is to increase the ATP 

yield of respiration. An important factor that affects this respiratory efficiency is the 

composition of the respiratory electron-transport chain, into which electrons released 

by substrate dissimilation can enter at different points. Many eukaryotic cell factories 

can express both the efficiently-coupled (proton-pumping) Complex-I NADH 

dehydrogenase and less efficient alternative NADH dehydrogenases as entry points for 

electrons. Due to their difference in coupling efficiency, the relative contribution of 

these NADH dehydrogenases strongly influences the overall efficiency of ATP 

generation. A better understanding of condition-dependent expression and 

physiological relevance of the various NADH dehydrogenases would enable a rational 

design of strains and process conditions for increased production rates and yields. 

Strains currently used for industrial production have not been selected based on 

their efficiency in respiratory coupling. For example, the highly popular yeast 

Saccharomyces cerevisiae does not possess the efficient Complex-I NADH 

dehydrogenase. The research presented in this thesis therefore focuses on two closely 

related Crabtree-negative yeasts, Ogataea parapolymorpha and Ogataea polymorpha, 

which were previously named Hansenula polymorpha and Pichia angusta. Not only do 

these yeasts possess a Complex-I NADH dehydrogenase, but they also exhibit other 

industrially relevant properties such as thermotolerance and methylotrophy. 

Investigating the role of respiratory efficiency in yeast physiology requires 

knowledge on cellular mechanisms and pathways, which can for example be gained by 

investigating the physiological effects of targeted gene knockouts. One way to achieve 
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such knockouts is to develop efficient and effective genetic engineering methods. To 

make the potential of the recently established CRISPR-Cas9 system available for use in 

O. parapolymorpha and O. polymorpha, a Cas9-based genome editing tool was 

developed and described in Chapter 2. Such tools are typically based on species-

specific plasmids and expression cassettes for Cas9 and guide-RNA expression, thereby 

limiting their use to a single species. CRISPR-Cas9 tools that function in multiple yeast 

species could contribute to an acceleration of research on non-conventional yeasts, for 

most of which fewer genetic tools are available. Therefore, in the research described in 

Chapter 2 a multi-species plasmid carrying a pangenomic origin of replication was 

constructed that carried constitutive expression cassettes for Cas9 and ribozyme-

flanked gRNAs. Its functionality was tested in two Ogataea species and also two 

Kluyveromyces species by targeting their ADE2 orthologs. In O. polymorpha and 

O. parapolymorpha, Ade- mutants were not observed directly after transformation. 

However, when transformed cells were incubated in liquid medium for several days, 

ADE2 targeting efficiencies between 9% and 63% were achieved, providing a 

straightforward and marker-free method for gene disruption mediated by 

non-homologous end joining (NHEJ). This system was then used to obtain an 

O. parapolymorpha ku80 mutant, deficient in NHEJ, which enabled the marker-free 

deletion of ADE2 by homologous recombination (HR), albeit at low efficiencies (<1%). 

Expression of a polycistronic gRNA array, consisting of two linked ribozyme-flanked 

gRNAs, also enabled simultaneous disruption of ADE2 and YNR1 in O. parapolymorpha. 

When tested in K. lactis and K. marxianus, the developed CRISPR-Cas9 tool achieved 

near-perfect targeting of the ADE2 locus (≥96%), with at least 24% of transformants 

integrating a co-transformed DNA fragment via HR. These results indicate that this 

multi-species CRISPR-Cas9 tool might be applicable to other Saccharomycotina yeasts. 

Despite the utilization of O. parapolymorpha and O. polymorpha for large-scale 

recombinant-protein production and numerous academic studies on their methanol 

metabolism, the growth energetics of these yeasts in aerobic cultures have not been 

comprehensively evaluated. In Chapter 3, the physiology of two industrially relevant 

wild-type strains of O. parapolymorpha and O. polymorpha was investigated in 

synthetic, glucose-containing medium under aerobic conditions. First, shake-flask 

cultures were utilized to determine specific growth rates at temperatures ranging from 

30 to 49°C, with cultures at 40°C exhibiting the highest specific growth rates. 

Subsequently, growth physiology was quantified in tightly controlled bioreactor-grown 

batch- and chemostat cultures (D = 0.1 h-1) at 30 and 40°C to establish a wild-type strain 

baseline physiology. Both O. parapolymorpha and O. polymorpha showed a fully 

respiratory metabolism under the tested conditions, and exhibited biomass yields of 

~0.5 g biomass dry weight per g glucose in both batch- and chemostat cultures. 
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Exact experimental procedures and data contexts, such as highly controlled 

bioreactor setups and connected analytics, are often not adequately captured by 

materials and methods sections of academic journals, despite having a potentially large 

impact on the recorded research outcome. The complex but standardized experimental 

work performed in Chapter 3 was therefore used to evaluate a software package with 

the goal of addressing this challenge. The software utilizes flow sheets for systematic 

definition of experimental procedures, acquires and analyses data, and supports 

automatic linking of the generated data to the used procedures. While initial definition 

of the numerous experimental procedures was time intensive, they could afterwards 

easily be combined into the more complex shake-flask and bioreactor cultivation 

procedures needed for quantitative studies of microbial physiology. Furthermore, easy 

export of the captured, annotated data in an accessible form for data analysis allowed 

the removal of bias by efficient (scripted) calculation of the physiological strain 

properties. 

The use of Complex-I NADH dehydrogenase instead of alternative NADH 

dehydrogenase for respiratory oxidation of NADH is expected to increase the ATP yield 

on the energy substrate and oxygen. However, as demonstrated in Chapter 3, 

O. parapolymorpha and O. polymorpha, which both contain the genes required for 

synthesis of the Complex-I NADH dehydrogenase, exhibited the same biomass yields on 

glucose as yeasts such as S. cerevisiae that have lost Complex I. Therefore, the research 

described in Chapter 4 investigated the physiological importance of Complex I in 

O. parapolymorpha. To this end, a Complex I-deficient mutant was constructed using the 

CRISPR-Cas9 tool described in Chapter 2. Then, the wild-type strain and the congenic 

Complex I-deficient strain of O. parapolymorpha were grown on glucose in aerobic 

bioreactors operated in batch and chemostat mode. In batch cultures, both strains 

exhibited the same fully respiratory metabolism, growth rate and biomass yield, 

indicating that under these conditions, Complex I does not (notably) contribute to 

respiratory oxidation of NADH in O. parapolymorpha. In glucose-limited chemostat 

cultures, both strains again grew with a fully respiratory metabolism, however the 

Complex I-deficient mutant exhibited a 16 and 30% lower biomass yield on glucose and 

oxygen, respectively. This observation is consistent with a considerably lower efficiency 

of respiration in the Complex I-deficient mutant and suggests NADH oxidation by 

alternative NADH dehydrogenase in this strain under glucose-limited conditions at a 

specific growth rate of 0.1 h-1. Chapter 4 also describes a characterization of both 

O. parapolymorpha strains in retentostat cultures that allowed for a physiological 

comparison down to specific growth rates of approximately 0.001 h-1, corresponding to 

doubling times of nearly one month. Compared to faster growing chemostat cultures, 

both wild-type and Complex I-deficient O. parapolymorpha were found to be capable of 

significantly reducing their maintenance energy requirements under these conditions, 
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and thus exhibited a ‘stringent response’-like behavior. Data from quantitative 

transcriptome and proteome analyses performed on the batch-, chemostat- and 

retentostat cultures used throughout Chapter 4 were consistent with physiological 

observations and indicated condition-dependent expression patterns of Complex I and 

alternative NADH dehydrogenases. 

The results obtained in Chapter 4 indicated that O. parapolymorpha harbors a 

branched respiratory chain that is able to oxidize NADH both via proton-pumping 

Complex-I NADH dehydrogenase and via one or multiple alternative NADH 

dehydrogenases. Whether such an alternative dehydrogenase can replace the function 

of Complex I in the oxidation of mitochondrial NADH depends on whether it is 

functionally expressed and exhibits suitable properties for NADH oxidation in the 

mitochondrial matrix. Chapter 5 investigates the physiological role, localization and 

substrate specificity of the alternative NADH dehydrogenases of O. parapolymorpha. To 

this end, strains with various combinatorial deletions in structural genes encoding 

Complex I and alternative NADH dehydrogenases were constructed by a combination 

of using the CRISPR-Cas9 tool developed in Chapter 2 as well as classical marker-based 

methods. The physiology of wild-type and mutant O. parapolymorpha strains was then 

characterized in glucose-grown shake-flask and chemostat cultures, and oxygen-uptake 

experiments with isolated mitochondria were used to examine exact mitochondrial 

localization of the alternative NADH dehydrogenases. To assess substrate specificity of 

the NADH dehydrogenases, they were individually overexpressed in Escherichia coli 

membranes and examined in vitro. Findings show that at least one of the alternative 

NADH dehydrogenases of O. parapolymorpha oxidizes mitochondrial (‘internal’) NADH 

(suggested name: OpNdi1), providing an explanation for the respiratory phenotype of 

Complex I-deficient O. parapolymorpha observed in Chapter 4. Moreover, the data 

suggest that OpNdi1 and Complex I are exclusively used in the presence and absence of 

excess glucose substrate, respectively. The respiratory chain of O. parapolymorpha was 

also found to contains at least one alternative NADH dehydrogenase that can oxidize 

cytosolic NADH and NADPH. Furthermore, a fully respiratory phenotype of glucose-

limited O. parapolymorpha lacking all alternative NADH dehydrogenases indicates that 

additional mechanisms for oxidation of cytosolic NADH are present. With the exception 

of OpNdi1, whose elimination by gene deletion induced a Crabtree-positive phenotype 

in the presence of excess glucose, O. parapolymorpha possesses a flexible respiratory 

chain that tolerates disruption of multiple NADH dehydrogenases without 

compromising fully respiratory metabolism.
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Samenvatting 
 

Microorganismen, verbeterd door genetische modificatie, zijn belangrijke celfabrieken 

voor omzetting van hernieuwbare grondstoffen naar brandstoffen, chemicaliën, 

biomaterialen, voedingsmiddelen en medicijnen. Voor de microbiële synthese van deze 

producten uit chemisch gezien eenvoudige substraten is vaak extra ‘metabole energie’ 

nodig in de vorm van ATP. Deze ATP wordt in het algemeen geleverd via ademhaling in 

aerobe processen, waarbij een gedeelte van het substraat wordt geoxideerd met 

zuurstof en waarbij water en koolstofdioxide vrijkomen als eindproducten. Deze ATP 

wordt vervolgens gebruikt voor de vorming van het product, alsmede voor groei en 

onderhoud van de microbiële cellen. 

In deze aerobe processen zorgt de slechte oplosbaarheid van zuurstof in water 

voor limitaties in de snelheid waarmee het eindproduct kan worden gevormd en voor 

extra kosten voor beluchting, mengen en koelen van de reactoren. Deze nadelen kunnen 

worden verminderd door de ATP-opbrengst van microbiële ademhaling te verbeteren, 

omdat de hoeveelheid substraat en zuurstof voor ATP-levering hier direct aan zijn 

gekoppeld. Een bijkomend voordeel is dat een verhoogde efficiëntie van ademhaling 

ook de productopbrengst verhoogd. Een belangrijke factor die de efficiëntie van de 

ademhaling beïnvloedt is de samenstelling van de elektronentransportketen die 

verantwoordelijk is voor de overdracht van elektronen uit substraat naar zuurstof. In 

deze keten kunnen elektronen op verschillende plaatsen binnenkomen. Veel eukaryote 

cellen kunnen hiervoor zowel het efficiënte, proton-pompende Complex-I 

NADH-dehydrogenase als de minder efficiënte alternatieve NADH-dehydrogenases 

gebruiken. Vanwege hun verschil in efficiëntie heeft de relatieve bijdrage van deze 

NADH-dehydrogenases een grote invloed op de totale efficiëntie waarmee ATP kan 

worden gevormd. Een beter begrijp van de conditie-afhankelijke expressie en 

fysiologische relevantie van deze systemen kan bijdragen aan de ontwikkeling van 

giststammen en processen waarnee verhoogde productiesnelheden en 

productopbrengsten kunnen worden gerealiseerd. 

De gisten die op dit moment worden gebruikt voor industriële processen zijn 

niet geselecteerd vanwege de efficiëntie van hun ademhaling. De populaire gist 

Saccharomyces cerevisiae heeft bijvoorbeeld niet de beschikking over het efficiënte 

Complex-I NADH- dehydrogenase. Het onderzoek in dit proefschrift richt zich daarom 

op de nauw-verwante Crabtree-negatieve gisten Ogataea parapolymorpha en Ogataea 

polymorpha, eerder bekend als Hansenula polymorpha en Pichia angusta. Deze gisten 

beschikken niet alleen over een Complex-I NADH-dehydrogenase, maar hebben ook 

andere industrieel relevante eigenschappen, zoals een tolerantie tegen hoge 
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temperaturen en de mogelijkheid om methanol te gebruiken als koolstof- en 

energiebron. 

Om de rol van de ademhalingsefficiëntie in de fysiologie van gisten te 

onderzoeken is het vergaren van kennis over de cellulaire mechanismen en 

stofwisselingsroutes, bijvoorbeeld door het analyseren van de effecten van ‘knock-outs’ 

van relevante genen, essentieel. Hiervoor zijn efficiënte methoden nodig om deze gisten 

te kunnen modificeren. Om het enorme potentieel van het recent ontdekte CRISPR-Cas9 

systeem te kunnen aanwenden in O. parapolymorpha en O. polymorpha is, in het 

onderzoek dat in Hoofdstuk 2 van dit proefschrift wordt beschreven, een op Cas9 

gebaseerde methode ontwikkeld voor het maken van genetische modificaties in deze 

gisten. Het is gebruikelijk om dergelijke methoden te ontwikkelen door gebruik te 

maken van soort-afhankelijke plasmiden en cassettes voor de expressie van Cas9 en het 

guide-RNA. Hiermee wordt echter het gebruik van de methoden gelimiteerd tot een 

enkele soort. CRISPR-Cas9 methoden die werken in meerdere gistsoorten kunnen 

bijdragen aan het versnellen van het onderzoek aan niet-conventionele gisten, 

waarvoor vaak minder methoden voor genetische modificatie ontwikkeld zijn. Om deze 

reden werd in het in Hoofdstuk 2 beschreven onderzoek een plasmide ontwikkeld dat 

werkt in meerdere soorten. Hierbij werd gebruik gemaakt van een pangenomisch 

startpunt voor DNA-replicatie en van constitutieve expressiecassettes voor Cas9 en 

ribozym-geflankeerde gRNAs. De functionaliteit van dit plasmide werd daarna getest in 

twee Ogataea en twee Kluyveromyces soorten, waarbij orthologen van het ADE2 gen als 

doelwit werden gebruikt. In O. polymorpha en O. parapolymorpha werden geen Ade- 

mutanten gevonden direct na transformatie. Echter, nadat de cellen meerdere dagen in 

vloeibaar medium waren geïncubeerd werden efficiënties van 9% en 63% voor 

mutaties in ADE2 waargenomen. Hiermee kan deze methode direct worden toegepast 

voor het muteren van genen, zonder gebruik van genetische markers, via ‘non-

homologous end joining’ (NHEJ). Dit systeem werd vervolgens gebruikt in een ku80 

mutant van O. parapolymorpha, die niet meer in staat is om NHEJ uit te voeren. In deze 

stam was het mogelijk om via homologe recombinatie (HR) het ADE2 gen te 

verwijderen, al was de efficiëntie laag (<1%). Het tot expressie brengen van een 

‘polycistronic gRNA array’, bestaande uit twee verbonden, ribozym-geflankeerde 

gRNAs, maakte het bovendien mogelijk om tegelijkertijd mutaties te maken in ADE2 en 

YNR1 in O. parapolymorpha. In K. marxianus en K. lactis was het met de nieuw 

ontwikkelde CRISPR-Cas9 methode mogelijk om met zeer hoge efficiëntie (≥96%) het 

ADE2 locus te muteren, waarbij ten minste 24% van de transformanten in staat was om 

via HR een getransformeerd DNA-fragment te integreren. Deze resultaten toonden aan 

dat deze CRISPR-Cas9 methode mogelijk ook in andere Saccharomycotina gisten kan 

worden gebruikt. 
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Ondanks het feit dat O. parapolymorpha en O. polymorpha gebruikt worden voor 

het op industriële schaal produceren van recombinante eiwitten en er veel studies zijn 

gedaan naar hun methanolmetabolisme, is de energetica van aerobe groei van deze 

gisten niet uitvoerig bestudeerd. In Hoofdstuk 3 werd daarom de groei van twee 

industrieel relevante, wilde stammen van beide gisten onderzocht in synthetisch 

medium, in de aanwezigheid van glucose en zuurstof. Eerst werd in schudkolven 

onderzocht wat de specifieke groeisnelheid van de gisten was bij temperaturen van 30 

tot 49°C. In deze experimenten werd de snelste groei waargenomen bij 40°C. 

Vervolgens werden de groeikarakteristieken bepaald in nauwkeurig gecontroleerde 

bioreactoren die als batchcultuur of als chemostaatcultuur (D = 0.1 h-1) werden 

bedreven bij temperaturen van 30 en 40°C. Beide gisten vertoonden een volledig 

respiratoir metabolisme onder de geteste condities, waarbij de biomassaopbrengst in 

zowel batch- als chemostaatcultures ongeveer 0.5 gram droge biomassa per gram 

glucose bedroeg. 

In de wetenschappelijke literatuur worden de experimentele procedures en de 

context van de verworven data, zoals in complexe bioreactoropstellingen, vaak niet 

volledig beschreven in de het hoofdstuk “Methods”. Deze factoren kunnen echter een 

grote invloed kunnen hebben op de resultaten van het beschreven werk. De 

gestandaardiseerde maar complexe experimenten die beschreven zijn in Hoofdstuk 3 

werden daarom gebruikt om te testen of een softwarepakket deze uitdaging op kan 

lossen. Deze software gebruikt ‘flow sheets’ om experimentele procedures 

systematische te beschrijven en koppelt meetresultaten automatisch aan deze 

procedures. Hoewel het definiëren van de verschillende experimentele deelprocedures 

in eerste instantie veel tijd kostte, bleek het vervolgens eenvoudig om deze samen te 

voegen en zo complexere experimentele procedures voor fysiologische studies in 

schudkolven en bioreactoren te beschrijven. Een bijkomend voordeel hiervan was dat 

de experimentele metingen naderhand eenvoudig konden worden geëxporteerd en 

vervolgens objectief door automatische scripts kon worden doorgerekend. 

Gebruik van een Complex-I NADH dehydrogenase voor oxidatie van NADH via 

ademhaling, in plaats van de alternatieve NADH dehydrogenases, zorgt naar 

verwachting voor een hogere ATP-opbrengst op zuurstof en op het energiesubstraat. 

Echter, zoals beschreven in Hoodstuk 3 was de biomassa-opbrengst van 

O. parapolymorpha en O. polymorpha, die allebei genen benodigd voor het maken van 

Complex-I bevatten, gelijk aan die van gisten zoals S. cerevisiae waarin geen Complex I 

voorkomt. Om deze waarneming nader te onderzoeken richtte Hoofdstuk 4 zich 

daarom op de fysiologische rol van Complex I in O. parapolymorpha. Hiertoe werd eerst 

met de in Hoofdstuk 2 beschreven CRISPR-Cas9 methode een mutant gemaakt waarin 

Complex I niet meer actief is. Vervolgens werd groeien van de mutant en het wildtype 

in aerobe batch- en chemostaatcultures vergeleken. In aerobe batchcultures was groei 
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van beide stammen volledig respiratoir, en waren de groeisnelheid en 

biomassaopbrengst gelijk. Dit resultaat wees erop dat Complex I onder deze 

kweekcondities geen prominente rol speelt in de oxidatie van NADH. Hoewel ook in de 

glucose-gelimiteerde chemostaatcultures de beide stammen volledig respiratoir 

groeiden, vertoonde de Complex I-mutant onder deze omstandigheden een 16 en 30% 

lagere biomassaopbrengst op respectievelijk glucose en zuurstof. Deze waarneming 

sloot goed aan bij het verwachte verschil in efficiëntie wanneer de mutant in plaats van 

Complex I de alternatieve NADH dehydrogenases gebruikt. In Hoofstuk 4 werd de 

Complex I-mutant ook vergeleken met het wildtype in retentostaatcultures, waarin 

fysiologische karakterisering bij zeer lage groeisnelheden van 0.001 h-1 

(verdubbelingstijd van bijna een maand) mogelijk was. Onder deze omstandigheden 

bleken beide stammen in staat de energiebehoeften voor celonderhoud (‘maintenance’) 

significant te verlagen ten opzichte sneller groeiende cellen. Dit verschijnsel lijkt sterk 

op de ‘stringent response’ die in andere microorganismen is waargenomen. 

Transcriptoom- en proteoomdata uit de batch-, chemostaat- en retentostaatculturen 

die zijn beschreven in Hoofdstuk 4 waren in overeenstemming met de fysiologische 

waarnemingen en wezen eveneens op een conditie-afhankelijke expressie van 

Complex I en de alternatieve NADH-dehydrogenases. 

De resultaten uit Hoofdstuk 4 leken erop te wijzen dat O. parapolymorpha een 

vertakte ademhalingsketen heeft waarmee NADH zowel kan worden geoxideerd via het 

proton-pompende Complex I als via een of meer alternatieve NADH dehydrogenases. Of 

alternatieve NADH dehydrogenases in staat zijn om de functie van Complex I over te 

nemen voor het oxideren van mitochondrieel NADH, is zowel afhankelijk van hun 

expressie als van de mogelijkheid om NADH die wordt gevormd in de mitochondriële 

matrix te kunnen oxideren. Hoofdstuk 5 beschrijft daarom onderzoek naar de 

fysiologische rol, lokalisatie en substraatspecificiteit van deze alternatieve NADH 

dehydrogenases in O. parapolymorpha. Hiervoor werden eerst stammen gemaakt 

waarin Complex I en de alternatieve NADH dehydrogenases in verschillende 

combinaties werden uitgeschakeld, daarbij gebruik makend van de in Hoofdstuk 2 

beschreven methode en van klassieke methoden. Vervolgens werd de fysiologie van de 

resulterende stammen bepaald bij groei op glucose in schuldkolven en 

chemostaatcultures. Tevens werden zuurstofopnameexperimenten met geïsoleerde 

mitochondriën uitgevoerd om de locatie van de alternatieve NADH dehydrogenases te 

bepalen. Om de substraatspecificiteit van deze enzymen te bepalen werden ze 

bovendien tot overexpressie gebracht in Escherichia coli-membranen en daarna in vitro 

bestudeerd. Deze experimenten toonden aan dat ten minste een van de alternatieve 

NADH dehydrogenases in O. parapolymorpha mitochondrieel (“intern”) NADH kan 

oxideren. Het betrokken eiwit werd OpNdi1 genoemd. Deze waarneming verklaarde het 

respiratoire fenotype van de Complex I-deficiënte mutant dat is beschreven in 
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Hoofdstuk 4. Deze data wijzen er bovendien op dat OpNdi1 en Complex I exclusief 

gebruikt worden in respectievelijk de aan- en afwezigheid van hoge 

glucoseconcentraties in het medium. Daarnaast werd ontdekt dat de ademhalingsketen 

van O. parapolymorpha tenminste één alternatief NADH- dehydrogenase bevat dat 

zowel cytosolisch NADH als NADPH kan oxideren. Tot slot wees het vermogen van een 

mutant waarin alle alternatieve NADH dehydrogenases waren uitgeschakeld, 

desondanks volledig respiratoir te groeien, erop dat er in O. parapolymorpha 

additionele, nog onbekende mechanismen zijn om cytosolisch NADH te oxideren. Met 

uitzondering van OpNdi1, waarvan de deletie zorgt voor een Crabtree-positief fenotype 

bij hoge glucoseconcentraties, heeft O. parapolymorpha een flexibele ademhalingsketen, 

waarin meerdere NADH dehydrogenases kunnen worden uitgeschakeld, zonder dat dit 

het vermogen om volledig respiratoir te kunnen groeien aantast.
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Definition of biotechnology. The term biotechnology was first coined in 1919 in 

Berlin, where Hungarian agricultural engineer Károly Ereky published his book entitled 

“Biotechnologie der Fleisch-, Fett- und Milcherzeugung im landwirtschaftlichen 

Großbetriebe für naturwissenschaftlich gebildete Landwirte“ (Biotechnology of meat, 

fat and milk production in an agricultural large-scale farm). Under the term 

‘biotechnology’, Ereky included all procedures that turned feedstocks into consumer 

goods with the use of living organisms, mentioning as examples a beet that turns the 

carbonic acid from the air (Kohlensäure der Luft) into sugar, and the cow that turns 

fodder into milk (Ereky 1919, VDI 2015). Nowadays, biotechnology is deliberately 

defined much broader, for example by the OECD: “the application of science and 

technology to living organisms as well as parts, products and models thereof, to alter 

living or non-living materials for the production of knowledge, goods and services” 

(OECD 2013). This definition encompasses modern applications, such as microbial, cell 

and tissue cultures, applications of DNA, RNA and protein molecules, as well as 

bioinformatics and bioprocess technology development. 

Modern industrial biotechnology produces a wide range of products, including 

bulk and fine chemicals, transport fuels, (bio)materials, nutraceuticals, proteins and 

medicinal drugs (Meyer et al. 2016). A key option that industrial biotechnology offers 

in comparison with fossil-based production of these goods is environmental 

sustainability in the form of reducing carbon dioxide emissions. Substrates utilized for 

biotechnological production are typically plant-based sugars or sugar-containing 

streams, which are themselves formed from carbon dioxide by green plants. With 

humanity rapidly exhausting the carbon budgets predicted to limit the anthropogenic 

rise in global temperatures to manageable levels (Rogelj et al. 2018), there is a constant 

drive to replace fossil resource-based productions and further improve the efficiency of 

biotechnological processes. 

 

History of yeast industrial biotechnology. The earliest production of wine and beer 

by humans can now be traced back some 6,000 and 13,000 years, respectively (Barnard 

et al. 2011, Liu et al. 2018), and products of alcoholic fermentation were likely already 

consumed by the ancestors of modern humans (Dudley 2004). However, it was not until 

the 1830s that researchers were independently able to demonstrate that alcoholic 

fermentation is linked to living yeast, observed as globular bodies (globules, Kügelchen 

or Körnchen) capable of reproduction (Barnett 1998, Cagniard-Latour 1838, Kützing 

1837, Schwann 1837). Based on his experiments, Theodor Schwann, a physiologist from 

Berlin, concluded that sugar is a growth substrate for yeast and referred to it as 

Zuckerpilz, ‘sugar-fungus’, which led to the introduction of the genus name 

Saccharomyces (Meyen 1838, Schwann 1837). Around the time of these discoveries, 

production of fermented beverages was already occurring at significant scales. For 
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example, in France, 35 million hectoliters of wine were produced in 1823 (Barnett 

1998), while beer production in Germany occurred at an estimated 23 million 

hectoliters in 1840 (Buchholz and Collins 2013, Knapp 1847). 

Initially motivated by production inconsistencies, Louis Pasteur regularly visited 

an alcohol factory during the 1850s to take samples from the fermentation broth. He 

observed that budding yeast was present in normal fermentation runs but found 

rod-shaped ‘lactic acid yeast’ when the process failed. This observation led Pasteur to 

delve more deeply into the investigation of fermentation, and as a result he described 

and demonstrated several concepts and procedures that would form the basis of 

modern industrial biotechnology. These incuded association of different fermentation 

processes with different specific microbes, the practice of isolating pure cultures and 

using inoculation to increase process consistency, and the notion that nutrients for the 

culture must be provided by the fermentation medium (Barnett 2000, Pasteur 1858a, 

Pasteur 1858b). Based on this work Pasteur later also developed a closed fermentation 

vessel that would protect the process from contaminants (Pasteur 1873). 

During the remainder of the nineteenth century, the yeast fermentation industry 

kept growing, manufacturing mainly increasing amounts of beer and wine as well as 

ethanol and pure yeast for industrial (food) applications (Buchholz and Collins 2013, 

Ullmann 1915). In the early- to mid- twentieth century, yeast processes saw 

technological advances such as the development of the fed-batch process 

(Zulaufverfahren) for efficient production of Saccharomyces cerevisiae, also known as 

baker’s yeast (Intern.YeastCo.Ltd. 1933). Other, novel bioprocesses developed during 

this time were largely based on bacteria and fungi producing, for example, butanol, 

acetone and glycerol, citric acid and penicillin, as well as enzymes from various natural 

producers (Buchholz and Collins 2013, Bud 2007, Porro et al. 2011). 

Over the last 50 years, biotechnology saw the development of genetic 

engineering and recombinant DNA (rDNA) technology (see below). The demand for 

various products that could be synthesized in organisms such as yeast, combined with 

the development of metabolic engineering and recombinant protein production led to 

a range of new yeast-based industrial bioprocesses. These processes are aimed for 

example at the production of metabolites that can be used to replace polymers 

produced from non-renewable resources, such as such as lactic acid and succinic acid 

(Es et al. 2018, Sauer et al. 2010, Saxena et al. 2017), as well as recombinant therapeutic 

proteins such as insulin (Baeshen et al. 2014, Ferrer-Miralles et al. 2009, Mattanovich 

et al. 2014). Genetic engineering also is a key tool in establishing second generation 

bioethanol production aimed at reducing the carbon footprint of biofuel production and 

its competition with the food industry, by making carbon sources accessible that 

established yeast biofuel production hosts (i.e., S. cerevisiae) cannot naturally utilize 

(Carus and Dammer 2013, Jansen et al. 2017). 
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Besides the well-established production host S. cerevisiae, so-called ‘non-conventional’ 

yeasts are becoming increasingly popular in industrial biotechnology applications due 

to their promising properties  (Forti et al. 2015, Radecka et al. 2015). For example, 

Scheffersomyces stipitis (Pichia stipitis) can naturally utilize xylose, a major constituent 

of lignocellulose found in agricultural waste streams (Toivola et al. 1984), and 

methylotrophic Pichia pastoris (Komagataella pastoris) has proven to be highly suitable 

for the production of many recombinant proteins (Mattanovich et al. 2012). Another 

interesting non-conventional yeast is the methylotroph Hansenula polymorpha (now 

Ogataea polymorpha and Ogataea parapolymorpha), which, in addition to native 

utilization of lignocellulose constituents and suitability for (large-scale) recombinant 

protein production, exhibits thermotolerance up to 50°C (Mattanovich et al. 2012, 

Ryabova et al. 2003). 

 

Substrate dissimilation provides cellular energy for growth, maintenance and 

(non-dissimilatory) product formation. Yeasts and other microbes used as the 

workhorses of industrial biotechnology ideally function purely as a catalyst that allows 

fast and complete conversion of the utilized substrate into the desired product. 

However, in a microbial bioprocess in which cells grow and thereby form new biomass, 

the substrate cannot be fully utilized for product formation. In growing cultures, 

substrate is required for cell proliferation, as it is assimilated into new biomass 

including the synthesis of the enzymes catalyzing the desired reaction steps for product 

formation. In addition, a portion of the substrate has to be catabolized (= dissimilated) 

to provide cellular energy in the form of adenosine triphosphate, ATP, the ‘energy 

currency’ of cells. ATP is required for the formation of new biomass from substrate and 

for cellular maintenance, which includes for example the turnover of macromolecular 

components and the maintenance of concentration gradients across biological 

membranes (Pirt 1965, van Bodegom 2007). Substrate dissimilation for ATP formation 

can occur by any dissimilatory (net ATP yielding) pathway. For example, in most yeast 

species glucose can either be converted via alcoholic fermentation, which forms ethanol 

and carbon dioxide, or via aerobic respiration which results in carbon dioxide and 

water. Cells typically balance their ATP production with their ATP requirements and, 

with some exceptions (Russell 2007), avoid unnecessary formation and ‘spilling’ of ATP 

in order to maximize proliferation (new biomass) and fitness (survival/maintenance). 

For growing cells, distribution of substrate over biomass formation and ATP synthesis 

can be illustrated as shown in Figure 1.1A. 
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Figure 1.1: The distribution of substrate utilization in growing cells. A: Growing cells have to dissimilate a certain 
amount of substrate (S) in order to provide ATP for formation of biomass (X) and maintenance energy requirements 
(mATP). Substrate dissimilation results in the formation of a dissimilatory product (DP). B: If a desired product (P) 
requires the net-input of ATP, substrate dissimilation needs to provide ATP for product formation in addition to 
biomass formation and maintenance energy requirements. 

 

Products other than microbial biomass can be categorized based on the ATP 

stoichiometries of their synthesis pathways. Into which category a specific product 

molecule falls into is determined by the Gibbs energy of formation of the utilized 

substrate and the desired product, as well as the metabolic reaction or combination of 

metabolic reactions (i.e., the metabolic pathway) that connect the two. For dissimilatory 

products, the overall reaction occurs with a negative change in Gibbs free energy (ΔG), 

making it thermodynamically favorable to run in the desired direction (from substrate 

to product). Depending on the metabolic pathway, part of this free energy can be 

conserved in the form of ATP. The distribution of substrate and ATP when producing a 

dissimilatory product can again be illustrated by Figure 1.1A, with the product being 

the end result of substrate dissimilation. In a stark contrast to the generally assumed 

‘objectives’ of a growing cell, bioprocess engineers aiming to produce a dissimilatory 

product will typically attempt to minimize the amount of substrate spent on cellular 

growth and maintenance in order to achieve a favorable production process. 

In contrast to dissimilatory products, formation of a non-dissimilatory product 

requires a net input of ATP to drive reactions which would otherwise exhibit a positive 

change in Gibbs free energy. Non-dissimilatory products in bioprocesses are for 

example (recombinant) proteins such as enzymes and antibodies, but also smaller 

molecules or metabolites whose formation from substrate require the net-input of ATP. 

This situation occurs, for example, during the production of farnesene (Meadows et al. 

2016) or medium-chain fatty acids (Zhu et al. 2020) from glucose. For non-dissimilatory 

products, the dissimilation of substrate must not only provide ATP for biomass 

formation and maintenance energy requirements, but also for formation of the non-

dissimilatory product itself (Figure 1.1B). 
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Aerobic bioprocesses for non-dissimilatory products. Economic considerations are 

of great importance for biotechnological process and, besides volumetric productivity 

and titer, the product yield on substrate is a key factor in determining overall process 

economics. Because the formation of non-dissimilatory products requires an input of 

ATP, generating the ATP as efficiently as possible from the substrate can positively 

affect the yield of such a process. As aerobic respiration provides vastly more ATP from 

the same amount of carbohydrates than other, fermentative dissimilatory pathways 

(Madigan et al. 2014), processes for biosynthesis of non-dissimilatory products are 

typically performed aerobically, in the presence of oxygen, resulting in a smaller portion 

of substrate required for ATP synthesis. 

One major downside of an aerobic bioprocesses is the requirement for dissolved 

molecular oxygen in the liquid phase. The solubility of oxygen in an aqueous solution is 

low, and therefore it constantly needs to be supplied and transferred from the gas phase 

to the liquid phase which results in additional process costs for aeration and mixing. 

The oxygen transfer rate (OTR) into the liquid phase can easily be surpassed by the 

oxygen uptake rate (OUR) at which cells take up the dissolved oxygen, especially at high 

cell densities and/or when the cultured cells exhibit high OURs (Doran 2013). If this is 

the case and dissolved oxygen in the liquid phase is depleted, aerobic respiration can 

no longer fully satisfy ATP requirements. As a result, cellular metabolism alters, leading 

either to (partial) substrate dissimilation via oxygen-independent pathways with a 

lower ATP yield or to growth arrest (Weusthuis et al. 1994). A special case is 

represented by the Crabtree effect, typically described for Saccharomyces yeasts but 

also present in other yeast genera and other types of cells. Cells that show the Crabtree 

effect exhibit aerobic fermentation, i.e. substrate dissimilation via a low-ATP oxygen-

independent pathway, even when dissolved oxygen is available and therefore require 

additional strategies to maximize efficient ATP generation (Dashko et al. 2014, De 

Deken 1966). To prevent oxygen depletion in cultures with high OUR, aerobic 

bioprocesses are often monitored for the dissolved oxygen concentration and operated 

in fed-batch mode, which allows operators to control the specific growth rate (and 

thereby OUR) by gradual substrate addition (Sonnleitner and Chmiel 2011). As a result, 

volumetric productivity of industrial scale bioprocesses is usually limited by oxygen 

transfer from the gas to the liquid phase (Hensing et al. 1995). 

 

Aerobic respiration (sugar dissimilation + oxidative phosphorylation) provides 

cellular energy in the form of ATP. If enough oxygen is available, the energy substrate, 

e.g. glucose, can be completely respired to provide cellular energy in the form of ATP. 

Respiratory dissimilation of organic substrates occurs via the combined action of 

dissimilatory oxidation of the substrate to carbon dioxide and oxidative 

phosphorylation by the respiratory chain. These separate processes are linked by the 
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NAD+/NADH redox couple, which serves as the predominant biological carrier of 

reductive power and plays a paramount role in redox metabolism. Due to the small 

amounts of NAD+/NADH present in the cell, the rate of NAD+ reduction and NADH 

oxidation need to be constantly balanced (Xiao et al. 2018), 

In the dissimilation of glucose (C6H12O6) via the Embden–Meyerhof–Parnas 

(EMP) pathway found in yeasts, a molecule of glucose is first oxidized in a multi-step 

metabolic pathway, resulting in the formation of 2 pyruvate, 2 ATP from substrate-level 

phosphorylation (SLP) and 2 NADH. The 2 molecules of pyruvate are then further 

oxidized by the combined action of the pyruvate-dehydrogenase complex and the 

enzymes constituting the tricarboxylic acid (TCA) cycle, eventually resulting in the 

formation of 6 carbon dioxide molecules and yielding another 2 ATP equivalents from 

SLP and 10 NADH (equivalents) in the process. Then, the NADH molecules generated by 

glucose dissimilation are (re)oxidized by the respiratory chain via the process of 

oxidative phosphorylation, regenerating NAD+ and producing additional ATP 

(Figure 1.2). 

 

 
Figure 1.2: Aerobic respiration. The left side shows the oxidation of glucose (C6H12O6) into carbon dioxide (CO2) by 
the Embden–Meyerhof–Parnas (EMP) pathway, pyruvate dehydrogenase (pyruvate DH) and tricarboxylic acid cycle 
(TCA cycle), resulting in the generation of reducing equivalents (NADH) and ATP via substrate level phosphorylation 
(SLP). The right side shows (re)oxidation of the produced NADH by the respiratory chain in the process of oxidative 
phosphorylation, which yields additional ATP and consumes oxygen. For the sake of simplicity, the 2 molecules of 
FADH2 generated by succinate dehydrogenase as part of the TCA cycle are depicted as NADH. 

 

While the dissimilation of glucose via this pathway yields a fixed amount of ATP via SLP, 

the stoichiometry of ATP produced via oxidative phosphorylation from the 12 NADH, 

i.e. the efficiency of respiratory energy coupling, varies greatly between different 

species and conditions (approximately between 12 and 32) and depends on a range of 

factors such as compartmentation and respiratory chain composition (see below). 

Despite achieving less than the thermodynamically possible yield of ATP under 
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physiologically relevant conditions1, aerobic respiration yields vastly more ATP per 

glucose than anaerobic pathways such as e.g. yeast alcoholic fermentation, which only 

generates  2 ATP per glucose (Villadsen et al. 2011). 

 

Compartmentation and composition of aerobic respiration in eukaryotes. In 

eukaryotes such as yeasts, oxidation of glucose and the corresponding NADH formation 

occurs partly in the cytosol (EMP glycolysis) and partly in the mitochondrial matrix 

(pyruvate dehydrogenase and TCA cycle). Reoxidation of the formed NADH via 

oxidative phosphorylation is catalyzed by the respiratory chain and takes place within 

the mitochondria, more specifically at the inner mitochondrial membrane (IMM) 

(Gilkerson et al. 2003). As the IMM serves as a barrier for NADH/NAD+ between the 

mitochondrial matrix and the surrounding intermembrane space/cytosol (von Jagow 

and Klingenberg 1970), redox metabolism is compartmentalized and NADH has to be 

reoxidized in the compartment in which it is generated. Therefore, eukaryotic 

respiratory chains must possess the means to directly oxidize NADH on both sides of 

the IMM and/or indirect mechanisms such as shuttles that allow transfer of NADH 

(equivalents) between the different compartments (Bakker et al. 2001). 

Eukaryotic respiratory chains are comprised of a sequence of enzymes and 

protein complexes in the IMM and function according to chemiosmotic coupling. 

Electrons released by the oxidation of NADH are led along the sequence of protein 

complexes towards the electron acceptor oxygen. The free energy released by these 

reactions is coupled to the translocation of protons across the IMM, establishing a 

proton gradient which can in turn be utilized for ATP formation (Madigan et al. 2014, 

Mitchell 1966). 

Respiratory chains have evolved to be highly diverse and versatile, and different 

species harbor different configurations of proteins and enzyme complexes within their 

respiratory chains (Marreiros et al. 2016a). In the canonical eukaryotic (animal) 

respiratory chain, NADH is oxidized exclusively via Complex I NADH dehydrogenase 

(also called respiratory Complex I, NADH:ubiquinone oxidoreductase or NDH1). The 

electrons released by this oxidation are then transported via ubiquinone to Complex III 

(cytochrome bc1 complex), from which they are shuttled via cytochrome c to 

Complex IV (cytochrome c oxidase), where finally reduction of oxygen to water occurs. 

Respiratory complexes I, III and IV couple the passage of electrons and the 

accompanying redox reactions to net translocation of 4, 2 and 4 protons across the IMM, 

respectively. Finally, the F0F1 ATP synthase (Complex V, ATPase), also located in the 

 
1 At a change in free energy of 220 kJ for the oxidation of 1 mol NADH to NAD+ and H2O and 40-55 kJ/mol for the 
activation of 1 mol ADP to ATP under physiological conditions (depending on the exact conditions present; e.g., 54 
kJ free energy must be spent at pH = 7, [ATP/ADP] = 13.4 and [Pi] = 1 mM), 4 – 5.5 ATP could be synthesized from 
oxidation of a single NADH, or at least 48 ATP from oxidation of 1 glucose (calculated as 12 NADH equivalents). 
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IMM, uses this proton gradient for the formation of ATP (Jones et al. 2017, Madigan et 

al. 2014) (Figure 1.3). 

 

 
Figure 1.3: The mitochondrial respiratory chain in the inner mitochondrial membrane (IMM). Respiratory Complex I 
(I) and ‘internal’ alternative NADH dehydrogenase(s) (int) oxidize NADH in the mitochondrial matrix (MM). 
‘External’ alternative NADH dehydrogenase(s) (ext) can directly oxidize cytosolic NADH. All NADH-oxidizing 
enzymes transfer electrons (orange arrows) released by the oxidation to the quinone pool (Q), from where they are 
linearly funneled through the remainder or the respiration chain, passing through Complex III (III), cytochrome c (c) 
and Complex IV (IV), before reducing oxygen to water. Complexes I, III and IV, but not the alternative 
dehydrogenases, contribute to the proton gradient across the IMM which is utilized by F0F1 ATPase (V) for formation 
of ATP. Note that neither Complex I nor the internal or external alternative dehydrogenases are essential or 
conserved. IMS: intermembrane space. 

 

In contrast to the linear animal respiratory chain, the respiratory chains of yeasts are 

often branched and contain alternative routes for NADH oxidation and/or oxygen 

reduction (Joseph-Horne et al. 2001). Besides respiratory Complex I, so-called 

‘alternative NADH dehydrogenases’ (type-II NADH dehydrogenases, NDH2) are 

common. These monotopic, single-subunit enzymes catalyze the same 

NADH:ubiquinone oxidoreduction reaction as Complex I, but do not translocate protons 

over the IMM in the process. In addition, depending on the exact localization of these 

proteins, their catalytic site can face either the mitochondrial matrix (localized to inner 

side of IMM) or the cytosol (localized to outer side of IMM), allowing direct oxidation of 

cytosolic NADH (Figure 1.3) (Antos-Krzeminska and Jarmuszkiewicz 2019, Feng et al. 

2012, Melo et al. 2004). Interestingly, respiratory Complex I was lost several times 

during the evolution of Ascomycota yeasts, and as a result is not present in several well-

established yeast genera such as Saccharomyces, Kluyveromyces and 

Schizosaccharomyces (Dujon 2010, Hagman et al. 2013, Riley et al. 2016). Species from 

these genera instead completely rely on alternative NADH dehydrogenase for 

respiratory oxidation of NADH, of which for example S. cerevisiae possesses one internal 

and two external variants (de Vries and Marres 1987, Luttik et al. 1998). The Crabtree-

negative yeasts O. polymorpha and O. parapolymorpha encode both respiratory 

Complex I and multiple alternative NADH dehydrogenases and activity has been 
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demonstrated for both systems with submitochondrial particles, suggesting these 

yeasts possess both respiratory systems in parallel (Bridges et al. 2009, Riley et al. 

2016). 

 

Efficiency of respiratory energy coupling. The energetic efficiency of the overall 

respiratory process can be expressed by the P/O ratio, which indicates the number of 

ATP molecules formed by the respiratory chain per pair of electrons (2e-, one NADH 

equivalent) transferred to one oxygen atom. As such, the P/O ratio is affected by both 

the stoichiometry of proton translocation of the respiratory chain complexes as 

electrons pass (H+/2e-), as well as the number of protons required by the ATPase for 

formation of one ATP (expressed either as H+/ATP, or the reciprocal ATP/H+) 

(Ferguson 2010). As the alternative NADH dehydrogenases do not couple NADH 

oxidation to proton translocation and therefore exhibit lower H+/2e- ratios compared 

to respiratory Complex I, NADH oxidation via these enzymes results in a lower P/O ratio 

(Kerscher 2000). Since Complex I is responsible for 4 out of the 10 protons that are 

translocated by the respiratory chain per 1 NADH oxidized, the use of alternative NADH 

dehydrogenase entails a reduction in ATP produced per NADH oxidized and, by 

extension, per molecule of substrate dissimilated and oxygen consumed. 

P/O ratios of mitochondrial oxidative phosphorylation have long been a topic of 

debate (Ferguson 2010). Originally it was thought that each coupling site, i.e. complexes 

I, III and IV, would result in 1 ATP per pair of electrons passed. This assumption resulted 

in a P/O ratio of 3 for NADH oxidation via Complex I and a P/O ratio of 2 for NADH 

oxidation via internal or external alternative NADH dehydrogenase2 (Silverstein 2005). 

Under these assumptions, with a respiratory chain that utilizes Complex I for oxidation 

of mitochondrial NADH and alternative NADH dehydrogenase for oxidation of cytosolic 

NADH, complete respiratory dissimilation of 1 glucose would yield 32 ATP from 

oxidative phosphorylation with an overall P/O ratio of 2.67 (32 ATP divided by 12 O 

atoms consumed) and an additional 4 ATP from SLP for a total of 36 ATP. With the same 

assumptions but lacking Complex I and using internal alternative NADH dehydrogenase 

instead for oxidation of mitochondrial NADH, the resulting overall P/O ratio would be 

2, yielding a lower total of 28 ATP (24 + 4) per 1 glucose respired (Table 1.1). 

As biochemical methods, accuracy of measuring P/O ratios and knowledge about 

respiratory coupling improved, the insight that P/O ratios are affected by the H+ 

stoichiometries of proton-pumping respiratory complexes as well as the H+/ATP ratio 

of ATPase led researchers to abandon the notion that P/O ratios of coupling sites (i.e. of 

respiratory complexes) had to be integral numbers. Based on experimental data 

indicating a H+/ATP ratio of 3 for ATPase, and taking into account an additional proton 

 
2 And also, a P/O ratio of 2 for oxidation of succinate via Complex II (succinate dehydrogenase). 
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per ATP due to the net cost for transport of ADP/ATP/Pi across the IMM (effective 

H+/ATP = 4) (Hinkle 2005, Hinkle et al. 1991, Silverstein 2005), overall P/O ratios of 

2.17 and 1.5 can be calculated for organisms with and without Complex I, respectively3 

(Table 1.1). 

An additional improvement in calculation of P/O ratios came from structural 

analysis of mitochondrial ATPases and was the realization that the number of c subunits 

that comprises the c-ring of ATPase determines the number of protons required for one 

cycle of ATPase (producing 3 ATP), thereby specifying the H+/ATP ratio (Ferguson 

2010). In ATPases from yeasts, the c-ring has been determined to contain 10 c subunits 

(Stock et al. 1999, Vinothkumar et al. 2016), which results in an effective H+/ATP ratio 

of 4.33 and further adjusts calculated overall P/O ratios to 2 and 1.4 for species with 

and without Complex I, respectively (Table 1.1). Intriguingly, the ATPase c-ring size is 

not conserved between different domains of life, and the c-ring size of 8 (effective 

H+/ATP = 3.67) determined for ATPase from bovine heart mitochondria (Watt et al. 

2010), suggests that animal cells have an intrinsic advantage in the efficiency of 

respiratory energy coupling over yeasts at the level of ATPase. 

It is important to note that P/O ratios of microbial respiratory chains, calculated 

based on structural considerations, cannot (yet) be reconciled with in vivo determined 

P/O ratios (also referred to as operational P/O ratios) that are obtained by quantitative 

analysis of cellular growth. For yeasts and fungi, determined in vivo P/O ratios are 

typically lower than their respective predicted P/O ratios (Table 1.1), as they factor in 

cellular processes outside the respiratory chain, e.g., the use of the proton gradient for 

mitochondrial protein import (Gasser et al. 1982) and oxygen consumption by 

reactions other than the respiratory chain (Nes 2011).  

 
3 These assumptions are the basis for the P/O ratios of 2.5 and 1.5 that are typically reported in textbooks for 
Complex I and succinate dehydrogenase/alternative NADH dehydrogenase, respectively. 
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Genetic engineering of yeasts. Effective and efficient genetic engineering is a crucial 

tool for studying cellular metabolism and/or altering strain properties towards efficient 

product formation, and has seen constant development over the last 50 years. Early 

developments, such as the restriction (Arber and Dussoix 1962, Arber and Linn 1969) 

and ligation (Weiss and Richardson 1967, Zimmerman et al. 1967) of DNA, first enabled 

the development of recombinant DNA technology for E. coli and yielded the first 

recombinant microorganism (Cohen et al. 1973). Afterwards, the development of yeast 

transformation protocols by use of a plasmid with homology sequences (Hinnen et al. 

1978) and work on ‘recombination’ in yeast using the double strand break (DSB) model 

(Orr-Weaver et al. 1981, Szostak et al. 1983) led to the modification of S. cerevisiae by 

numerous researchers and the development of various methods and tools for yeast 

genetic engineering (Fraczek et al. 2018). Since then, improvements in yeast genetic 

engineering included the development of single-step gene disruption by use of selection 

markers flanked by homologous sequences (Rothstein 1983), the development of PCR 

(Mullis et al. 1992) which removed the need for a cloning step in E. coli by using 

oligonucleotides, resembling chromosomal targets, for in vitro amplification of 

transformation fragments (Baudin et al. 1993). Also, standardized sets of cassettes and 

plasmids for use by a wide range of yeast researchers were developed (Wach et al. 

1994). The observation that overlapping DNA fragments can interact and integrate at a 

single locus in vivo (Plessis and Dujon 1993) allowed the development of split-marker 

recombination (Fairhead et al. 1996), further reducing the steps needed to achieve gene 

deletion and integration and allowing combinatorial approaches. The split-marker 

technique also proved useful for targeted genetic alteration of hosts with low frequency 

of homologous recombination. By not transforming the marker cassette as a single 

fragment, occurrences of random, multiple and/or tandem integration can be reduced 

and the likelihood of correct recombination-based genomic integration increased 

(Figure 1.4A) (Chung and Lee 2015). 

Another development was the concept of ‘marker recycling’, where after 

successful modifications genetic markers were removed from the mutant genome. This 

allowed re-use of the same genetic marker, alleviating a bottleneck in genome 

engineering projects requiring multiple genetic alterations (Fraczek et al. 2018, Goffeau 

et al. 1996). Marker recycling was realized by tools such the cre-loxP system (Delneri et 

al. 2000, Sauer 1987), the delitto perfetto method (Storici et al. 2001) and 

meganuclease-based methods such as the use of I-SceI to induce recombination-

stimulating DSBs in the yeast genome (Storici et al. 2003). 
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Figure 1.4: Split marker recombination and double strand break (DSB) repair. A: for a split marker transformation, 
the selection marker (orange) is transformed as two split fragments with internal homology. Before integration into 
the genome, the fragments have to recombine internally. B: DSB repair is mediated either by error-prone non-
homologous end joining (NHEJ) leading to the integration of small indels in the genome, or by homologous 
recombination (HR) with an externally supplied repair DNA fragment which allows insertion, replacement or 
deletion of larger sequences. 

 

In light of these developments, the Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) system have revolutionized 

yeast genome editing over the past years (Fraczek et al. 2018). This revolutionary 

system works via two components: the Cas9 endonuclease (typically from 

Streptococcus pyogenes) and a guide RNA (gRNA) molecule that binds to Cas9 to form a 

protein-RNA complex. If this complex encounters a DNA sequence that is 

complementary to the variable target sequence included in the gRNA and an ‘NGG’ 

protospacer adjacent motif (PAM) sequence is present immediately next to the target 

sequence within the DNA target, Cas9 induces a DSB (Jinek et al. 2012). A DSB is lethal 

unless repaired by cellular DNA mechanisms, which in yeasts is predominantly 

accomplished by two pathways: homologous recombination (HR), or error-prone non-

homologous end joining (NHEJ), depending of on the presence of DNA fragments that 

could serve as repair template and the host cell’s predominant mechanism of DSB repair 

(Figure 1.4B) (Shrivastav et al. 2008). While error-prone NHEJ allows the disruption 

of genes by small insertion or deletion (indel) mutations, DSB repair via HR allows for 

powerful genome editing by insertion or replacement of sequences at the targeted locus 

via the use of donor DNA, enabling marker-free and scarless genome editing (Cai et al. 

2019). After the first description of CRISPR-Cas9 as a genome editing system, a tool 

adapted to S. cerevisiae quickly emerged (DiCarlo et al. 2013) and was subsequently 

also adopted for use in non-conventional yeast species (Löbs et al. 2017b). 

 

Scope of this thesis. This PhD project was conducted at the Delft University of 

Technology in the framework of the BE-Basic foundation, a public-private partnership 

aimed at advancing the biobased economy. The objectives of the research described in 

this thesis were the investigation and engineering of respiratory energy coupling in 

      

      

      
   

       
   

  

       
   

      
      

         



General introduction 

29 

yeasts, with the goal of enabling rational design of strains and process conditions for 

improving aerobic bioprocesses. The popular and widely employed yeast S. cerevisiae, 

due to its lack of a proton-translocating respiratory Complex I NADH dehydrogenase, is 

inherently limited in its efficiency to couple substrate oxidation to generation of ATP 

via the respiratory chain. The focus of this project was therefore instead on the non-

conventional yeasts O. polymorpha and O. parapolymorpha, which do possess 

Complex I, are established production hosts for recombinant proteins and combine a 

range of other industrially relevant properties such as thermotolerance and 

methylotrophy. 

Efficient and effective genome editing tools are helpful in gaining understanding 

of cellular mechanisms and the design and construction of yeast cell factories. In recent 

years, the CRISPR-Cas9 system has transformed genetic editing in yeast, typically with 

tools that are highly species-specific. Chapter 2 of this thesis describes the 

development and experimental evaluation of a multispecies CRISPR-Cas9 tool for 

application in Ogataea and Kluyveromyces yeasts. 

Quantitative physiology research requires the establishment of a baseline of 

strain physiology and performance. Chapter 3 describes a comprehensive 

physiological characterization of two industrially-relevant strains of O. polymorpha and 

O. parapolymorpha under defined, fully aerobic conditions in bioreactor-grown batch- 

and chemostat cultures. As this type of work requires complex, but very standardized 

methodology, it was combined with the evaluation of a software package for definition 

of experimental procedures and linked data analysis. 

The data gathered on aerobic physiology of O. polymorpha and 

O. parapolymorpha indicated that, despite initial assumptions, respiratory Complex I is 

not physiologically relevant in these yeasts under the investigated cultivation 

conditions. Chapter 4 therefore aims at the quantitative dissection of the contribution 

of Complex I to respiratory metabolism in O. parapolymorpha. This objective was 

approached by use of a Complex I-deficient mutant strain, systems biology methods to 

track expression patterns, and quantitative physiology experiments at a variety of 

specific growth rates, including retentostat cultivation which allowed investigation 

under extreme substrate limitation at near-zero specific growth rates. 

The investigation of Complex I revealed that under some conditions, alternative 

NADH dehydrogenases are used for NADH oxidation in O. parapolymorpha, which has 

implications for yields in aerobic bioprocesses and offers opportunities for metabolic 

engineering. In Chapter 5, the physiological relevance, mitochondrial localization and 

substrate specificity of these enzymes in O. parapolymorpha were investigated by a 

combination of quantitative physiology experiments with growing cultures and isolated 

mitochondria, as well as by in vitro characterization after heterologous expression in 

Escherichia coli.
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Abstract 

 

While CRISPR-Cas9-mediated genome editing has transformed yeast research, current 

plasmids and cassettes for Cas9 and guide-RNA expression are species specific. CRISPR 

tools that function in multiple yeast species could contribute to the intensifying 

research on non-conventional yeasts. A plasmid carrying a pangenomic origin of 

replication and two constitutive expression cassettes for Cas9 and ribozyme-flanked 

gRNAs was constructed. Its functionality was tested by analyzing inactivation of the 

ADE2 gene in four yeast species. In two Kluyveromyces species, near-perfect targeting 

(≥96%) and homologous repair (HR) were observed in at least 24% of transformants. 

In two Ogataea species, Ade- mutants were not observed directly after transformation, 

but prolonged incubation of transformed cells resulted in targeting efficiencies of 9% 

to 63% mediated by non-homologous end joining (NHEJ). In an Ogataea 

parapolymorpha ku80 mutant, deletion of OpADE2 mediated by HR was achieved, albeit 

at low efficiencies (<1%). Furthermore, the expression of a dual polycistronic gRNA 

array enabled simultaneous interruption of OpADE2 and OpYNR1 demonstrating 

flexibility of ribozyme-flanked gRNA design for multiplexing. While prevalence of NHEJ 

prevented HR-mediated editing in Ogataea, such targeted editing was possible in 

Kluyveromyces. This broad-host-range CRISPR/gRNA system may contribute to 

exploration of Cas9-mediated genome editing in other Saccharomycotina yeasts.  
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Introduction 

 

Design and construction of efficient yeast cell factories for industrial production of fuels 

and a wide range of chemicals is among the key developments in microbial 

biotechnology in the last 20 years. Saccharomyces cerevisiae is currently the most 

intensively used yeast species for production of low-molecular-weight products such as 

alcohols, organic acids and isoprenoid. Its tolerance to high sugar concentrations and 

low pH, its overall robustness, its ability to grow anaerobically and especially its 

tractability to genetic manipulation make S. cerevisiae a convenient chassis for various 

biotechnological purposes (Kavscek et al. 2015, Li and Borodina 2015). Furthermore, 

availability of high-quality genome sequences and well-developed genetic tools (Salazar 

et al. 2017, Stovicek et al. 2017) facilitate tailoring of S. cerevisiae to specific industrial 

applications, either by improving existing traits or by expressing heterologous enzymes 

and pathways. However, its narrow temperature spectrum, limited substrate range and 

strong tendency toward alcoholic fermentation under aerobic conditions have 

stimulated interest in studying non-Saccharomyces species, often referred to as 

‘non-conventional yeasts’, that exhibit attractive features for further improving 

sustainability and economic viability of biobased production (Johnson 2013). 

Kluyveromyces lactis and K. marxianus are non-conventional yeasts that are 

generally regarded as safe (GRAS), can utilize lactose as a carbon source and have been 

applied for bioethanol production from cheese whey, a by-product of the dairy industry 

(Siso 1996). Kluyveromyces lactis has an excellent capacity for protein secretion, which 

has been exploited for production of several heterologous proteins (Spohner et al. 

2016). Kluyveromyces marxianus can grow very fast at temperatures above 40°C and 

has been used for the production of bioethanol, biomass and flavor compounds 

(Morrissey et al. 2015). The thermotolerant and methylotrophic yeast Ogataea 

polymorpha (syn. Hansenula polymorpha) is a major established platform for 

heterologous protein expression thanks to the availability of extremely strong yet 

tightly controlled promoters (Gellissen 2000). In addition, this yeast has been 

engineered for high-temperature ethanol fermentation from various carbon sources, 

including xylose (Kurylenko et al. 2014), and glycerol, a by-product originating from 

biodiesel production (Kata et al. 2016). Ogataea polymorpha shares many 

characteristics with the closely related species O. parapolymorpha, which was 

taxonomically separated from O. polymorpha in 2010, and now includes the popular 

former H. polymorpha DL-1 strain (Suh and Zhou 2010). 

The unique physiological characteristics of non-conventional yeast species have 

the potential to reduce production costs of processes that are currently performed with 

S. cerevisiae. However, analogous to the situation in industrial S. cerevisiae strains, this 

will require extensive genetic engineering. While obtaining the necessary genome-
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sequence information is relatively straightforward due to fast developments in whole-

genome sequencing (Goodwin et al. 2016), genetic modification by classical methods is 

still challenging mostly due to the predominant DNA-repair mechanisms of many 

non-conventional yeasts (Abdel-Banat et al. 2010, Nonklang et al. 2008). Unlike 

S. cerevisiae, these yeasts typically have a very active non-homologous end joining 

(NHEJ) DNA repair mechanism and use homologous recombination (HR) to a much 

lesser extent, which makes precise genome editing inefficient as provided linear repair 

DNA fragments are not efficiently integrated at the targeted genomic locus (Klinner and 

Schäfer 2004). Introduction of a double-strand break (DSB) in the targeted DNA locus 

can strongly facilitate genetic engineering, either by introduction of mutations at the 

cut site or by stimulating the occurrence of HR-mediated DNA repair with co-

transformed repair fragments (Jasin and Rothstein 2013, Kuijpers et al. 2013a). 

Over the past five years, the CRISPR-Cas9 system has emerged as a powerful and 

versatile tool to engineer the genomes of a wide range of organisms (Hsu et al. 2014). 

In this system, the endonuclease CRISPR associated protein 9 (Cas9) binds a guide RNA 

molecule (gRNA) that targets a sequence-specific site in the genome (Jinek et al. 2012). 

The Cas9-gRNA complex then induces a DSB that is lethal unless repaired. Repair of 

DSBs typically occurs through NHEJ or HR, depending on the presence of a repair DNA 

fragment and the predominant DSB repair mechanism of the host cell (Shrivastav et al. 

2008). CRISPR-Cas9’s ability to induce mutations in the target sequence has been 

widely exploited in the development of genetic tools for various non-conventional 

yeasts including K. lactis (Horwitz et al. 2015), K. marxianus (Löbs et al. 2017a, Nambu-

Nishida et al. 2017), O. polymorpha (Numamoto et al. 2017), Pichia pastoris (Weninger 

et al. 2016), Scheffersomyces stipitis (Cao et al. 2017) and Yarrowia lipolytica (Gao et al. 

2016, Schwartz et al. 2016). However, the plasmid and Cas9/gRNA expression systems 

available today have generally only been designed for and tested in a single yeast 

species, thus limiting the potential of each system to work on different yeasts with novel 

characteristics. 

In this study, we developed a novel wide-host-range CRISPR-Cas9 system for use 

across several yeast species, based on plasmid-borne expression of Cas9 and a 

ribozyme-flanked gRNA that was recently developed for S. pastorianus, a 

Saccharomyces hybrid highly resilient to genetic modification (Gorter de Vries et al. 

2017). The system was successfully tested in K. marxianus, K. lactis, O. polymorpha and 

O. parapolymorpha. The results highlight the potential of cross-species CRISPR-Cas9 

tools for genome engineering in yeasts.  
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Materials and Methods 

 

Strains and growth conditions. The K. lactis, K. marxianus, O. polymorpha and 

O. parapolymorpha strains used in this study are listed in Table 2.1. For cultivation 

under non-selective conditions, strains were grown in 500 mL shake flasks containing 

100 mL YPD medium (10 g L-1 Bacto yeast extract, 20 g L-1 Bacto peptone, 20 g L-1 

glucose, demineralized water), placed in a rotary shaker set to 30°C and 200 rpm. For 

antibiotic selection, media for cultivation of Kluyveromyces and Ogataea species were 

supplemented with 200 and 300 μg mL-1 hygromycin B, respectively. Prolonged liquid 

incubation for generation of gene disruptions in Ogataea species was carried out under 

selective conditions in 50 mL vented tubes (Cellstar CELLreactor, Greiner Bio-One, 

Kremsmünster, Austria), containing 25 mL YPD medium and incubated as described 

above. Solid medium was prepared by addition of 2% (w/v) agar. To verify the 

disruption of nitrate reductase gene YNR1, O. parapolymorpha was grown on synthetic 

medium (SM) which contained 20 g L-1 glucose, 3 g L-1 KH2PO4, 0.5 g L-1 MgSO4∙7 H2O, 

5 g L-1 (NH4)2SO4, 1 mL L-1 of a trace element solution and of a vitamin solution as 

previously described in Verduyn et al. (1992) and on synthetic medium with nitrate 

(SMN) in which (NH4)2SO4 was substituted with 5 g L-1 K2SO4 and 4.3 g L-1 NaNO3. For 

multiplexed targeting of ADE2 and YNR1 in O. parapolymorpha, SM and SMN media 

were supplemented with 15 mg L-1 adenine to allow for growth of Ade- mutants. Frozen 

stock cultures were prepared from exponentially growing shake-flask cultures by 

addition of 30% (v/v) glycerol, and aseptically stored in 1 mL aliquots at -80°C. 

 

Construction of plasmids and repair DNA fragments. All plasmids used in this study 

are described in Table 2.2. The DNA parts harbored by plasmids pUD527, pUD530, 

pUD531, pUD532, pUD540, pUD555, pUD602 and pUD750 were de novo synthesized by 

GeneArt (Thermo Fisher Scientific, Waltham, MA, USA). 

For the construction of pUDP002, an intermediate plasmid containing the 

Klebsiella pneumoniae hph (HygR) open reading frame (ORF), expressed from the TEF1 

promoter and terminator from the yeast Ashbya gossypii (Eremothecium gossypii), was 

constructed by ‘Gibson’ assembly (Gibson et al. 2009) from plasmids pYTK079 (Lee et 

al. 2015) and pUD527: the hph ORF was amplified from pYTK079 using primers 9837 

and 9838, and inserted into a plasmid backbone which was generated by PCR 

amplification of pUD527 using primers 9839 and 9840.  
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Table 2.1: Kluyveromyces and Ogataea strains used in this study. 

Species Strain Genotype Origin 

Kluyveromyces lactis 
CBS 2359 Wild type CBS-KNAWA, van der 

Walt (1971) 
IMK829 Δade2 This study 

Kluyveromyces marxianus 

CBS 5795 Wild type CBS-KNAWA, van der 
Walt (1971) 

NBRC 1777 Wild type NBRCB 
IMK830 Δade2 This study 
CBS 397 Wild type CBS-KNAWA, van der 

Walt (1971) 
Ogataea polymorpha 
(syn. Hansenula polymorpha) 

CBS 4732 Wild type CBS-KNAWA, Yamada 
et al. (1994) 

Ogataea parapolymorpha 
(syn. Hansenula polymorpha) 

CBS 11895 (DL-1, 
ATCC 26012) 

Wild type CBS-KNAWA, Suh and 
Zhou (2010) 

IMD001 ku80A340AA This study 
IMK828 ku80A340AA Δade2 This study 
IMD034 ade2C120CA ynr1G397GT This study 

CBS 2359, CBS 5795, CBS 397, CBS 4732 and CBS 11895 were obtained from the CBS-KNAW fungal collection 
(A Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands). NBRC 1777 was obtained from the NBRC 
culture collection (B National Institute of Technology and Evaluation, Tokyo, Japan). 

 

Plasmid pUDP002 was constructed by Gibson assembly from five overlapping 

fragments, using synthetic homologous recombination sequences (Kuijpers et al. 

2013b): (i) the AgTEF1p-hph-AgTEF1t hygromycin resistance cassette was amplified 

from the intermediate plasmid using primers 9841 and 9842 and sequence-verified 

before further use; (ii) the AaTEF1p-cas9D147Y P411T-ScPHO5t expression cassette (Bao et 

al. 2015, Gorter de Vries et al. 2017) was obtained by amplification of pUD423 using 

primers 3841 and 9393; (iii) the pangenomic yeast replication origin panARS(OPT) 

(Liachko and Dunham 2014) was amplified from pUD530 using primers 9663 and 

3856; (iv) the empty ScTDH3p-ScCYC1t gRNA expression cassette was obtained by 

digestion of pUD531 with SmaI; (v) the Escherichia coli pBR322 origin and bla gene for 

ampicillin selection were obtained by digestion of pUD532 with SmaI. The five 

fragments were gel-purified and 0.1 pmol of each fragment was assembled in a Gibson 

assembly reaction. An E. coli clone containing the correctly assembled plasmid (verified 

by digestion with PdmI) was stocked and pUDP002 (Addgene Plasmid #103872) was 

used as gRNA entry plasmid for subsequent plasmid construction. 

The gRNA expression plasmids pUDP013 (plasmid #103873), pUDP025 

(plasmid #103874), pUDP046 (plasmid #107062) and pUDP123 (plasmid #107269) 

were assembled in a one-pot ‘Golden Gate’ assembly (Engler et al. 2008) by BsaI 

digestion of pUDP002 and a synthesized donor plasmid containing the respective gRNA 

sequences flanked by ribozymes and BsaI restriction sites. 
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Table 2.2: Plasmids used in this study. 

Name 
(Addgene 
Plasmid #) 

Relevant characteristics Origin 

pYTK079  Template for hph (HygR) open reading frame  Lee et al. 
(2015) 

pUD423  Template for AaTEF1p-Spcas9D147Y P411T-ScPHO5t cassette  Gorter de 
Vries et al. 
(2017) 

pUD527  ori kanR SHRA AgTEF1p-amdS-AgTEF1t SHRB  GeneArt  
pUD530  ori kanR panARS(OPT)  GeneArt  
pUD531  ori kanR SHRC ScTDH3p-BsaI BsaI-ScCYC1t SHRI  GeneArt  
pUD532  ori kanR SHRI ori bla SHRA  GeneArt  
pUD540  ori ampRBsaIHH-gRNAOpADE2-HDVBsaI  GeneArt  
pUD555  ori ampRBsaIHH-gRNAKlADE2-HDVBsaI  GeneArt  
pUD602  ori ampRBsaIHH-gRNAOpKU80-HDVBsaI  GeneArt  
pUD750  ori ampRBsaIHH-gRNAOpADE2-HDV-HH-gRNAOpYNR1-HDVBsaI  This study  
pUDP002 
(plasmid 
#103872)  

ori ampR panARS(OPT) AgTEF1p-hph-AgTEF1t 
ScTDH3pBsaI BsaIScCYC1t AaTEF1p-Spcas9D147Y P411T-ScPHO5t 

This study  

pUDP013 
(plasmid 
#103873)  

ori ampR panARS(OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNAOpADE2-HDV- ScCYC1t AaTEF1p-Spcas9D147Y P411T-ScPHO5t 

This study  

pUDP025 
(plasmid 
#103874)  

ori ampR panARS(OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNAKlADE2-HDV- ScCYC1t AaTEF1p-Spcas9D147Y P411T-ScPHO5t 

This study  

pUDP046 
(plasmid 
#107062)  

ori ampR panARS(OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNAOpKU80-HDV- ScCYC1t AaTEF1p-Spcas9D147Y P411T-ScPHO5t 

This study  

pUDP082 
(plasmid 
#103875)  

ori ampR panARS(OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNAKmADE2-HDV- ScCYC1t AaTEF1p-Spcas9D147Y P411T-ScPHO5t 

This study  

pUDP123 
(plasmid # 
107269)  

ori ampR panARS(OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNAOpADE2-HDV-HH-gRNAOpYNR1-HDV-ScCYC1t AaTEF1p-
Spcas9D147Y P411T-ScPHO5t 

This study  

Restriction enzyme sites are indicated in superscript and gRNA target sequences are indicated in subscript. SHRs 
represent specify synthetic homologous recombination sequences used for plasmid assembly. Aa: Arxula 
adeninivorans; Sp: Streptococcus pyogenes; Ag: Ashbya gossypii; Sc: Saccharomyces cerevisiae; Op: Ogataea 
(para)polymorpha; Kl: Kluyveromyces lactis; Km: Kluyveromyces marxianus; HH: hammerhead ribozyme; 
HDV: hepatitis delta virus ribozyme. pUDP013 (gRNAOpADE2) targets ADE2 in both O. polymorpha and 
O. parapolymorpha. The Addgene plasmid code (when relevant) is indicated next to the plasmid name between 
brackets. 

 

pUDP013, pUDP025, pUDP046 and pUDP123 were constructed using pUD540, 

pUD555, pUD602 and pUD750, respectively. The Golden Gate assemblies were carried 

out in a final volume of 20 μL, using T4 DNA ligase buffer (Thermo Fisher Scientific), 

10 U BsaI (New England Biolabs), 1 U T4 DNA ligase (Thermo Fisher Scientific) and 

10 ng of both pUDP002 and the respective donor plasmid. For the construction of 

pUDP082 (plasmid #103875), the partially overlapping primers Km-ade2-F and 

Km-ade2-R were annealed, extended and amplified by PCR to yield a 233 bp 

double-stranded DNA fragment containing the KmADE2 gRNA target sequence flanked 

by ribozymes and BsaI sites, which was integrated into pUDP002 by Golden Gate 
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assembly as described above. All constructed gRNA-harboring plasmids were verified 

by digestion with PdmI. Plasmids pUDP002, pUDP013, pUDP025, pUDP046, pUDP082 

and pUDP123 were deposited at Addgene (https://www.addgene.org/). 

The ADE2 repair DNA fragments of K. lactis (962 bp), K. marxianus (959 bp), 

O. polymorpha (960 bp) and O. parapolymorpha (960 bp) were constructed from strains 

CBS 2359, CBS 5795, CBS 4732 and CBS 11895, respectively, using primer sets 10723 & 

10724 and 10725 & 10726 (K. lactis), 10727 & 10728 and 10729 & 10730 

(K. marxianus), 10346 & 10347 and 10348 & 10349 (O. polymorpha) and 10354 & 

10355 and 10356 & 10357 (O. parapolymorpha) to amplify the homology regions 

flanking ADE2. Both regions were then joined by overlap extension PCR using primer 

sets 10723 & 10726, 10727 & 10730, 10346 & 10349 and 10354 & 10357 in the case of 

K. lactis, K. marxianus, O. polymorpha and O. parapolymorpha, respectively. In all cases, 

the final repair fragment was gel-purified and further amplified to obtain quantities 

required for transformation, using primer sets 10723 & 10726, 10727 & 10730, 

10346 & 10349, and 10354 & 10357 for K. lactis, K. marxianus, O. polymorpha and 

O. parapolymorpha, respectively. The primer pairs were designed to amplify the 480 bp 

(±1 or 2 bp in some cases) upstream the ATG or the 480 bp terminator region 

downstream the stop codon of the interrupted/deleted ORF. 

 

Design of gRNA target sequences and BsaI-flanked entry constructs. All 20-bp 

Cas9 gRNA target sequences used in this study are described in Table 2.3. 

Approximately ten candidate target sequences were chosen from the first third of each 

targeted ORF, based on the presence of an NGG protospacer adjacent motif (PAM) site. 

Any target sequence with off-targets (defined as a sequence with NGG or NAG PAM and 

more than 15 nucleotides identical to the candidate sequence) was excluded, based on 

a blastn homology search against the respective yeast genome 

(https://blast.ncbi.nlm.nih.gov). The remaining target sequences were ranked based on 

AT content (‘AT score’; 0 being the lowest and 1 being the highest possible AT content) 

and secondary structure as predicted with the complete gRNA sequence, using 

minimum free energy prediction by RNAfold (Lorenz et al. 2011) (‘RNA score’; 0 being 

the lowest and 1 being the highest possible number of unpaired target sequence 

nucleotides). Finally, the target sequences with the highest cumulative AT and RNA 

score that did not exceed an AT score of 0.8 were chosen for use in this study. 

To integrate ribozyme-flanked gRNAs into pUDP002, the synthetic 233-bp 

dsDNA gRNA entry constructs were flanked by inward-facing BsaI sites generating 

sticky ends (underlined) ‘GGTCTCGCAAA’ and ‘ACAGCGAGACC’ at their 5’ and 3’ ends, 

respectively, compatible with BsaI-digested pUDP002. The sequence between the BsaI 

sites consisted of (i) the hammerhead ribozyme with the first six nucleotides being the 

reverse complement (c) of the first six nucleotides of the gRNA spacer 
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‘cN6cN5cN4cN3cN2cN1CUGAUGAGUCCGUGAGGACGAAACGAGUAAGCUCGUC’, (ii) followed 

by the 20-nucleotide gRNA spacer followed by the structural gRNA 

‘GUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAG

UGGCACCGAGUCGGUGCUUUU’, (iii) followed by the hepatitis delta virus ribozyme 

‘GGCCGGCAUGGUCCCAGCCUCCUCGCUGGCGCCGGCUGGGCAACAUGCUUCGGCAUGGCGA

AUGGGAC’ (Gao and Zhao 2014, Gorter de Vries et al. 2017). For multiplexed targeting 

of O. parapolymorpha ADE2 and YNR1 using a single expression cassette, two ribozyme-

flanked gRNAs were connected in a tandem array using 20-bp linker 

‘GTGTAATGTCCAGAGTTGTG’, and otherwise constructed as described previously 

(Gorter de Vries et al. 2017). 

 
Table 2.3: gRNA target sequences used in this study. 

Locus Target sequence (5΄-3΄) Position in ORF (bp) AT score RNA score 

KlADE2  TTTCAATACCTCAAGTGCTTCGG  508/1710  0.65  0.70  
KmADE2  GCCCATTTTTCTGCGTATAGCGG  537/1710  0.55  0.70  
OpADE2*  CTGGAATTGATCTGCTTGGCCGG  120/1704  0.50  0.35  
OpKU80  CATCGTTCTGCAGAAGATCATGG  340/2076  0.55  0.55  
OpYNR1  AGCACAGACCATAGTAACTGGGG  397/2580  0.55  0.55  

Target sequences are shown including PAM sequence (underlined). The gRNA for OpADE2 targets the respective 
genes at the same position in both O. polymorpha and O. parapolymorpha. Position in ORF indicates the base pair 
after which the Cas9-mediated DSB is expected, out of the total length of the ORF. AT score indicates AT content of 
the 20-bp target sequence. RNA score indicates the fraction of unpaired nucleotides of the 20-bp target sequence, 
predicted with the complete gRNA sequence using minimum free energy prediction by RNAfold (Lorenz et al.2011).  
*The same sequence was used for single (pUDP013) and for double (pUDP123) editing. 

 

Strain construction. Yeast transformations: Kluyveromyces lactis and K. marxianus 

were transformed using the LiAc/single-strand carrier DNA/polyethylene glycol 

method (Gietz and Schiestl 2007). Overnight pre-cultures in YPD medium were used to 

inoculate a shake flask containing YPD medium to an initial OD660nm of 0.5. Cultures 

were then incubated at 30°C until an OD660nm of 2.0 was reached, harvested and 

transformed with 200 ng of plasmid DNA and 300 or 1000 ng of repair DNA fragment 

in the case of K. lactis or K. marxianus, respectively. After heat shock, cells were 

recovered in 1 mL YPD medium for 3 h and plated on selective YPD medium. Plates 

were typically kept for 5 d at 30°C and then incubated at 4°C for 2 h before assessing 

the percentage of red Ade- colonies. Ogataea polymorpha and O. parapolymorpha were 

transformed using the procedure for preparation of competent cells and 

electroporation described by Saraya et al. (2014), with modifications. All steps were 

performed at 30°C, OD660nm of all cultures harvested for transformation was normalized 

to OD660nm 1.2 by dilution with sterile demineralized water, all centrifugation steps 

were carried out for 3 min at 3000 g, the DTT incubation step was done for 20 min, and 

the washing step with STM buffer was performed twice with 50 mL. Electroporation 

was carried out with 40 μL of a freshly prepared competent cell suspension in 2 mm 
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gap cuvettes (Bio-Rad, Hercules, CA, USA), using 200 ng of plasmid DNA and 1 μg of 

repair fragment. A Micropulser Electroporator (Bio-Rad) set to the ‘Sc2’ preset (1.5 kV) 

was used for pulse delivery. After electroporation, cells were recovered in 1 mL YPD 

medium for 1 h at 30°C before plating onto selective YPD medium. For the direct 

inoculation of prolonged liquid incubation cultures, 100 μL of recovered cell suspension 

was used as inoculum. Selection plates were typically kept for 4 d at 30°C and then 

incubated at 4°C for a minimum of 24 h before assessing the percentage of red 

Ade- colonies. 

Molecular diagnosis of yeast mutants: for molecular analysis of K. lactis and 

K. marxianus mutants, colonies were grown overnight in YPD medium. Genomic DNA 

was extracted using the method described by Singh and Weil (2002), and used as 

template for PCR reactions targeting the ADE2 locus. Primer sets 10909 & 10910, and 

10911 & 10912 were used for K. lactis and K. marxianus, respectively. For Sanger 

sequencing of putative NHEJ-corrected mutants, PCR products were purified and then 

sequenced using primers 10737 and SeqADE2 for K. lactis and K. marxianus, 

respectively. For O. polymorpha and O. parapolymorpha, genomic DNA was directly 

isolated from colonies, using the LiAc-sodium dodecyl sulfate method (Lõoke et al. 

2011). Primer sets 10380 & 10381, and 10915 & 10916 were used to check for deleted 

ADE2 loci in O. polymorpha and O. parapolymorpha, respectively, while sequencing of 

NHEJ-corrected mutants was done using primer sets 10378 & 10379, and 10386 & 

10387, respectively. The deleted ADE2 locus in strain IMK828 was amplified and 

Sanger-sequenced using primers 10915 and 10916. Additionally for O. parapolymorpha 

primer pair 12257 & 12266 was used to amplify OpYNR1 to verify editing of this locus 

by Sanger sequencing. 

Construction of IMK829, IMK830, IMD001, IMK828 and IMD034: to construct 

IMK829 (K. lactis ade2), strain CBS 2359 was co-transformed with 200 ng of pUDP025 

(harboring gRNAKlADE2) and 300 ng of a 962-bp repair DNA fragment as described 

above. The resulting transformants were analyzed by diagnostic PCR using primers 

10909 and 10910, and a mutant exhibiting a PCR product compatible with deletion of 

the ADE2 ORF was isolated and renamed IMK829. To construct IMK830 (K. marxianus 

ade2), strain NBRC 1777 was co-transformed with 200 ng of pUDP082 (harboring 

gRNAKmADE2) and 1 μg of a 959-bp repair DNA fragment as described above. The 

resulting transformants were analyzed by diagnostic PCR using primers 10911 and 

10912, and a mutant exhibiting a PCR product compatible with deletion of the ADE2 

ORF was isolated and renamed IMK830. For the construction of IMD001 

(O. parapolymorpha ku80A340AA), the O. parapolymorpha KU80 ORF (accession 

XM_014078010.1) was identified by a tblastn homology search 

(https://blast.ncbi.nlm.nih.gov) using the S. cerevisiae YKU80 protein sequence and 

O. parapolymorpha CBS 11895 (DL-1) RefSeq assembly (accession GCF_000187245.1) 
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(Ravin et al. 2013). Strain CBS 11895 was transformed with 200 ng of pUDP046 

(harboring gRNAOpKU80), and a single transformant was picked and used to inoculate a 

prolonged liquid incubation culture as described above. After 96 h, cells were plated on 

selective YPD medium, genomic DNA was isolated from randomly picked colonies, and 

the KU80 locus was amplified and Sanger-sequenced using primers 10751 and 10752. 

A mutant containing a single adenine nucleotide inserted between position 340 and 341 

of the KU80 ORF was restreaked three times subsequently on non-selective YPD 

medium to remove pUDP046, and renamed IMD001. To construct IMK828 

(O. parapolymorpha ku80A340AA Δade2), strain IMD001 was co-transformed with 200 ng 

of pUDP013 (harboring gRNAOpADE2) and 1 μg of a 960-bp repair DNA fragment as 

described above. After recovery, 100 μL of transformation cell suspension was directly 

used for inoculation of a prolonged liquid incubation culture. After 48 h, cells were 

plated on selective medium and the resulting colonies inspected for occurrence of the 

red Ade- phenotype. A mutant which exhibited a PCR product compatible with deletion 

of the ADE2 ORF when analyzed by diagnostic PCR using primers 10915 and 10916 was 

restreaked thrice subsequently on non-selective YPD medium to remove pUDP013, and 

renamed IMK828. For the construction of IMD034 (O. parapolymorpha ade2C120CA 

ynr1G397GT), the O. parapolymorpha HPODL_02384/YNR1 ORF (accession 

XM_014082012.1) was identified in O. parapolymorpha CBS 11895 (DL-1) RefSeq 

assembly (accession GCF_000187245.1) as previously described for OpKU80. Strain 

CBS 11895 was transformed with 200 ng of pUDP123 (harboring dual 

gRNAOpADE2-OpYNR1), and a single transformant was picked and used to inoculate a 

prolonged liquid incubation culture as described above. After 96 h, cells were plated on 

selective YPD medium. A set of 94 Ade- mutants were picked and grown overnight on 

non-selective YPD and then replica-plated on SM and SMN media. A set of five 

transformants exhibiting both Ade- (red colonies) and Nit- (absence of growth on 

nitrate) phenotypes were randomly picked, genomic DNA was isolated and the OpADE2 

and OpYNR1 loci were amplified and Sanger-sequenced using primer pairs 10386 & 

10387 and 12257 & 12266 respectively. One sequence-confirmed double interruption 

mutant was restreaked three times subsequently on non-selective YPD medium to 

remove pUDP123, and renamed IMD034. 

 

Molecular biology techniques. PCR amplification with Phusion High Fidelity 

Polymerase (Thermo Fisher Scientific) was performed according to the manufacturer’s 

instructions using PAGE-purified oligonucleotide primers (Sigma-Aldrich, St. Louis, MO, 

USA). Diagnostic PCR was done using DreamTaq polymerase (Thermo Fisher Scientific) 

and desalted primers (Sigma-Aldrich). All primer sequences are shown in Table 2.4.  
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Table 2.4: Primers used in this study. 

Name Sequence (5΄ - 3΄) Purpose 
3841  CACCTTTCGAGAGGACGATG  Construction of pUDP002  
3856  CTAGCGTGTCCTCGCATAGTTC  Construction of pUDP002  

9393  
TGCCGAACTTTCCCTGTATGAAGCGATCTGACCAATCCTTTGCCGTA 
GTTTCAACGTATGTTTTCATTTTTGCGATGCCAG  

Construction of pUDP002  

9663  
CATACGTTGAAACTACGGCAAAGGATTGGTCAGATCGCTTCATACA 
GGGAAAGTTCGGCATCAACATCTTTGGATAATATCAGAATGAG  

Construction of pUDP002  

9837  
ATACAGTTCTCACATCACATCCGAACATAAACAAGGATCCATG 
GGTAAAAAGCCTGAACTC  

Construction of pUDP002  

9838  
ACAAGTTCTTGAAAACAAGAATCTTTTTATTGTCCTCGAGTTATT 
CCTTTGCCCTCGGAC  

Construction of pUDP002  

9839  CTCGAGGACAATAAAAAGATTCTTG  Construction of pUDP002  
9840  GGATCCTTGTTTATGTTCGGATG  Construction of pUDP002  
9841  ACTATATGTGAAGGCATGGC  Construction of pUDP002  
9842  GTTGAACATTCTTAGGCTGG  Construction of pUDP002  

Km-
ade2-F  

GGTCTCGCAAAGTCAAGCTGATGAGTCCGTGAGGACGAAACGAGT 
AAGCTCGTCGCCCATTTTTCTGCGTATAGGTTTTAGAGCTAGAAA 
TAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG 
GCACC  

Construction of pUDP082  

Km-
ade2-R  

GGTCTCGCTGTGTCCCATTCGCCATGCCGAAGCATGTTGCCCAGCC 
GGCGCCAGCGAGGAGGCTGGGACCATGCCGGCCAAAAGCACCGAC 
TCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAA 
CTTGC  

Construction of pUDP082  

10723  GTAGTACCGACCTTATCCGTG  
Construction of K. lactis 
ADE2 repair fragment  

10724  GTTGTCTTAGTGAAGAAGGTGAAC  
Construction of K. lactis 
ADE2 repair fragment  

10725  
TATATAATAACATCACGTTCACCTTCTTCACTAAGACAACAGCTGC 
CAAATTAGAAACTATCG  

Construction of K. lactis 
ADE2 repair fragment  

10726  TGTGCGTTGATATATGCCAAC  
Construction of K. lactis 
ADE2 repair fragment  

10727  ATCATAGACAGTCAGTTAGTTCCC  
Construction of K. marxianus 
ADE2 repair fragment  

10728  TTCTTTGGTCCATGATTAACAAGG  
Construction of K. marxianus 
ADE2 repair fragment  

10729  
ACTACAACAATATAAACCTTGTTAATCATGGACCAAAGAAGTATTC 
AACTACCTCCAACAAGAAG  

Construction of K. marxianus 
ADE2 repair fragment  

10730  CAAATTTATGAAGTTTGTGCCATTTG  
Construction of K. marxianus 
ADE2 repair fragment  

10346  TGTGCACTCAATTGCAACC  
Construction of O. polymorpha 
ADE2 repair fragment  

10347  TTCCAACGACCTTTGAGTCC  
Construction of O. polymorpha 
ADE2 repair fragment  

10348  
TAATTTAATTTAATTTACATGGACTCAAAGGTCGTTGGAAGTTGGC 
TATGAGGAATACCTTAAC  

Construction of O. polymorpha 
ADE2 repair fragment  

10349  GGGACGTTTACTGGACGG  
Construction of O. polymorpha 
ADE2 repair fragment  

10354  CCTGATGTGCACTCAATTGC  
Construction of 
O. parapolymorpha ADE2 repair 
fragment  

10355  CAACGACCTTCGAGTCCATC  
Construction of 
O. parapolymorpha ADE2 repair 
fragment  

10356  
TATTAATTTAATTTAATTTAGATGGACTCGAAGGTCGTTGCTCTG 
TTGGCTATGAAGAATACC  

Construction of 
O. parapolymorpha ADE2 repair 
fragment  

10357  GTTTATTGGATGGCAATCTCG  
Construction of 
O. parapolymorpha ADE2 repair 
fragment  

10737  AATTGCATCTCTTTGTGATGTC  
Sanger sequencing of K. lactis 
ADE2 disruptions  
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SeqADE2  CTGCAACTGCTTGTTCAGCC  
Sanger sequencing of 
K. marxianus ADE2 disruptions  

10378  CCAATTACAAGTACTACTTCGAG  
Sanger sequencing of 
O. polymorpha 
ADE2 disruptions fw  

10379  CTAGCTCCTTGGTGAAAGG  
Sanger sequencing of 
O. polymorpha 
ADE2 disruptions rv  

10386  ACAAGTACTACTTCGAGGAC  
Sanger sequencing of 
O. parapolymorpha 
ADE2 disruptions fw  

10387  CTAGCTCCTTGGTAAAGGG  
Sanger sequencing of 
O. parapolymorpha 
ADE2 disruptions rv  

10751  GGACGCCTGCTTAGACTTG  
Sanger sequencing of 
O. parapolymorpha 
KU80 disruptions fw  

10752  AGCACGGTATATTCGCACAG  
Sanger sequencing of 
O. parapolymorpha 
KU80 disruptions rv  

12257  CACCATGGTCGGAAGAACC  
Sanger sequencing of 
O. parapolymorpha 
YNR1 disruptions fw  

12266  ATGTAATTCCTCACGAACTTTGG  
Sanger sequencing of 
O. parapolymorpha 
YNR1 disruptions rv  

10909  TCTTCGTCGCCATTTATTGTTGAG  
Diagnosis of K. lactis 
ADE2 deletions fw  

10910  CTATTGCGGTTCGCTCTTCC  
Diagnosis of K. lactis 
ADE2 deletions rv  

10911  ATTCGCCGAATCTGACGTG  
Diagnosis of K. marxianus 
ADE2 deletions fw  

10912  TGGTGTGCAGACGGATAAAC  
Diagnosis of K. marxianus 
ADE2 deletions rv  

10380  AGGTGCTCAAACACAAAGAG  
Diagnosis of O. polymorpha 
ADE2 deletions fw  

10381  TCGTATCTCGTAAGTTGATTTAGG  
Diagnosis of O. polymorpha 
ADE2 deletions rv  

10915  CCGTCTGAACGGAATGATGTC  

Diagnosis and Sanger 
sequencing of 
O. parapolymorpha 
ADE2 deletions fw  

10916  CCCTCAACTGCAGACACATAG  

Diagnosis and Sanger 
sequencing of 
O. parapolymorpha 
ADE2 deletions rv  

 

DNA fragments obtained by PCR were separated by gel electrophoresis. Gel purification 

was carried out using the Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA, 

USA). PCR purification was performed using either the GenElute PCR Clean-Up Kit 

(Sigma-Aldrich) or GeneJET PCR purification kit (Thermo Fisher Scientific). Gibson 

assembly was done using the NEBuilder HiFi DNA Assembly Master Mix (New England 

Biolabs, Ipswich, MA, USA) according to the manufacturer’s recommendations. 

Restriction digest with PdmI and SmaI was performed using FastDigest enzymes 

(Thermo Fisher Scientific), according to the manufacturer’s instructions. E. coli strain 

XL1-blue was used for plasmid transformation, amplification and storage. Plasmids 

were isolated from E. coli with the GenElute Plasmid Miniprep Kit (Sigma-Aldrich).  
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Whole-genome sequencing of O. parapolymorpha IMD001. Genomic DNA of 

O. parapolymorpha IMD001 was isolated with the QIAGEN Genomic-tip 100/G kit 

(Qiagen, Hilden, Germany) from a stationary-phase overnight shake-flask culture 

grown on YPD medium, according to the manufacturer’s instructions. Genomic DNA 

was quantified using a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific). 10 mg of 

genomic DNA was sequenced by Novogene Bioinformatics Technology (Yuen Long, 

Hong Kong, China) on a HiSeq 2500 (Illumina, San Diego, CA, USA) with 150-bp paired-

end reads using TruSeq PCR-free library preparation (Illumina). In order to verify 

complete absence of plasmid pUDP046, sequencing reads were mapped to the sequence 

of pUDP046 and to the genome of O. parapolymorpha CBS 11895 (accession 

GCF_000187245.1) (Ravin et al. 2013) using the Burrows-Wheeler Alignment tool and 

further processed using SAMtools (Li and Durbin 2010, Li et al. 2009). The absence of 

sequences from pUDP046 was confirmed by visualizing the generated .bam files in the 

Integrative Genomics Viewer software (Robinson et al. 2011). Sequencing data are 

available at NCBI (https://www.ncbi.nlm.nih.gov/) under BioProject PRJNA413643.  
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Results 

 

pUDP: a plasmid-based wide-host-range yeast CRISPR/Cas9 system. The pUDP 

system was designed to enable Cas9-mediated genome editing in different yeast species 

by simple transformation with a single plasmid. To this end, DNA parts encoding the 

plasmid origin of replication, cas9 expression cassette, selection marker and gRNA 

expression cassette were chosen to function in a wide range of yeast species 

(Figure 2.1). To ensure replication of pUDP plasmids, the pangenomic yeast origin of 

replication panARS(OPT) was used. This origin of replication, which was inspired by a 

K. lactis chromosomal ARS, has been shown to function in at least ten different species 

of ascomycetous yeasts, including the species used in this study (Liachko and Dunham 

2014). The cas9D147Y P411T nuclease variant (Bao et al. 2015) was expressed under 

control of the TEF1 promoter from Arxula adeninivorans (Blastobotrys adeninivorans), 

which enabled strong constitutive expression in various yeasts (Steinborn et al. 2006, 

Terentiev et al. 2004). Similarly, the K. pneumoniae hph gene encoding hygromycin B 

phosphotransferase, which conferred hygromycin resistance in a wide range of 

microorganisms, was expressed under control of the Ashbya gossypii 

(Eremothecium gossypii) TEF1 promoter (Wach et al. 1994) that showed activity in a 

range of yeasts (Kim et al. 2010, Mazzoni et al. 2005). 

 

 
Figure 2.1: Components of the pUDP genome editing system. (A) Map of pUDP002 (Addgene plasmid #103872), 
a wide-host-range gRNA entry plasmid. pUDP002 is composed of a hph (HygR) selection marker cassette under 
control of the TEF1 promoter from Ashbya gossypii conferring hygromycin resistance, Spcas9D147Y P411T under control 
of the TEF1 promoter from Arxula adeninivorans, the pangenomic yeast replication origin panARS(OPT), a BsaI 
cloning site for entry of gRNA constructs, and a pBR322-derived E. coli origin and bla gene for ampicillin selection. 
A, B, F, C and I indicate 60 bp synthetic homologous recombination sequences used for ‘Gibson’ assembly of the 
plasmid. (B) Representation of the ribozyme-flanked gRNA expression cassette design. Guide RNAs (represented by 
gRNAADE2) were flanked on their 5΄ by a hammerhead ribozyme (HH represented in orange) and on their 3΄ by a 
hepatitis delta virus ribozyme (HDV represented in bronze). When integrated into pUDP002, this construct is under 
control of the RNA polymerase II promoter TDH3 and the CYC1 terminator from S. cerevisiae. Upon ribozyme self-
cleavage, a mature gRNA comprised of the guiding protospacer (in blue) and the structural gRNA fragment (in green) 
is released. 
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To avoid RNA modifications that interfere with biological function, transcription of 

gRNAs for genome editing is commonly controlled by RNA polymerase III promoters. 

By analogy with expression of gRNA in mammalian cells (Cong et al. 2013, Mali et al. 

2013), the RNA polymerase III SNR52 promoter was used in S. cerevisiae (DiCarlo et al. 

2013, Mans et al. 2015), but accurate annotation and characterization of this promoter 

might not be available for other yeast species. Therefore, self-processing ribozyme-

flanked gRNAs were expressed from an RNA polymerase II promoter (Gao and Zhao 

2014, Ryan et al. 2014). This concept has already been successfully applied in several 

different organisms (Gao et al. 2016, Gorter de Vries et al. 2017, Weninger et al. 2016). 

In this system, the gRNA is flanked by a hammerhead and hepatitis delta virus ribozyme 

at its 5’ and 3’ end, respectively, resulting in precise release of mature gRNA after self-

cleavage. To ensure sufficient gRNA transcription, the strong glycolytic TDH3 promoter 

from S. cerevisiae was used. These elements were combined in plasmid pUDP002, which 

could subsequently serve as entry plasmid to insert any desired gRNA. To streamline 

integration of ribozyme-flanked gRNAs, pUDP002 contained two different BsaI 

restriction sites between ScTDH3p and ScCYC1t, enabling directional insertion of 

synthetic BsaI-flanked gRNA constructs (Gorter de Vries et al. 2017). 

To test the genome-editing efficiency of the pUDP system, the ADE2 gene was 

targeted in all four non-conventional yeasts used in this study: K. lactis, K. marxianus, 

O. polymorpha and O. parapolymorpha. The ADE2 gene encodes a phosphoribosyl-

aminoimidazole carboxylase, also referred to as AIR carboxylase, involved in adenine 

biosynthesis. Besides causing adenine auxotrophy, loss-of-function mutations in ADE2 

result in a red-color phenotype due to accumulation of the oxidized form of 5-amino 

imidazole ribonucleotide (AIR). This allows detection of ADE2 targeting by simple 

visual inspection of transformation plates (Roman 1956). Therefore, gRNAs were 

designed targeting ADE2 in each species based on available genome data (Table 2.3), 

and gRNA-harboring plasmids pUDP025, pUDP082 and pUDP013 for deletion of ADE2 

in K. lactis, K. marxianus and O. polymorpha/O. parapolymorpha, respectively, were 

constructed. 

 

Efficient CRISPR/Cas9 targeting enables gene deletion in Kluyveromyces species. 

To test the effectiveness of the pUDP system in K. lactis, gRNAKlADE2 was inserted into 

pUDP002 and the resulting plasmid pUDP025 was used to target ADE2 in K. lactis 

CBS 2359. Transformation with pUDP025 without a repair DNA fragment yielded a total 

of 35 transformants of which 19 (54%) exhibited a red Ade- phenotype. In the presence 

of a 962-bp repair fragment which targeted the ADE2 promoter and terminator 

(Figure 2.2A), the transformation of pUDP025 yielded 26 red transformants out of a 

total 27 (96%) (Figure 2.2B). 
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Figure 2.2: Efficient gRNA targeting in K. lactis CBS 2359 enables marker-free gene deletion. (A) Schematic 
representation of ADE2 editing upon transformation of CBS 2359 with pUDP025 (gRNAKlADE2) and a repair DNA 
fragment. The primers for diagnostic PCR of transformants are indicated. (B) Colony morphology of CBS 2359 upon 
transformation with pUDP025 and a marker-free 962-bp repair fragment. (C) Diagnosis of 13 randomly picked red 
Ade− transformants of CBS 2359 upon transformation with pUDP025 and a 962-bp marker-free repair fragment. 
Four transformants (HR mutants 1–4) showed a PCR product of 1177 bp corresponding to the deleted allele. The 
control labeled CBS 2359 and nine transformants (NHEJ mutants 5–13) showed a PCR product of 2838 bp 
corresponding to the wild-type allele. (D) Sanger sequencing results of purified PCR fragments from nine Ade− 
mutants (corresponding to mutants 5–13 in panel C) derived from the transformation of CBS 2359 with pUDP025 
and repair fragment. 

 

In comparison, transformation of the backbone plasmid pUDP002, which does not 

express a gRNA, generated a number of transformants that was ca. 35-fold higher, none 

of which displayed a red phenotype. This difference in transformation efficiency already 

provided information about the quality of the gRNA and the editing. Unless repaired a 

chromosomal DSB should be lethal, therefore this 35-fold drop in transformation 

efficiency would represent the fraction of transformants that did not successfully repair 

the CRISPR-Cas9 induced break and subsequently died from it. Out of the 26 

Ade- transformants obtained after co-transformation with pUDP025 and repair 

fragment, 13 red colonies were randomly picked and analyzed by diagnostic PCR, 

revealing two distinct groups. Nine colonies exhibited a normally-sized ADE2 locus, 

while four colonies (31%) showed a PCR-fragment size compatible with complete 

deletion of the KlADE2 ORF (Figure 2.2C). Subsequent Sanger sequencing of the 
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amplified fragments derived from the nine clones exhibiting an ADE2 wild-type size 

band identified the presence of indels at the targeted site. These indels reflected 

imperfect repair of the Cas9-induced DSB via NHEJ, resulting in introduction of 

loss-of-function mutations and disruption of the Cas9 target site (Figure 2.2D). These 

results demonstrated that the pUDP system could be used for efficient targeting of the 

ADE2 gene in K. lactis CBS 2359, resulting in repair by either HR or NHEJ DNA repair 

mechanisms. 

The pUDP system was similarly tested in K. marxianus by targeting ADE2 in the 

haploid strain NBRC 1777 and the diploid strain CBS 397, using plasmid pUDP082 

expressing gRNAKmADE2. The transformation of K. marxianus NBRC 1777 with pUDP082, 

without and with a 959-bp repair DNA fragment resulted in 13 and 30 transformants, 

respectively. Of these, 13 out of 13 and 29 out of 30 transformants were red, indicating 

successful disruption of ADE2 in both cases. To determine which repair mechanism 

contributed to the repair of the Cas9-induced DSB in the presence of the repair 

fragment, 13 randomly picked red transformants were subjected to diagnostic PCR. 

Similar to the results obtained in K. lactis, two groups of transformants were identified. 

Three transformants (24%) showed a genotype corresponding to the repair of the DSB 

with the repair fragment (Figure 2.3A-B), while the remaining transformants exhibited 

a PCR result that was undistinguishable from that of the NBRC 1777 ADE2 wild-type 

locus. Sanger sequencing of the Cas9 target site again revealed the presence of indels, 

leading to nonsense mutations in the ADE2 coding sequence (Figure 2.3C). 

When the diploid strain CBS 397 was transformed with pUDP082 without repair 

DNA fragment, 106 out of 133 (80%) of the colonies were red, while 117 out of 143 

(82%) colonies showed the red phenotype when a 959-bp repair fragment was 

provided. In comparison, a control transformation with pUDP002 yielded 262 

transformants without any red phenotypes. From the transformation with pUDP082 

and repair fragment, ten red colonies were randomly picked and analyzed by diagnostic 

PCR, resulting in PCR products that were identical in size to the native ADE2 locus in all 

cases. Sanger sequencing of the same mutants confirmed the link between the red-

colored phenotype and occurrence of small indels at the Cas9 cut site, which likely 

introduced loss-of-function mutations in ADE2 (Figure 2.3D). Interestingly, Sanger 

sequencing also indicated that the editing occurred identically at both KmADE2 alleles 

as a clear and continuous sequence was observed over the cut site. These results 

demonstrated that the ADE2 gene can be efficiently targeted by the pUDP system in both 

K. marxianus strains, with DNA repair mediated by HR or NHEJ mechanisms in the 

haploid strain NBRC 1777 and NHEJ in the diploid strain CBS 397.  
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Figure 2.3: Efficient gRNA targeting enables marker-free gene deletion in haploid K. marxianus NBRC 1777 
and gene disruption in diploid K. marxianus CBS 397. (A) Schematic representation of the ADE2 editing upon 
transformation of NBRC 1777 with pUDP082 (gRNAKmADE2) and a repair DNA fragment. The primers for diagnostic 
PCR of transformants are indicated. (B) Diagnosis of 13 randomly picked red Ade− transformants of NBRC 1777 upon 
transformation with pUDP082 and a 959-bp marker-free repair fragment. Three transformants (HR mutants 1–3) 
showed a PCR product of 1218 bp corresponding to the deleted allele. The control labeled NBRC 1777 and 10 
transformants (NHEJ mutants 4–13) showed a PCR product of 2915 bp corresponding to the wild-type allele. 
(C) Sanger sequencing results of purified PCR fragments from 10 Ade− mutants (corresponding to mutants 4–13 in 
panel B) derived from the transformation of NBRC 1777 with pUDP082 and repair fragment. (D) Sanger sequencing 
results of purified PCR fragments of 10 randomly picked red Ade− mutants derived from the transformation of CBS 
397 with pUDP082 and repair fragment. 

 

CRISPR/Cas9 editing enables gene deletion in Ogataea species. To test the 

effectiveness of the pUDP system in O. parapolymorpha, plasmid pUDP013 harboring 

gRNAOpADE2 was used to transform strain CBS 11895 (DL-1). Transformations were 

performed with or without a 960-bp repair DNA fragment designed to mediate HR at 

the promoter and terminator regions of the OpADE2 gene (Figure 2.4A). In presence of 

the repair fragment, an average of 298 ± 50 colonies per transformation were obtained, 

while a lower average number of 64 ± 9 colonies were counted after transformation 

without the repair fragment. In contrast to the situation in Kluyveromyces species, none 

of these colonies exhibited a red Ade- phenotype, although the ability of the 

transformants to grow on selective medium indicated that the plasmid was present. The 

heterologous origin of genetic parts on pUDP002 might result in a suboptimal 

expression of the necessary components of the CRISPR-Cas9 machinery in 

O. parapolymorpha. To allow more time for expression of Cas9 and gRNA, two randomly 

picked transformants (CBS 11895 + pUDP013) from independent experiments were 
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incubated for a longer period in selective YPD medium. These prolonged liquid 

incubation cultures were sampled after 48, 96 and 192 h, and samples taken at each of 

these time points were plated on selective YPD medium. Already after 48 h of 

incubation, 31 ± 7% of the plated colonies exhibited the red Ade- phenotype. This 

fraction increased to 61 ± 2% and 63 ± 2% after 96 and 192 h of incubation, 

respectively (Figure 2.4B). From a plate obtained after 96 h of liquid incubation, ten 

red colonies were randomly picked and subjected to diagnostic PCR. All ten 

transformants showed a band compatible with the size of the wild-type ADE2 locus 

(Figure 2.4C). As previously found in K. lactis and K. marxianus, Sanger sequencing of 

the ADE2 gene in these ten transformants (NHEJ #1 to #10) confirmed the presence of 

short indels at the Cas9 target site, which introduced nonsense mutations within ADE2 

(Figure 2.4D). 

 

 
 
Figure 2.4: Prolonged liquid incubation enables gene disruption in O. parapolymorpha CBS 11895 (DL-1). 
(A) Schematic representation of the potential ADE2 editing upon transformation of CBS 11895 with pUDP013 
(gRNAOpADE2) and a repair DNA fragment. (B) Percentage of red Ade− colonies observed based on phenotypic 
screening of CBS 11895 + pUDP013 (gRNAOpADE2) transformants when plated directly after transformation (0 h), or 
after prolonged liquid incubation of established transformants in selective medium (for 48, 96 and 192 h) and 
subsequent plating. Mean and standard deviation were calculated with a total of 4411, 4710 and 4301 colonies 
(obtained after 48, 96 and 192 h, respectively) from two liquid incubation cultures started with single CBS 11895 
transformants which were obtained in independent transformations. No red Ade− mutants were observed when cells 
were plated directly after transformation. (C) Diagnosis of 10 randomly picked red Ade− colonies of CBS 11895 after 
transformation with pUDP013 and 96 h of subsequent liquid incubation under selective conditions. All 10 
transformants (NHEJ mutants 1–10) and the control labeled CBS 11895 showed a PCR product of 2877 bp 
corresponding to the wild-type allele. (D) Sanger sequencing results of purified PCR fragments from 10 red Ade− 
colonies (corresponding to mutants 1–10 in panel B) derived from the transformation of CBS 11895 with pUDP013 
and 96 h of subsequent liquid incubation. 
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The presence of the repair fragment did not change this outcome: prolonged liquid 

incubation cultures that were started from colonies obtained by co-transformation of 

pUDP013 and the repair fragment gave rise to identical proportions of Ade- mutants as 

those described above. For the closely related species O. polymorpha, the obtained 

results were qualitatively comparable. Transformation of strain O. polymorpha 

CBS 4732 with pUDP013 did not result in colonies with a red phenotype, neither in the 

presence nor in the absence of a 960-bp repair DNA fragment. Also, no mutations in 

ADE2 were detected as evaluated by Sanger sequencing of nine randomly picked 

(white) colonies from a transformation without the repair fragment. When two 

independent transformants (CBS 4732 + pUDP013) were incubated in liquid medium, 

plating after 192 h yielded 9 ± 1% of red colonies. These results indicated that the pUDP 

system promoted less efficient genome editing in the O. polymorpha strain CBS 4732 

than in O. parapolymorpha CBS 11895, although the system could be utilized for NHEJ-

mediated disruption of the ADE2 gene in both yeasts. 

In contrast to S. cerevisiae (Baudin et al. 1993) and Kluyveromyces species (this 

study), the HR-mediated DNA repair mechanism in Ogataea species is relatively 

inefficient (Klinner and Schäfer 2004). The removal of KU80 in O. polymorpha has been 

reported to result in a strong reduction of NHEJ in return favoring the occurrence of 

HR-mediated DNA repair (Saraya et al. 2012). To delete KU80 in O. parapolymorpha, 

plasmid pUDP046 harboring gRNAOpKU80 was constructed and used to transform strain 

CBS 11895 (Figure 2.5A). Following the liquid incubation procedure established for 

disruption of OpADE2, a single transformant was picked, incubated in selective YPD 

medium for 96 h and plated on selective YPD plates. Of eight colonies randomly picked 

and subjected to Sanger sequencing of the KU80 locus, five (NHEJ #3 to #7) contained a 

single adenine nucleotide inserted at the Cas9 targeting site between position 340 and 

341 of the OpKU80 coding sequencing (A340AA), resulting in a loss-of-function 

mutation (Figure 2.5B). One of these transformants was isolated by restreaking three 

times on non-selective medium, and renamed IMD001 (Opku80A340AA). 

While strain IMD001 was not able to grow on selective medium indicating loss 

of pUDP046, complete curation of the plasmid had to be verified in order to use IMD001 

for subsequent genetic interventions with pUDP plasmids. Circular plasmids with 

limited homology to the nuclear DNA have been reported to integrate into the genome 

of Ogataea (Hansenula) yeasts, despite the presence of an origin of replication on the 

plasmid (Kunze et al. 2009). In particular, upon cultivation under selective conditions, 

plasmids were found to have integrated into the nuclear genome with high variations 

in copy number in strain CBS 11895 (DL-1) (Kang et al. 2001). To verify that no 

pUDP046 plasmid sequences had recombined into the chromosomal DNA of strain 

IMD001, its genome was sequenced using Illumina 150-bp paired-end short reads that 

were mapped onto a reference comprised of an O. parapolymorpha CBS 11895 genome 
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assembly (accession number: GCF_000187245.1) and the sequence of pUDP046. No 

reads were found to map onto the pUDP046 sequence, thus confirming the absence of 

unwanted integration of the transformed plasmid into the nuclear genome and the 

suitability of O. parapolymorpha IMD001 as a host strain for further genetic 

engineering. 

To test the impact of the KU80 disruption on the pUDP system in 

O. parapolymorpha, plasmid pUDP013 (gRNAOpADE2) was used to transform strain 

IMD001 together with the 960-bp repair DNA fragment. As previously observed for the 

wild-type strain O. parapolymorpha CBS 11895, no red Ade- transformants were 

observed on the transformation plates. In an attempt to improve occurrence of 

homology-mediated repair, a liquid incubation culture was directly inoculated with the 

transformation mix, grown for 48 h and then plated on selective YPD medium. On these 

plates, only seven out of ∼1900 colonies exhibited a red Ade- phenotype, representing 

a <1% targeting efficiency. 

 

 

 
Figure 2.5: Construction of IMD001, an O. parapolymorpha ku80 strain that enables low efficiency gene 
deletion. (A) Schematic representation of the OpKU80 editing upon transformation of CBS11895 with pUDP046 
(gRNAOpKU80). The primers for diagnostic PCR and sequencing of transformants are indicated. (B) Sanger sequencing 
results of purified PCR fragments from eight randomly picked colonies derived from the transformation of CBS 11895 
with pUDP046 (gRNAOpKU80) and 96 h of subsequent liquid incubation. The transformants NHEJ#1, NHEJ#2 and 
NHEJ#8 displayed a wild-type sequence, while mutants NHEJ #3 to #7 included frameshift mutations (C) Schematic 
representation of the ADE2 editing upon transformation of O. parapolymorpha IMD001 (CBS 11895 ku80) with 
pUDP013 (gRNAOpADE2) and a repair DNA fragment. The primers for the diagnostic PCR of transformants are 
indicated. (D) Diagnosis of all seven red Ade− colonies obtained (from a total of ca. 1900 colonies) upon 
transformation of IMD001 with pUDP013 and a 960-bp marker-repair fragment, and subsequent liquid incubation 
in selective conditions for 48 h, started directly from the transformation recovery culture. All mutants showed a PCR 
product of 1226 bp corresponding to the deleted allele. The control labeled IMD001 showed a PCR product of 
2915 bp corresponding to the wild-type allele. 
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Diagnostic PCR performed on these seven transformants revealed that all harbored a 

deleted ADE2 version compatible with HR-mediated repair of the CRISPR-Cas9-induced 

DSB (Figure 2.5C-D). One of the obtained mutants was further analyzed by Sanger 

sequencing, which confirmed scarless integration of the repair fragment. Longer liquid 

incubation times of up to 192 h did not increase the incidence of red colonies after 

plating. These results demonstrated that the KU80 disruption abolished NHEJ-mediated 

DSB repair in O. parapolymorpha IMD001, and that the CBS 11895 strain background 

possesses a basal HR-mediated DNA repair activity that can be utilized for precise 

genome engineering. However, the low incidence of HR-mediated repair precludes 

efficient genome editing unless the desired phenotype is easily screenable. 

 

Multiplexed gene targeting in O. parapolymorpha by expression of double 

ribozyme-flanked gRNA array. As recently demonstrated, HH-HDV ribozyme-flanked 

gRNAs can be concatenated into polycistronic arrays enabling multiplexing gene editing 

in S. pastorianus (Gorter de Vries et al. 2017) and transcriptional interference in 

S. cerevisiae (Deaner et al. 2017). To explore this possibility in O. parapolymorpha, a 

gRNA expression plasmid pUDP123 carrying spacers targeting OpADE2 and OpYNR1 

was designed. The additionally targeted YNR1 gene encodes a nitrate reductase, which 

is involved in utilization of nitrate as N-source (Brito et al. 1996, Navarro et al. 2003). 

Ogataea strains harboring a non-functional nitrate reductase are unable to grow on 

media with nitrate as sole N-source. 

A tandem array of [HH-gRNA-HDV] targeting OpADE2 and OpYNR1 spaced with 

a 20-bp linker and expressed under control of the ScTDH3 promoter as previously 

described (Gorter de Vries et al. 2017) was carried by the recombinant plasmid 

pUDP123 (hph cas9 ScTDH3p-HH-gRNAOpADE2-HDV-HH-gRNAOpYNR1-HDV-ScCYC1t) that 

was transformed in O. parapolymorpha CBS 11895 (Figure 2.6A). Following the liquid 

incubation procedure established for disruption of OpADE2 and OpKU80, a 

transformant was picked, incubated in selective YPD medium for 96 h and then plated 

onto selective YPD medium. Of the resulting colonies, 32% were exhibiting a red 

Ade- phenotype. To verify whether these Ade- mutants were able or not to grow on 

nitrate, 94 red transformants were randomly picked and grown on non-selective 

medium (YPD). After full growth, 10 μl of cell suspension was replicated on non-

selective (SM) and selective (SMN) media supplemented with 15 mg L-1 adenine to 

complement the Ade- phenotype. About 10% of the red-phenotype transformants 

gradually returned white. While one cannot exclude a reversion of the mutation, the 

pattern observed would suggest that the replicated red colonies were not pure. Growth 

of the transformant on SMN was disturbed by the addition of adenine which might also 

serve as nitrogen source as O. parapolymorpha is equipped with an adenine deaminase. 

However, since the adenine concentration remained ∼300-fold lower than the nitrate 
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concentration, a significant difference between Nit+ and Nit- strains should be 

noticeable. Indeed out of the 94 red transformants, 17 showed a strongly reduced 

growth on SMN supplemented with adenine when compared to the control CBS 11895, 

and five of these potential double mutants were further analyzed by Sanger sequencing. 

While all five were confirmed to harbor a frameshift around the CRISPR cut site in 

OpADE2, only three transformants were concomitantly exhibiting a frameshift in 

OpYNR1 (Figure 2.6C). Transformant #2 was isolated by restreaking three times on 

non-selective medium, and renamed IMD034 (Opade2C120CA Opynr1G397GT). Assuming 

that all other red clones that were also growing slowly on SMN medium shared this 

genotype, double editing would have occurred at a rate of 2%–5%. 

 

 
Figure 2.6: Simultaneous deletion of OpADE2 and OpYNR1 alleles using a single ribozyme flanked gRNA array 
in O. parapolymorpha CBS11895. (A) Representation of the gRNA array expression cassette in pUDP123. The dual 
gRNA array was under the control of the RNA polymerase II promoter ScTDH3 and ScCYC1 terminator. Each gRNA 
was flanked on its 5΄ by a hammerhead ribozyme (HH represented in orange) and on its 3΄ by a hepatitis delta virus 
(HDV represented in bronze) ribozyme which were separated by a 20-bp linker. Upon ribozyme self-cleavage, the 
mature gRNAs are released. The OpADE2 guiding spacer (in purple), the OpYNR1 guiding spacer (in yellow) and the 
constant structural gRNA fragment (in green) are indicated. (B) Schematic representation of the OpADE2 and 
OpYNR1 loci of CBS11895. The primers for the validation of transformants are indicated. (C) Sanger sequencing 
results of OpADE2 and OpYNR1 editing site of five randomly picked red Ade– mutants that have lost ability to grow 
on nitrate. Transformant labeled Transf#2 was renamed IMD034.  
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Discussion  

 

The pUDP system, which combines generic DNA parts with expression of self-

processing gRNAs driven by RNA polymerase II, was shown to enable genome editing 

in different yeasts belonging to the Saccharomycotina subphylum. The pUDP002 entry 

plasmid only required insertion of a functional gRNA to enable successful single 

deletion or disruption of the ADE2 gene in four different species of Kluyveromyces and 

Ogataea yeasts (Figure 2.7) but also double editing at two different chromosomal loci 

in O. parapolymorpha. The panARS(OPT)-harboring pUDP plasmids can be cured simply 

by growth in non-selective medium (Liachko and Dunham 2014), as illustrated by 

whole-genome sequencing of engineered O. parapolymorpha strain IMD001, enabling 

sequential rounds of genetic modifications with the same system in rapid succession. 

 

 
Figure 2.7: Wide-host-range applicability of the pUDP CRISPR/Cas9 system. The depicted data summarize the 
ADE2 targeting efficiency (red colonies/total colonies) of the pUDP system in the four yeast species used in this study. 
The pUDP plasmids differ only in their gRNA target specificity: pUDP025, pUDP082 and pUDP013 harbor gRNAKlADE2, 
gRNAKmADE2 and gRNAOpADE2, respectively. The results shown for Kluyveromyces species were obtained directly on 
transformation plates either with (+) or without (−) co-transformation of a ca. 960-bp marker-free repair DNA 
fragment. The results for O. parapolymorpha and O. polymorpha were obtained after 96 and 192 h of prolonged liquid 
incubation (L), respectively, started from colonies that were transformed without a repair fragment. Control 
transformations (C) with pUDP002 did not result in the occurrence of Ade− mutants. 

 

In Kluyveromyces species, near-perfect targeting (≥96%) and HR-mediated repair DNA 

integration occurred at practicable rates in K. lactis CBS 2359 (31%) and the haploid 

K. marxianus NBCR 1777 (24%), while highly efficient gene disruption was achieved in 

the diploid K. marxianus strain CBS 397. In Ogataea species, mutants could be obtained 

after prolonged liquid incubation, allowing relatively straightforward and marker-free 
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disruption of genes in the two industrially relevant O. (para)polymorpha strains 

CBS 4732 and CBS 11895 (DL-1). The observed delay in targeting activity suggests that 

the heterologous origin of functional parts of the pUDP system might reflect suboptimal 

expression of gRNA and/or Cas9 in Ogataea species. The expression levels of gRNA and 

Cas9 may have narrow optima for efficient genome editing, as recently demonstrated 

in P. pastoris, a related methylotrophic yeast (Weninger et al. 2016). While the 

A. adeninivorans TEF1 promoter employed for Cas9 expression in this study has been 

demonstrated to enable strong constitutive expression in O. polymorpha (Terentiev et 

al. 2004), optimization of the gRNA expression presently under the control of the 

S. cerevisiae TDH3 promoter might be envisaged to eliminate the observed delay in the 

occurrence of mutants. 

Recently, species-specific CRISPR-Cas9 systems have been published for a range 

of non-conventional yeasts including K. lactis, K. marxianus and O. polymorpha (Horwitz 

et al. 2015, Löbs et al. 2017a, Nambu-Nishida et al. 2017, Numamoto et al. 2017). To our 

knowledge, the study by Horwitz et al. (2015) is the only published application of 

CRISPR-Cas9 in K. lactis. The authors report Cas9-mediated integration at three 

genomic loci simultaneously, which occurred at a rate of 2% in a NHEJ-deficient strain 

with an integrated Cas9 cassette using ca. 1000-bp homology flanks. However, data on 

targeting efficiency were not provided, preventing a meaningful comparison with the 

results obtained by the pUDP system in this study (96% targeting efficiency, 31% 

HR-rate, wild-type K. lactis strain, ca. 480-bp homology flanks, single locus). However, 

the absolute quantification of the HR-mediated repair left no doubt regarding pUDP tool 

efficacy for gene editing in K. lactis. In K. marxianus NBRC 1777, the pUDP system 

achieved higher targeting efficiencies (97% vs 65%) and similar efficiencies of marker-

free HR (22% vs 38%) compared to the most efficient CRISPR system for this yeast 

reported to date (Nambu-Nishida et al. 2017). However, in this comparison it should be 

taken into account that, in this study, longer homology flanks were used (480 bp vs 

50 bp), which may have facilitated HR-mediated repair. The published CRISPR-Cas9 

tool for O. polymorpha (Numamoto et al. 2017) used strain BY4330, a mutant derived 

from the O. polymorpha NCYC495 background which is closely related to strain 

CBS 4732 employed in this study. Compared to this tool, the pUDP system achieved 

similar efficiencies of NHEJ-mediated gene disruption when compared with 

O. parapolymorpha CBS 11895 (61% vs 71%), but was less effective when compared 

with O. polymorpha CBS 4732 (9% vs 71%). In contrast to our findings, the authors 

were able to obtain gene-disrupted and marker-integrated transformants directly on 

transformation plates, indicating either a more suitable expression of gRNA and/or 

Cas9 or a different genetic tractability of the strain lineages. Compared to the pUDP 

system, all three discussed CRISPR-Cas9 tools (partially) rely on species-specific genetic 

parts. The pKD1 stability element was employed for plasmid replication in K. lactis 
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(Horwitz et al. 2015), while the KmSNR52 promoter was used for gRNA expression in 

the case of K. marxianus (Nambu-Nishida et al. 2017), and an OptRNALeu promoter for 

gRNA expression in O. polymorpha (Numamoto et al. 2017). These RNA polymerase III-

dependent promoters are unlikely to function in other species or genera. 

RNA polymerase III-driven Spcas9-based editing strategies, such as those based 

on chimeric gRNA expression systems, are not easily compatible with multiplexed 

genome editing. Hitherto, the maximum number of gRNAs shown to enable 

simultaneous DSBs at different loci in S. cerevisiae is six. However, this result required 

an elaborate construction scheme using three plasmids for the individual expression of 

each gRNA (Mans et al. 2015). In contrast, ribozyme-flanked gRNA expression, as 

previously reported in S. pastorianus (Gorter de Vries et al. 2017), allowed to achieve 

the first double gene editing in O. parapolymorpha using a polycistronic gRNA array 

including two ribozyme-flanked spacers. The RNA polymerase II expression certainly 

facilitated to increase and to a greater extend modulate the expression of the gRNA. The 

expression of multiple gRNAs could be used as well to enhance gene deletion, even in 

absence of efficient HR, by providing the possibility to induce double cuts around the 

target gene which could result in a complete gene deletion even when repaired by NHEJ. 

Exploring and increasing the efficiency of multiplexed editing ability will be 

instrumental to further unlock genetic tractability of non-conventional yeasts. 

In addition to the challenge of introducing DSBs quickly and efficiently, 

CRISPR-Cas9-mediated genome engineering in non-conventional yeasts is limited by 

their intrinsic ability for HR-mediated DNA repair, as illustrated in this study and by 

other previously developed CRISPR tools (Nambu-Nishida et al. 2017, Numamoto et al. 

2017, Weninger et al. 2016). While low HR activity can often be compensated for by 

working in a NHEJ-deficient background, such strains may have undesirable properties, 

e.g. higher stress sensitivity (Nielsen et al. 2008, Takahashi et al. 2006) and reduction 

of cellular fitness (Snoek et al. 2009), which might only emerge after prolonged 

cultivation. For example, the commonly targeted KU70/80 complex is involved in 

telomere maintenance, and disruption of the complex results in telomere shortening 

(Boulton and Jackson 1996), altered position of telomeric DNA in the nucleus (Laroche 

et al. 1998) and promotes telomere degradation and recombination (Polotnianka et al. 

1998). As an alternative to inactivating NHEJ, Rad52, a highly conserved protein which 

plays an important role in HR-mediated DNA repair in yeasts and other organisms 

(Symington 2002), has been exploited to improve the efficiency of HR. Expression (Di 

Primio et al. 2005) or protein delivery (Kalvala et al. 2010) of S. cerevisiae-derived 

Rad52 as well as the utilization of a recently described Cas9-ScRad52 fusion protein 

(Shao et al. 2017) increased HR rates in mammalian cells. However, overexpression of 

KlRad52 in K. lactis did not have a beneficial effect (Kooistra et al. 2004). Another 

approach to optimize HR could be cell cycle synchronization and transformation of cells 
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in S-phase, during which cells exhibit the highest ratio of HR over NHEJ (Barlow and 

Rothstein 2010, Chapman et al. 2012, Karanam et al. 2012). Cell arrest in S-phase with 

hydroxyurea indeed led to increased rates of HR in various (non-conventional) yeasts 

(Tsakraklides et al. 2015). 

To conclude, the pUDP CRISPR/Cas9 system presented here has been shown to 

work in four different species of yeasts belonging to the Saccharomycotina, limited by 

host-dependent targeting efficiency and intrinsic HR capability. We expect the pUDP 

system to be also applicable for Cas9-mediated genome engineering in other 

industrially relevant Saccharomycotina yeasts. The approach presented in this study 

demonstrates the potential of wide-host-range tools for genome editing. Although 

highly efficient genome editing is likely to require species-specific characteristics, the 

pUDP system can be used for rapid introduction of screenable mutations (e.g. 

auxotrophic markers) and, as demonstrated for O. parapolymorpha, the elimination of 

NHEJ. Moreover, due to its broad host range, the pUDP plasmid can serve as a starting 

point for optimization of Cas9-mediated gene targeting in individual yeast species by 

promoter and terminator replacement studies.  
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Abstract 

 

Open data in science requires precise definition of experimental procedures used in 

data generation, but traditional practices for sharing protocols and data cannot provide 

the required data contextualization. Here, we explore implementation, in an academic 

research setting, of a novel cloud-based software system designed to address this 

challenge. The software supports systematic definition of experimental procedures as 

visual processes, acquisition and analysis of primary data, and linking of data and 

procedures in machine-computable form. The software was tested on a set of 

quantitative microbial-physiology experiments. Though time-intensive, definition of 

experimental procedures in the software enabled much more precise, unambiguous 

definitions of experiments than conventional protocols. Once defined, processes were 

easily reusable and composable into more complex experimental flows. Automatic 

coupling of process definitions to experimental data enables immediate identification 

of correlations between procedural details, intended and unintended experimental 

perturbations, and experimental outcomes. Software-based experiment descriptions 

could ultimately replace terse and ambiguous ‘Materials and Methods’ sections in 

scientific journals, thus promoting reproducibility and reusability of published studies.   
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Introduction 

 

Iterative progress in science and technology rests on the fundamental assumption that 

researchers can build off each other’s published findings. Turning this assumption into 

reality can, however, be far from trivial for any field of science (Ioannidis 2005). 

Accurate descriptions of experimental procedures are essential for meaningful 

comparison, interpretation and re-use of data acquired in different laboratories, at 

different times, and/or by different researchers. However, ‘Materials and Methods’ 

sections in scientific journals are extremely terse, leaving room for subjective 

interpretation, and are often insufficient to accurately reproduce the stated findings. 

The magnitude of this challenge is illustrated by the frequent occurrence and estimated 

costs of irreproducibility in multi-laboratory studies in the life sciences (Baker 2016, 

Freedman et al. 2015, Gardner 2014), and the emergence of programmes that fund 

replication of impactful research, such as the Dutch Replication Studies pilot (NWO 

2016). 

Problems related to reproducibility and reusability of experimental data are 

further compounded by incomplete sharing of primary data and/or disconnection of 

data from the exact experimental context in which they were generated. For example, 

microbial biotechnology publications rarely include complete sets of primary data 

obtained in controlled-cultivation experiments (e.g., actual concentrations of 

metabolites in culture samples). Instead, publications generally only report derived 

parameters (e.g., biomass-specific conversion rates and yields) which might even be 

calculated differently by different researchers. Conversely, genome-wide ‘omics’ data 

derived from cultivation experiments are routinely deposited in publicly accessible 

repositories, yet the description of the exact experimental context in which data were 

generated is often limited and disconnected from the data. For example, transcriptome 

datasets generally only contain incomplete descriptions of experimental procedures, 

even though transcriptome analyses are notoriously sensitive to minor differences in 

experimental conditions, such as different sources of chemicals, cultivation procedures, 

and/or equipment settings (Baerends et al. 2008, Knijnenburg et al. 2009). 

For a dataset to be truly reusable, all experimental data must be directly linked, 

in computable form, to the methodological information used in data generation. Data is 

considered to be in a “computable form” when each data point is annotated or linked to 

standardized data describing its experimental context and structured into standard 

formats suitable for data processing. Such data displays clear relationships between the 

variables and the observations (typically as rows and columns in a standard statistical 

data table) that allows search, quantitative filtering, categorization, summarization and 

correlation of data by visualization software (e.g., Spotfire, Tableau), statistical software 

(e.g., R, SAS, JMP) or automated data pipelines (built, for example, on Python or Apache 
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Spark). This format allows for meaningful reinterpretation and re-use of data through 

human or algorithmic analysis of data integrity and scientific validity. Computable, 

contextualized data sets also permit large-scale search and aggregation of data for use 

in increasingly powerful machine learning technologies. 

Several scientific journals, including Scientific Data, are at the forefront of the 

drive towards open data publishing and data reusability (Wilkinson et al. 2016). Yet, 

these much-needed efforts are currently limited in their impact because tools that 

automatically link procedural information to measurement data in computable form 

are practically non-existent. General-purpose data repositories, e.g. FigShare 

(figshare.com), Dryad Digital Repository (datadryad.org), Mendeley Data 

(data.mendeley.com) and Zenodo (zenodo.org), facilitate access to data files via the 

cloud, but do not require computable methodological information to be published 

alongside datasets. Software like ISA Tools (Rocca-Serra et al. 2010) allow researchers 

to annotate datasets with metadata, thus increasing data discoverability. However, such 

procedures require extensive human annotation of data sets after data collection. 

In 2016, Riffyn launched a new cloud-based software, the Riffyn Scientific 

Development Environment (SDE), for computer-aided design and analysis of 

experiments, with the goal of addressing challenges in data contextualization and 

reusability. Here, we evaluate this software in the practical setting of academic 

microbial biotechnology research, and discuss both its advantages and challenges for 

experiment design, data contextualization, and reuse of results in academic research. 

The evaluation was undertaken via a collaboration between scientists in the Industrial 

Microbiology section of the Delft University of Technology (TU Delft, the “evaluation 

team”), and scientists at Riffyn who support the Riffyn SDE application (the “support 

team”). The Riffyn SDE was used by the evaluation team, in their laboratory at TU Delft, 

to document, execute and analyze microbial cultivation in shake flasks, batch 

bioreactors and chemostat bioreactors. 

Bioreactor cultivation offered a suitable use-case for the evaluation because it is 

a complicated, technically involved process (Figure 3.1a-c) that is presently 

documented with lengthy prose descriptions of the procedural steps and parameter 

settings involved. These documents are difficult to maintain and therefore frequently 

become out-of-date due to continuous evolution and improvement in cultivation 

methodologies. Moreover, even detailed protocols used within research groups can fail 

to fully capture experimental procedures, leading to confusion about how data were 

collected, and thus impairing future data analysis or quality assessment. The evaluation 

team, therefore, sought to assess if the Riffyn SDE would offer a meaningful 

improvement in the design, operation and analysis of such microbial biotechnology 

experiments.  
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Riffyn Scientific Development Environment (SDE). The Riffyn SDE is a cloud-based 

software system for computer-aided design of experiments and data analysis. It is 

designed to enhance experimental data reproducibility and reusability by providing 

automatic data contextualization, and structured, computationally mineable, reusable 

datasets. 

Data contextualization occurs in the Riffyn SDE by capturing data in three 

different flows: (1) material and equipment flow, (2) human workflow, and (3) data 

flow (Figure 3.1d-e). This data capture is achieved by transforming experimental 

protocols into reusable templates called “processes”. Processes are created in the Riffyn 

SDE’s “Design Mode”, wherein experimental procedures are recorded as stepwise 

process flow diagrams, and the flow of materials and equipment across steps is 

systematically tracked. All relevant settings and key defining characteristics of these 

materials and equipment are specified directly in the process design. To communicate 

the human workflow needed to complete an experiment, detailed procedural 

instructions are also associated with each step of the process. 

Each process can then be copied as one or more experiments, which are executed 

in the Riffyn SDE’s “Measure Mode”. Each of these copies reflects and preserves the 

version of the process at the time it was created, and becomes the computable backbone 

to which the experimental parameters, sample identifiers, and data are attached. 

Because experimental data and procedural parameters are recorded on the same 

backbone, measurement data (such as metabolite concentrations) get automatically 

and permanently joined to the protocol variables (such as HPLC mobile phase) used to 

obtain those data. Thus, experimental data are automatically contextualized, 

eliminating the need to annotate datasets with metadata after the experiment is 

complete. 

After annotation with procedural information, the Riffyn SDE automatically joins 

the data across processing steps to provide the full provenance and traceable genealogy 

of materials, samples and reagents used as inputs to the experiments (Figure 3.2). The 

data joining performed by the Riffyn SDE is distinct from traditional data linking, which 

is often in the form of hyperlinks. In the Riffyn SDE, a join produces a standard statistical 

data frame ready for immediate visualization, statistical analysis and machine learning 

in common software such as Python, R and JMP. The Riffyn SDE joins data in three ways: 

(1) “horizontally” across all steps in a process flow diagram, (2) “vertically” across 

multiple experiments executed on a process (data concatenation), and (3) across 

multiple processes connected by shared sample outputs and inputs. The result is a 

comprehensive statistical data table containing all methodological and experimental 

data collected on a process or group of processes. This data table is searchable and 

computationally mineable, enabling immediate analyses of data quality, correlations, 

time-series analysis, causal relationships, and root causes of error. 
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Figure 3.2: (a) All data on each experiment in the Riffyn SDE is extracted and flattened into a statistical data-frame 
compatible with nearly any modern analysis software (including R, JMP, SAS, Tableau, Minitab, etc.). This data-frame 
is composed of all variables defined on a Riffyn SDE process or experiment, including sample identifiers, parameter 
settings, start/stop times, dates, measurement data and units. The variables are presented as columns in the data-
frame and grouped by step in the process. Multiple experiments executed on that same process (regardless of 
version) are stacked together such that data are aligned into common columns. If versions of a process diverge, gaps 
are left in the table where such variables are missing in the process. (b) Individual process data tables can be further 
combined into a “Master Process” data table composed of all data from all linked processes used in performing an 
experiment, including material preparation, equipment set-up, fermentation, and analytical chemistry processes. 
Data from these processes are joined together using the material flow graph defined by the Master Process in the 
Riffyn SDE, and the material identifiers automatically tracked by the Riffyn SDE. 

 

Although bioreactor experiments were used as a test case in this study, the Riffyn SDE 

is not restricted to this domain of science. The Riffyn SDE has to-date been used for a 

variety of experiments including enzyme assays, HPLC assays, genetic engineering 

protocols, compound and material formulations studies, material preparation 

processes, cell line screening, animal pharmacokinetics, drug tablet manufacturing 

process development, food processing, and chemical or protein recovery and 

purification processes. Examples of some of these processes are provided as public 

processes on the Riffyn cloud at https://app.riffyn.com. 

 

Riffyn SDE System architecture. The Riffyn SDE is a cloud-based software-as-a-

service architecture hosted and operated by Riffyn in both multi-tenant and single-

organization configurations on Amazon Web Services. Its graphical user interface is 

accessed manually via a web browser, or programmatically via a web API. The system 

is built on a foundation of NodeJS and Python language with the MeteorJS framework, 

SVG, D3 and WebGL graphics, OpenSSL encryption, and NginX load balancing. The Riffyn 

SDE software automatically saves all edits and data uploads, and concurrently updates 

all active web browsers such that users can see each other’s changes in real-time. All 
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data remains encrypted throughout the system, both in transit and at rest using TLS 1.1 

and 1.2 protocols over https and websockets with a variety of cipher keys. Data is stored 

in a MongoDB with three-fold real-time failover protection, a fourth real-time replica 

database, and static full-database backups every 6 hours, which are saved for 6 months 

to an offsite location for disaster protection. Data storage provides assured consistency 

on the primary member of the replica set, with eventual consistency to the secondary 

members of the replica set. The system automatically distributes load over a minimum 

of 18 servers with three-fold redundancy, and is horizontally scalable as load increases 

over time. Multimedia is stored in Riffyn as raw (original) files on AWS S3 buckets, 

ensuring scalability. 

Data captured in the Riffyn SDE is automatically parsed, atomized and stored in 

a flexible No-SQL database as JSON document objects, using a hypergraph data model 

that links all data to the material and equipment sources that generated it (Gardner 

2016). The Riffyn SDE integrates standard scientific ontologies from public sources 

such as BioPortal (Noy et al. 2009), ensuring standardization of terminology used to 

annotate experiments. The data model also allows for the capture of single-point data 

(e.g. microtiter per-well measurements), time series data (e.g. batch bioreactor data) 

and event series data (e.g. chromatography spectra and flow cytometer data) in the 

same underlying data structures. When data is requested by the user, the Riffyn SDE 

analytics engine walks the underlying material hypergraph, automatically annotates 

measurements with experimental metadata, links them based on source/child material 

genealogy, and reshapes them into the flat data tables suited for immediate 

visualization and statistical analysis. 

Data exported from the Riffyn SDE is provided in vendor-neutral CSV, JSON or 

XML format and provides a complete description of both experimental method and 

measurement data, such that users are not bound by proprietary data formats or 

storage. All data can be streamed in real-time to external data stores, maintained 

independently of the Riffyn hosting service. A schematic re presentation of this data 

capture, archival and joining is show in Figure 3.3. 

Riffyn is capable of handling large amounts of data on each experiment and each 

sample collected. Prior examples include writing 10,000 measurements to a single 

sample in some long-running temporal experiments, and collecting and tracking 10,000 

samples in a screening experiment. Riffyn is currently extending its capabilities to 

permit tracking of 100,000 samples per experiment (by autumn 2018), but high-

throughput screening experiments of a larger scale (millions of samples per 

experiment) require more specialized automation software.  
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Figure 3.3: Data is entered into Riffyn via parsing of instrument files, querying of a database, or via manual data 
entry. All data is passed through a firewall and contextualized based on the Riffyn SDE process design. Any files 
parsed during the data upload are additionally stored in their native format. All contextualized data is exported as a 
flat csv file with all data, material information, and setpoints captured. This flat file is built with each variable as a 
column, and each row as an observation. Multiple tables are concatenated together across each version of the process 
to provide a comprehensive, cross-version table that captures all data across the development of the process. 

 

Experiments performed in this study. To evaluate the ability of the Riffyn SDE 

software to capture and communicate complex protocols, record diverse data types, 

and enable data analysis, sharing, and reusability, we applied it to a study to quantify 

the aerobic growth characteristics of the industrially relevant yeast Ogataea 

polymorpha (syn. Hansenula polymorpha). This methylotrophic and thermotolerant 

yeast is used at an industrial scale for biotechnological production of recombinant 

proteins (Gellissen 2000), and has several interesting properties for application in 

other processes. These properties include an ability to grow at temperatures up to 50°C, 

consumption of a wide range of substrates, low byproduct formation in aerobic cultures 

and a generally recognized as safe (GRAS) status (Kunze et al. 2009, Kurtzman 2011). 

Despite its industrial applications, and many academic studies of its growth on 

methanol (van Dijken et al. 1976, van Zutphen et al. 2010) and nitrate (Avila et al. 1995, 

Pignocchi et al. 1998), aerobic growth characteristics of O. polymorpha on glucose have 

not been described comprehensively. Here, the aerobic physiology of two popular 

O. (para)polymorpha strains (CBS4732 and CBS11895/DL-1) was investigated in a 

glucose-containing synthetic medium (Verduyn et al. 1992). In a first set of 

experiments, shake-flask cultures were used to determine specific growth rates over a 

range of temperatures. Subsequently, a precise quantitative analysis of growth kinetics 

was performed in both bioreactor batch cultures and chemostat cultures. 

In shake-flask cultures, cells were added to sterile synthetic growth medium and 

incubated aerobically at temperatures ranging from 30 to 49°C. Optical density 

measurements were performed at regular intervals to enable calculation of the 

maximum specific growth rate at each temperature. Subsequently, both strains were 

characterized in bioreactor batch cultures at 30°C (often used for characterization of 
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yeasts) and 40°C (optimum growth temperature determined in shake flasks). 

Bioreactor batch cultivation allowed for control of medium pH, continuous off-gas 

measurement, as well as intensive mixing and gas transfer to prevent oxygen limitation 

of fast-growing microbial cultures. Samples from the bioreactor cultures were used to 

determine biomass concentration and analyzed by HPLC to quantify the extracellular 

metabolite concentration. Finally, both strains were grown in chemostat cultures. In a 

chemostat, simultaneous addition of fresh medium to the bioreactor and removal of 

spent culture broth occurs at a fixed dilution rate D [h-1], defined as the outgoing liquid 

flow Fout [L h-1] divided by the liquid culture volume VL [L] in the reactor 

(D = Fout/VL [h-1]). When D does not exceed the highest specific growth rate μ [h-1] that 

the organism can reach under the experimental conditions, a nutrient-limited steady 

state will ensue in which μ equals the dilution rate set by the experimenter (Hakkaart 

et al. 2017). In this study, physiology of both O. (para)polymorpha strains was compared 

at 30 and 40°C in steady-state chemostat cultures operated at D = 0.10 h-1.  
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Results 

 

Experiment design in Riffyn SDE Design Mode. The Riffyn SDE’s Design Mode was 

evaluated by applying it to microbial cultivation in shake flasks and bioreactors, the 

latter in batch as well as chemostat mode. 

Design Mode was used to define a process comprising detailed, step-by-step 

procedural instructions, visualized by process flow diagrams in which all required 

materials and equipment are specified along with relevant settings and other process 

parameters. For example, the process for bioreactor cultivation includes detailed 

descriptions of the composition and preparation of synthetic growth media and of pH 

setpoints and control during cultivation. Moreover, steps that are difficult to explain in 

written protocols, can be clearly defined by embedding videos or photographs into the 

Riffyn SDE process diagram. For instance, the procedure for linking two stainless-steel 

connectors during coupling of a new medium reservoir to a bioreactor, which is difficult 

to describe in words but essential for aseptic operation of chemostat cultures, was 

adequately described by a short video embedded on the corresponding step 3 of the 

Process (https://app.riffyn.com/processes/24K9JeAQg6vJHPrg5, see Methods section 

for access to Riffyn SDE). 

Although definition of a process involved significant time investments, this 

activity encouraged the evaluation team to critically assess and discuss all individual 

steps in an experimental procedure and describe them unambiguously. For example, 

definition of a process for chemostat cultivation inspired more rigorous definition 

and/or standardization of the length and diameter/type of tubing used on bioreactors, 

the procedure for setting pump-speeds for chemostat setups, the dead volume of 

sampling ports, and the treatment of off-gas before analysis. These insights were put to 

good use when, in the midst of the software evaluation, a physical move of the 

laboratory to a new building necessitated the complete disassembly and reassembly of 

all its 40 bioreactor set-ups. At a deeper level, the design phase, which precedes and 

defines the actual execution of the experiments, compelled researchers to think 

critically about which experimental parameters to collect and record. This intrinsic link 

between experimental design and execution allows users to improve interpretability of 

experiments. For example, the procedures in the inoculation phase, an essential step in 

microbial cultivation that involves experimental parameters such as volume, biomass 

concentration, physiological status and means of addition of a preculture, can 

drastically affect experimental outcome but are rarely reported in literature in a 

completely unambiguous manner. 

The Riffyn SDE software automatically tracks changes to protocols and allows 

generation of a new version at any time. This ensures that the most up-to-date and/or 

most suitable variant of a process is available to experimenters, thereby reducing the 
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amount of potential errors and mistakes. Change tracking also ensures that (subtle) 

changes in an experimental process can be correlated retrospectively to changes in 

experimental outcome. 

 

Data collection in Riffyn SDE Measure Mode. The processes defined in Design Mode 

were used as templates for data collection in Measure Mode to characterize aerobic 

growth of O. polymorpha on glucose in shake flasks and in bioreactor batch and 

chemostat cultures. In the evaluation team’s laboratory, data are usually recorded in 

laboratory notebooks and later combined in Excel for calculation of key experimental 

outcomes. By contrast, in Measure Mode, the experimenter is systematically guided 

through each step of the experiment and prompted to collect parameter values (defined 

in Design Mode), such as equipment settings, amounts of reagents used and associated 

experimental measurement data (e.g. on-line off-gas measurements and 

metabolite/biomass concentrations) in real time. 

In contrast to the classical use of lab journals, where data are usually recorded 

on a ‘by date/time’ basis, the Riffyn SDE’s Measure Mode stores all measured data for a 

particular experiment together. This is especially relevant and helpful when cultures 

are tracked over time (e.g. batch cultivation experiments that cover multiple days), 

where the primary recorded data often become fragmented when multiple experiments 

are performed in parallel. Via a built-in plotting tool, newly obtained measurements 

could be directly integrated with data obtained at earlier time-points. This feature could 

be very useful for identifying sampling or analysis errors on the spot, which could 

prompt the experimenter to take another sample. 

A useful feature of Measure Mode was the option to make changes to process 

designs while performing an experiment. This possibility is especially valuable when an 

experimenter is confronted with an unexpected development, such as a sudden change 

of supplier of a chemical or the need to freeze and store samples because analytical 

equipment is malfunctioning. Since the Riffyn SDE software unambiguously links any 

such modifications in the process design to the relevant data, their potential impacts on 

experimental outcomes remain unambiguously documented and can be retrospectively 

identified. 

 

Data analysis. In the evaluation team’s laboratory, students and employees typically 

manually extract and combine relevant data generated in their experiments, often into 

individually prepared spreadsheets, to perform calculations and compare experimental 

outcomes. This approach requires constant checks for consistency and accuracy, which 

can be inconvenient and time-consuming when applied to large experiments and 

datasets.  
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Figure 3.4: (a) The ad hoc manual method typically used by experimenters requires visual inspection of the growth 
curves to exclude data points believed to be outside of exponential phase. After exclusion of such points, growth rates 
are calculated by regression of the remaining data points. This approach is subject to subjective interpretation and 
human bias. (b) The automatic growth rate calculation method implemented in scripts associated with the 
cultivation processes in the Riffyn SDE. An algorithm, rather than visual inspection, is used to identify values outside 
the exponential growth phase. Growth rates are then calculated using the remaining data points. Physiological 
parameters derived from such growth rates are objectively calculated, without human bias. 
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The limitations of this approach become especially evident when checking and/or 

integrating data obtained at different times, by different researchers, and/or in 

different laboratories. Recording process parameters and experimental data with the 

Riffyn SDE Design and Measure Modes streamlined and standardized data capture and 

analysis. The software automatically generated CSV-formatted data tables for each 

process, combining not only the process parameters and experimental data for each 

step, but also from other experiments that were conducted using a specific process 

(Figure 3.2). 

Even when starting from the same dataset, different researchers may adopt 

different ways to calculate derived parameters and perform statistical analyses. This 

problem especially occurs when calculations are based on a manually selected subset 

of the experimental data. For example, calculations of specific growth rates in microbial 

batch cultures are based on biomass and/or optical density measurements taken during 

the “exponential growth phase”, with the exponential growth phase being defined in an 

ad hoc way by visual inspection of data by each researcher. The Riffyn SDE software 

resolved this issue of human bias by enabling an objective, automated data calculation 

pipeline for all physiological parameters (Figure 3.4). This pipeline utilized the 

automatically-generated Riffyn data tables in combination with a JMP software script, 

both of which are archived together with the experiment in Measure Mode. For 

example, the specific growth rate calculation script automatically defined the 

exponential phase of growth curves based on objective criteria, and then computed 

specific growth rates from those phases. This automated analysis was used to calculate 

specific growth rates, biomass yields and biomass-specific glucose uptake rates of two 

O. (para)polymorpha strains (CBS4732 and CBS11895) in aerobic bioreactor batch 

cultures at 30 and 40°C (Table 3.1) as well as for their quantitative physiological 

analysis in shake-flask and chemostat cultures (Supplementary tables S3.1 and S3.2). 

A summary of the design of the analysis scripts, and links to the full scripts within the 

Riffyn SDE, are provided in the Methods section.  
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Table 3.1: Temperature dependent physiology of two wild type Ogataea (para)polymorpha strains in aerobic 
bioreactor batch cultures. 

 

30°C 40°C 

  CBS4732 CBS11895 CBS4732 CBS11895 

µmax, dryweight [h-1] 
0.45 ± 0.01 0.36 ± 0.01 0.68 ± 0.01 0.63 ± 0.01 

± 0.008 ± 0.006 ± 0.012 ± 0.010 

µmax, OD660 [h-1] 
0.44 ± 0.01 0.36 ± 0.01 0.69 ± 0.01 0.63 ± 0.01 

± 0.001 ± 0.001 ± 0.001 ± 0.001 

YX/S [g biomass (g glucose)-1] 
0.51 ± 0.00 0.52 ± 0.00 0.49 ± 0.01 0.49 ± 0.01 

± 0.01 ± 0.01 ± 0.01 ± 0.01 

qGlucose [mmol (g biomass)-1 h-1] 
-4.90 ± 0.02 -3.90 ± 0.09 -7.77 ± 0.30 -7.15 ± 0.06 

± 0.15 ± 0.15 ± 0.15 ± 0.15 

 
Reported values are Mean ± MAD. Standard errors are reported in italics on the second line. Cultures were grown at 
pH 5 in synthetic medium with an initial glucose concentration of 7.5 g L-1. Means and mean absolute deviations 
(MAD) were calculated from two individual cultures and the standard error was calculated from the pooled estimate 
of variance across all culture samples from each strain. For some properties subject to multiplicative error (e.g., 
growth rate), logarithmic transformations of the data were applied to regularize the variance prior to pooling. Data 
was transformed back to standard linear scale prior for reporting the errors. Symbols: μmax, dryweight = maximum 
specific cell growth rate based on measurement of biomass dryweight; μmax, OD660 = maximum specific cell growth 
rate based on measurement of culture optical density at 660 nm, YX/S = yield of cell biomass dryweight on sugar 
carbon source in the exponential phase, qGlucose = biomass-specific glucose uptake rate in the exponential growth 
phase.  
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Discussion 

 

The Riffyn SDE offers a novel process-based approach to scientific experimentation, 

with the ability to integrate method definitions, primary research data, and data 

analysis scripts into a shareable representation of experiments. These visually 

expressive process descriptions increase the re-workability of complex procedures and 

the reusability of the data they generate. They are also computable which facilitates 

their use by search, data mining and data analysis programs. This approach could 

potentially address an Achilles heel of open data policies in academic research and 

publishing: the exchange of poorly contextualized, subjectively analyzed, and therefore 

intrinsically non-reusable data. 

This evaluation illuminated some challenges in the initial implementation of the 

Riffyn SDE into a real-life academic research setting, mostly during first definition of 

experimental procedures. Firstly, getting acquainted with the software is a substantial 

up-front time investment for new users. Secondly, design of experiments in Riffyn is 

more time intensive than writing conventional protocols in prose format, as the designs 

are more complex and provide the framework for subsequent experimental execution 

and data analysis within the software. Furthermore, this connection between design, 

data collection and analysis can lead to the need for multiple design cycles for design 

optimization, unless the user is very experienced. However, once finalized, the 

procedures defined in Riffyn provide a definition of the experimental procedures that 

is more complete and unambiguous than traditional protocols. Therefore, given our 

experience during the execution and communication of this trial experiment, we 

speculate that software like the Riffyn SDE could helpfully augment or replace 

descriptions in methods sections of scientific publications. 

One particular unanticipated benefit experienced by the evaluation team related 

to experimenter awareness. Implementation of intensively-used procedures in the 

systematic process format led to identification of missing information in established 

protocols, which invited the experimenters to rethink and discuss experimental design, 

process descriptions and standardization. Outcomes of these discussions were then 

memorialized into a shared representation of the process. 

The Riffyn SDE also helped to address the challenges of tracking process changes 

via its version control system. This provides assurance of stable representation of past 

experimental methods and their resulting data for future analysis. It prevents 

undesirable situations where the exact experimental procedures have to be 

reconstructed retrospectively from the notebooks and memories of different 

researchers. For example, its potential relevance is illustrated by the severe loss of time 

that the evaluation team incurred several years ago when their regular supplier of 

antifoaming agent ceased production. Subsequently, over a substantial period of time, 
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replacement antifoaming compounds were found to affect yeast physiology in a 

context-dependent manner. Had all these experiments been recorded with the Riffyn 

SDE software, it would have been simple to correlate, for example, biomass yields or 

growth rates to the type of antifoam used across a large number of experiments. 

We also identified a clear trade-off between the level of process detail 

implemented and the required investments in scientist time. While every aspect of a 

laboratory procedure that can influence experimental outcome could theoretically be 

defined in a Riffyn SDE process, it may not be practical from a time and effort 

perspective to do so. Especially in sparsely staffed academic research settings, we 

foresee the largest return on investment of effort when applying the Riffyn SDE to 

processes that are technically involved, generate quantitative results, are intensively 

used within a group, and whose basic technical methodologies are not subject to 

frequent change. In such situations, the processes can be reused and modified for new 

experiments, resulting in time savings and higher-quality data. Bioreactor cultivation of 

microorganisms and its associated analyses, which were used as a model for this study, 

provided an excellent fit with this description. On the other hand, the volatile world of 

genetic engineering may well represent the opposite end of a scale. When new methods 

and protocols appear on an almost weekly basis, and the quality of outputs can be 

verified by genome sequencing or other diagnostic tools, rigorous implementation of 

protocols as Riffyn SDE processes may require too large an investment in time. 

In the evaluation team’s laboratory, written protocols for key methods are 

currently maintained, updated and approved by academic and technical staff members. 

Keeping these protocols up-to-date, as well as ensuring that the right versions are used 

by a continually changing population of PhD, MSc and BSc students requires intensive 

communication and traffic of document versions. Since the Riffyn SDE is cloud-based, 

updates instantly, and is not limited to a single user at a time, multiple researchers were 

able to simultaneously and interactively work on the same process or experiment. 

These real-time sharing capabilities of the Riffyn SDE provide mechanisms to 

streamline communication, revision and approval of experimental process definitions. 

Additionally, the Riffyn SDE’s ability to integrate multimedia approaches in process 

descriptions could provide a valuable tool for training of new students and employees, 

thereby minimizing loss of experiments and improving laboratory safety. 

Finally, we note that the Riffyn SDE encouraged more automated, reproducible, 

and objective analysis of experimental data produced in the study. By automatically 

extracting, combining and reshaping both methodological and measurement data for 

computational analysis, we were able to develop and apply computational scripts 

directly to the processes and experiments in the Riffyn SDE. Moreover, by compiling 

data across multiple experiments, the Riffyn SDE facilitates learning from historical 

data records. We feel that this approach could enable more rigorous outcomes for the 

evaluation team’s laboratory and ensure more consistent, traceable, and defensible 

outcomes when shared with the broader research community.  
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Methods 

 

Riffyn SDE experiments serve as the Methods section of this article. Riffyn supports 

open science and has made all data, methods, code and supporting information 

available as files in the Supplementary Material (Data citation 1) in both human 

readable and computable form. In addition, all data are freely available for viewing or 

downloading via the Riffyn SDE user interface (https://app.riffyn.com) using a web 

browser, and programmatically accessible via an open application program interface 

(API) using any software supporting secure http requests (api.riffyn.com). Readers may 

request (via https://riffyn.com) an open access online account in the Riffyn SDE to view 

these experiments and create their own processes and experiments4. Riffyn provides a 

copy of its open access policy at https://riffyn.com/riffyn-open-access-policy. 

 

Riffyn SDE processes. Processes used in this study, including material preparation, 

cultivation and analytical methods, were composed into an aggregate set of linked 

processes supporting each type of cell culture modality in this study (shake flask, batch 

bioreactor and chemostat cultivation). Each set of linked processes is called a “Master 

Process” (see Figure 3.2). Links to each of these Master Processes, and the experiments 

performed on the sub-processes within them, are provided below for reference. These 

experiments can also be found by browsing the Master Process structure itself via the 

Riffyn SDE. 

 

• Shake flask batch cultivation Master Process: 

https://app.riffyn.com/processes/FonopPptQjMqQMBWm 

o Shake flask batch cultivation experiment: 

https://app.riffyn.com/experiments/ABpJX7NjeQJy9xBTK 

• Bioreactor batch cultivation Master Process: 

https://app.riffyn.com/processes/czj5FuAfazh6if8j2 

o Medium preparation experiment: 

https://app.riffyn.com/experiments/EDuGj2GkQMke6vuEw 

o Bioreactor preparation experiment: 

https://app.riffyn.com/experiments/aqHPvgSFm2apMtGMW 

o Bioreactor batch cultivation experiment: 

https://app.riffyn.com/experiments/BTpb9qytcd5qwPTau 

o Biomass dryweight analysis experiment: 

https://app.riffyn.com/experiments/AnxhXchsrjwpB2zWs 

 
4 As of 2022, app.riffyn.com is not available, and therefore cannot serve as Methods section of this article. As 
mentioned above, all data, methods, code and supporting information are available in the Supplementary material 
online (Data citation 1). 
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o Metabolite analysis (HPLC) experiment: 

https://app.riffyn.com/experiments/irhLrZ3s4oCZT7NyC 

o Optical density measurement experiment: 

https://app.riffyn.com/experiments/h6XWEFyNSBmJXrrfS 

• Chemostat cultivation Master Process: 

https://app.riffyn.com/processes/3YstPHztm3kH9nuwX 

o Medium preparation experiment: 

https://app.riffyn.com/experiments/xNojK3JS8LaEdp7aZ 

o Bioreactor preparation experiment: 

https://app.riffyn.com/experiments/ZGXT3PhyvXqFW8bg3 

o Chemostat cultivation experiment: 

https://app.riffyn.com/experiments/GHNJvwkrzeiSdbqme 

o Rapid sampling for extracellular metabolites experiment: 

https://app.riffyn.com/experiments/FntsvnGc838TTepJ7 

o Biomass dryweight analysis experiment: 

https://app.riffyn.com/experiments/qLqiBdFddeZqSE5aC 

 

Analysis scripts. Three data analysis scripts used in this study are summarized here. 

They were each designed to analyze a “Master Process” data table which is a combined 

data table built by joining all data on a Master Process (see Figure 3.2). The Master 

Process data tables were created using the ‘Get and join experiment data’ function in a 

JMP Add-In for the Riffyn SDE (JMP Add-In available from https://help.riffyn.com). Each 

analysis script is stored on the Master Process on the “analysis” step. 

Script 1: Calculation of results from shake flask batch cultivation data. This script 

performs a set of successive actions to clean and organize the data before calculating 

the growth rate of yeast cells based on optical density measurements. The sections of 

the script, denoted by the line number, are as follows: (1- 67) loading, sorting, and 

cleanup of data; (68-173) calculation of growth parameters and rates; (174-403) 

summarization and tabulation of results. 

Script 2: Calculation of results from batch bioreactor cultivation data. This script 

performs a set of successive actions to clean and organize the data before calculating 

basic physiological parameters. The sections of the script, denoted by the line number, 

are as follows: (1-75) loading, sorting, and cleanup of data; (76-328) calculation of 

growth parameters and rates; (329-681) summarization and tabulation of results. 

Script 3: Calculation of results from chemostat cultivation data. This script 

performs a set of successive actions to clean and organize the data before calculating 

basic physiological parameters. The sections of the script, denoted by the line number, 

are as follows: (1-97) loading, sorting, and cleanup of data; (98-462) calculation of 

growth parameters and rates; (463-711) summarization and tabulation of results. 
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Code availability. The analysis scripts described above are available as .jsl files (‘JMP 

scripts used for automatic analysis of Riffyn-generated data files’, Data citation 1). The 

scripts were written for JMP version 13.1 and can also be opened by any plain text 

editor. 
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Supplementary material 

 
Table S3.1: Temperature dependent physiology of two wildtype Ogataea (para)polymorpha strains grown in 
synthetic medium at pH 5 in aerobic glucose-limited chemostat cultures. Means and mean absolute deviations 
(MAD) were calculated from two individual cultures and the standard error was calculated from the pooled estimate 
of variance across all culture samples from each strain. Carbon recovery calculations are based on a biomass carbon 
content of 48% (w/w). BDL: below detection limit (0.01 mM). 

 

30°C 40°C Pooled 
Std 

Error 
  CBS4732 CBS11895 CBS4732 CBS11895 

D (h-1) 0.10 ± 0.00 0.10 ± 0.00 0.10 ± 0.00 0.10 ± 0.00 ± 0.00 

Reservoir glucose (g L-1) 7.47 ± 0.02 7.49 ± 0.01 7.42 ± 0.02 7.43 ± 0.02 ± 0.01 

Residual glucose (mM) BDL BDL BDL 0.02 ± 0.00 ± 0.00 

YX/S (g biomass [g glucose]-1) 0.49 ± 0.00 0.51 ± 0.00 0.46 ± 0.00 0.46 ± 0.01 ± 0.01 

YX/O2 (g biomass [g O2]-1) 1.16 ± 0.02 1.35 ± 0.05 0.97 ± 0.00 0.99 ± 0.02 ± 0.02 

RQ 1.03 ± 0.00 1.05 ± 0.01 1.01 ± 0.00 1.04 ± 0.00 ± 0.00 

qGlucose (mmol [g biomass]-1 h-1) -1.16 ± 0.02 -1.08 ± 0.03 -1.20 ± 0.01 -1.21 ± 0.01 ± 0.02 

qCO2 (mmol [g biomass]-1 h-1) 2.78 ± 0.06 2.44 ± 0.07 3.27 ± 0.02 3.26 ± 0.02 ± 0.04 

qO2 (mmol [g biomass]-1 h-1) -2.69 ± 0.05 -2.32 ± 0.08 -3.23 ± 0.02 -3.15 ± 0.02 ± 0.04 

CX (g biomass L-1) 3.63 ± 0.02 3.84 ± 0.08 3.39 ± 0.04 3.41 ± 0.04 ± 0.05 

Carbon recovery (%) 98.2 ± 0.3 99.3 ± 1.2 100.5 ± 1.0 99.8 ± 1.0 ± 0.8 

Reported values are Mean ± MAD. Standard errors are reported in italics in the right column. 

 
Table S3.2: Temperature dependent maximum specific growth rates (µmax) of two wild-type Ogataea 
(para)polymorpha strains in aerobic shake flask batch cultures. Cultivation was done in synthetic medium with 
an initial glucose concentration of 20 g L-1. Means and mean absolute deviations (MAD) were calculated from two 
individual cultures and the standard error was calculated from the pooled estimate of variance across all culture 
samples from each strain. Logarithmic transformations of the data were applied to regularize the variance prior to 
pooling. Values for CBS4732 at 49°C and CBS11895 at 48 and 49°C were derived from cultures directly inoculated 
from glycerol stocks. 

 

O. polymorpha CBS4732 

  30°C 37°C 40°C 45°C 48°C 49°C 

µmax, OD660 [h-1] 
0.34 ± 0.00 0.60 ± 0.01 0.66 ± 0.00 0.61 ± 0.01 0.37 ± 0.02 0.20 ± 0.03 

±0.02 ±0.03 ±0.05 ±0.03 ±0.02 ±0.01 
 

O. parapolymorpha CBS11895 

  30°C 37°C 40°C 45°C 48°C 49°C 

µmax, OD660 [h-1] 
0.40 ± 0.00 0.51 ± 0.00 0.59 ± 0.00 0.52 ± 0.01 0.28 ± 0.00 0.18 ± 0.00 

±0.03 ±0.03 ±0.04 ±0.03 ±0.02 ±0.01 

Reported values are Mean ± MAD. Standard errors are reported in italics on the second line.
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Abstract 

 

The thermotolerant yeast Ogataea parapolymorpha (formerly Hansenula polymorpha) 

is an industrially relevant production host that exhibits a fully respiratory sugar 

metabolism in aerobic batch cultures. NADH-derived electrons can enter its 

mitochondrial respiratory chain either via a proton-translocating Complex I NADH 

dehydrogenase or via three putative alternative NADH dehydrogenases. This 

respiratory entry point affects the amount of ATP produced per NADH/O2 consumed 

and therefore impacts the maximum yield of biomass and/or cellular products from a 

given amount of substrate. To investigate the physiological importance of Complex I, a 

wild-type O. parapolymorpha strain and a congenic Complex I-deficient mutant were 

grown on glucose in aerobic batch, chemostat, and retentostat cultures in bioreactors. 

In batch cultures, the two strains exhibited a fully respiratory metabolism and showed 

the same growth rates and biomass yields, indicating that, under these conditions, the 

contribution of NADH oxidation via Complex I was negligible. Both strains also 

exhibited a respiratory metabolism in glucose-limited chemostat cultures, but the 

Complex I-deficient mutant showed considerably reduced biomass yields on substrate 

and oxygen, consistent with a lower efficiency of respiratory energy coupling. In 

glucose-limited retentostat cultures at specific growth rates down to ∼0.001 h-1, both 

O. parapolymorpha strains showed high viability. Maintenance energy requirements at 

these extremely low growth rates were approximately 3-fold lower than estimated 

from faster-growing chemostat cultures, indicating a stringent-response-like behavior. 

Quantitative transcriptome and proteome analyses indicated condition-dependent 

expression patterns of Complex I subunits and of alternative NADH dehydrogenases 

that were consistent with physiological observations. 

 

Importance. Since popular microbial cell factories have typically not been selected for 

efficient respiratory energy coupling, their ATP yields from sugar catabolism are often 

suboptimal. In aerobic industrial processes, suboptimal energy coupling results in 

reduced product yields on sugar, increased process costs for oxygen transfer, and 

volumetric productivity limitations due to limitations in gas transfer and cooling. This 

study provides insights into the contribution of mechanisms of respiratory energy 

coupling in the yeast cell factory Ogataea parapolymorpha under different growth 

conditions and provides a basis for rational improvement of energy coupling in yeast 

cell factories. Analysis of energy metabolism of O. parapolymorpha at extremely low 

specific growth rates indicated that this yeast reduces its energy requirements for 

cellular maintenance under extreme energy limitation. Exploration of the mechanisms 

for this increased energetic efficiency may contribute to an optimization of the 

performance of industrial processes with slow-growing eukaryotic cell factories.  
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Introduction 

 

Crabtree-negative yeast species, which exhibit a respiratory sugar catabolism in aerobic 

batch cultures, are popular platforms for industrial production of proteins (Cereghino 

and Cregg 2000, Löbs et al. 2017b, van Dijk et al. 2000, Vieira Gomes et al. 2018, Wagner 

and Alper 2016). The methylotrophic, Crabtree-negative yeasts Ogataea polymorpha 

and Ogataea parapolymorpha (Manfrao-Netto et al. 2019), both formerly known as 

Hansenula polymorpha, are popular protein expression platforms because of the 

availability of very strong but tightly controllable, methanol-inducible promoters. They 

are able to consume a wide range of carbon sources and assimilate nitrate, are 

thermotolerant up to 50°C and exhibit fast, virtually by-product-free aerobic growth on 

glucose (Juergens et al. 2018a, Kunze et al. 2009, Kurtzman 2011). 

Since formation of proteins and other non-dissimilatory products from sugars 

requires a net input of cellular energy, efficient energy coupling of respiratory sugar 

catabolism is an important property of microbial protein production hosts. Respiratory 

energy coupling can be quantified by the P/O ratio, which represents the number of 

moles of ATP generated per mole of oxygen atoms reduced by the respiratory chain 

(Hinkle 2005). In yeasts, the P/O ratio is dictated by the in vivo stoichiometries of 

electron transfer and proton translocation by respiratory chain complexes in the inner 

mitochondrial membrane, as well as by the stoichiometry of proton influx and ATP 

generation by the mitochondrial ATP synthase (Ferguson 2010). Different respiratory 

chain components (Figure 4.1) can overlap in their catalytic activities while exhibiting 

different stoichiometries of electron transfer and proton translocation, resulting in 

different P/O ratios (Kerscher 2000). Whereas the canonical machinery for transfer of 

electrons from ubiquinone to oxygen (cytochrome bc1 complex or Complex III and 

cytochrome c oxidase or Complex IV) is strongly conserved among industrially relevant 

yeasts and fungi, major differences exist in coupling of the oxidation of mitochondrial 

NADH to the reduction of ubiquinone (Joseph-Horne et al. 2001, Kerscher et al. 2008, 

Riley et al. 2016). 

The respiratory chains of the industrially relevant yeasts Saccharomyces 

cerevisiae and Kluyveromyces lactis lack the large, multisubunit proton-translocating 

Complex I NADH:ubiquinone oxidoreductase. Instead, they rely on a single-subunit, 

internal alternative NADH:ubiquinone oxidoreductase (Ndi1, generally referred to as 

internal alternative NADH dehydrogenase) that does not translocate protons (de Vries 

and Marres 1987, Hunte et al. 2010, Joseph-Horne et al. 2001, Tarrio et al. 2005). Other 

yeasts and fungi, such as Yarrowia lipolytica (Kerscher et al. 1999), exclusively utilize 

Complex I for respiratory oxidation of mitochondrial NADH or can express both 

Complex I and an internal alternative NADH dehydrogenase, e.g., Neurospora crassa 

(Duarte et al. 2003). O. polymorpha and its methylotrophic relative Pichia pastoris 
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harbor Complex I but also exhibit alternative NADH dehydrogenase activity. However, 

for the alternative NADH dehydrogenases, it is not known whether their catalytic sites 

for NADH oxidation face the mitochondrial matrix or the cytosol (Bridges et al. 2009, 

Gonzalez-Barroso et al. 2006) (Figure 4.1). 

 

 
Figure 4.1: Putative respiratory chain structure of Ogataea (para)polymorpha illustrating routes to couple 
direct NADH oxidation to ATP formation. Respiratory Complex I (C I) and possibly an internal alternative NADH 
dehydrogenase(s) (Ndh2-i) oxidize NADH in the mitochondrial matrix (MM). NADH generated in the cytosol can be 
directly oxidized by an external alternative NADH dehydrogenase(s) (Ndh2-e). Shuttles, consisting of a 
corresponding pair of cytosolic and mitochondrial dehydrogenases, might exist which can indirectly translocate 
NADH over the inner mitochondrial membrane (IMM). All NADH-oxidizing respiratory enzymes donate electrons 
(red arrows) to the quinone pool (Q), from which they are funneled linearly through the rest of the respiratory chain, 
consisting of Complex III (C III), cytochrome c (C), and Complex IV (C IV), before reduction of oxygen to water. 
Contrary to many other Complex I-harboring yeasts, O. (para)polymorpha does not possess an alternative oxidase 
(Riley et al. 2016). Respiratory complexes I, III, and IV, but not Ndh2, contribute to the proton gradient across the 
inner mitochondrial membrane which is utilized by mitochondrial FoF1 ATPase, Complex V (C V), for formation of 
ATP. The dashed line represents the outer mitochondrial membrane. IMS, intermembrane space. 

 

In organisms which can synthesize both Complex I and alternative NADH 

dehydrogenase(s), the relative contribution of these systems under industrially 

relevant conditions has not been fully elucidated. In several yeasts and fungi, studies 

performed with Complex I inhibitors found that there was little or no impact on specific 

growth rates in batch cultures or that Complex I activity was higher in late-exponential 

and/or stationary-phase cultures (Blondin et al. 1984, Bridges et al. 2009, Katz et al. 

1971, Schwitzguebel and Palmer 1982), suggesting that the in vivo contribution of 

Complex I may depend on the specific growth rate and/or substrate concentration. ATP 

from substrate catabolism is used to meet cellular maintenance energy requirements 

as well as formation of new biomass (Pirt 1965). Differences in respiratory energy 

coupling are therefore reflected in the biomass yield on the energy substrate (which 

serves as the electron donor for catabolism) (Verduyn et al. 1991). Since respiratory 

oxidation of NADH via Complex I and alternative NADH dehydrogenase(s) results in 

different P/O ratios, the contribution of these systems can be assessed by quantitative 
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analysis of biomass yields on sugar and oxygen of strains in which specific systems have 

been inactivated. Flux balance analysis simulations indicate that, in the absence of 

product formation and with a constant biomass composition, exclusive use of Complex 

I for oxidation of mitochondrial NADH in respiratory cultures should result in a ca. 25% 

higher biomass yield on glucose than exclusive use of internal alternative NADH 

dehydrogenase (Correia et al. 2017). 

Biomass yields and maintenance energy requirements of the yeasts S. cerevisiae 

and P. pastoris were previously studied under extreme glucose limitation in retentostat 

cultures (Boender et al. 2009, Rebnegger et al. 2016, Vos et al. 2016). Retentostats are 

continuous cultivation setups with biomass retention in which biomass-specific rates 

of energy substrate consumption are progressively decreased until they eventually 

fulfill maintenance energy requirements of only metabolically active cells (Ercan et al. 

2015). Maintenance requirements include energy expenses for macromolecular 

turnover, membrane gradient homeostasis, and protective measures such as 

detoxification of reactive oxygen species (ROS) (van Bodegom 2007). 

The aim of this study is to quantitatively assess the relative contribution of 

Complex I and the alternative NADH dehydrogenases to respiratory oxidation of NADH, 

to biomass yields, and to maintenance energy metabolism in O. parapolymorpha. To this 

end, a Complex I-deficient strain was constructed by disruption of the structural gene 

for the essential Nubm (51 kDa) subunit. The physiology of the mutant strain was then 

analyzed in aerobic, glucose-grown batch, chemostat, and retentostat cultures in 

bioreactors, covering a range of specific growth rates, and results were compared to 

data obtained with the congenic wild-type reference strain. In addition to quantitative 

analyses of biomass yields and maintenance energy requirements, strain- and 

condition-dependent adaptations were investigated by transcriptome and proteome 

analysis.  
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Results 

 

Disruption of Complex I has a negligible effect on growth physiology in aerobic, 

glucose-grown batch cultures. To assess under which cultivation conditions 

O. parapolymorpha utilizes Complex I, a strain devoid of Complex I activity was 

constructed. The structural gene encoding the essential, nuclearly encoded Nubm 

(51 kDa) subunit was disrupted in wild-type O. parapolymorpha strain CBS11895 by 

CRISPR/Cas9-assisted introduction of a single-nucleotide frameshift. Since Nubm, 

which is part of the peripheral N-module of Complex I, contains the NADH-binding 

pocket (Fecke et al. 1994), the frameshift mutation was expected to abolish Complex I-

mediated NADH oxidation and block entry of NADH-derived electrons into the enzyme. 

Whole-genome sequencing of the resulting strain, O. parapolymorpha IMD010, did not 

reveal any additional mutations in coding sequences. 

For an initial physiological comparison, strain IMD010 and its congenic wild-

type strain O. parapolymorpha CBS11895 were grown on glucose in aerobic bioreactor 

batch cultures. Under these glucose-excess conditions, both strains exhibited a specific 

growth rate of 0.37 h-1 (Table 4.1) and respiratory metabolism with negligible 

production of extracellular pyruvate (<0.1 mM), citrate (<0.1 mM), and ethanol 

(<1 mM). Biomass-specific glucose uptake rates and biomass yields of the two strains 

were not significantly different (Table 4.1). These observations indicated that 

Complex I does not significantly contribute to NADH oxidation by O. parapolymorpha 

during aerobic batch cultivation on glucose. 

 

 
Table 4.1: Physiology of wild-type strain O. parapolymorpha CBS11895 and Complex I-disrupted mutant 
IMD010 in aerobic glucose-grown bioreactor batch cultures. 

Parametera 
Value for the parameter in:b 

P valuec 
CBS11895 IMD010 

μ (1/h) 0.37 ± 0.01 0.37 ± 0.00 0.78 

qGlucose (mmol glucose/g biomass)/h −3.88 ± 0.02 −4.01 ± 0.00 0.11 

YX/S (g biomass/g glucose) 0.53 ± 0.01 0.52 ± 0.00 0.21 

a: μ, specific growth rate based on measurements of biomass dry weight concentration; qGlucose, biomass-specific 
glucose uptake rate during exponential growth phase; YX/S, yield of biomass dry weight on glucose during exponential 
growth phase. 

b: Reported values are means ± standard errors of the means calculated from two independent cultures where errors 
smaller than the number of reported digits are rounded to 0. 

c: Reported P values (Student's t test) refer to the difference between mean values observed for CBS11895 and those 
for IMD010. 
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Inactivation of Complex I decreases biomass yields on glucose and oxygen in 

glucose-limited chemostat cultures. To investigate the contribution of Complex I at 

lower specific growth rates and at growth-limiting concentrations of glucose, the wild-

type O. parapolymorpha strain CBS11895 and the Complex I-deficient strain IMD010 

were grown in aerobic, glucose-limited chemostat cultures (Table 4.2). At a dilution 

rate of 0.1 h-1, steady-state cultures of both strains exhibited a fully respiratory 

metabolism, without significant by-product formation and with residual glucose 

concentrations below 10 µM. Biomass protein contents of strains CBS11895 and 

IMD010 were 0.40 and 0.42 g of protein/g of biomass, respectively. Since the protein 

fraction of biomass accounts for the majority of the energetic costs of biosynthesis 

(Verduyn 1991), this result indicates that the two strains exhibit similar energetic 

requirements for biomass formation (YX/ATP). 

 
Table 4.2: Physiology of wild-type O. parapolymorpha strain CBS11895 and Complex I-disrupted mutant 
IMD010 in aerobic glucose-limited chemostat cultures at a dilution rate of 0.1 h-1. 

Parametera 
Value for the parameter in:b 

P valuec 
CBS11895 IMD010 

Actual dilution rate (1/h) 0.099 ± 0.000 0.100 ± 0.001  

Reservoir glucose (g/L) 7.37 ± 0.02 7.40 ± 0.00  

Residual glucose (mM) BDL BDL  

YX/S (g biomass/g glucose) 0.51 ± 0.00 0.43 ± 0.00 0.003 

YX/O2 (g biomass/g O2) 1.26 ± 0.01 0.88 ± 0.01 0.002 

RQ 1.03 ± 0.00 1.03 ± 0.01 0.91 

qGlucose (mmol/g biomass)/h −1.08 ± 0.01 −1.27 ± 0.01 0.005 

qCO2 (mmol/g biomass)/h 2.52 ± 0.02 3.64 ± 0.04 0.005 

qO2 (mmol/g biomass)/h −2.44 ± 0.03 −3.54 ± 0.06 0.013 

CX (g biomass/liter) 3.73 ± 0.02 3.21 ± 0.01 0.009 

Protein content (g protein/g biomass) 0.40 ± 0.01 0.42 ± 0.00 0.22 

Cell viability (%) 99.6 ± 0.0 99.9 ± 0.0 0.011 

Carbon recovery (%) 99.5 ± 0.2 99.9 ± 0.4 0.53 

a: YX/S and YX/O2, yield of biomass dry weight on glucose and oxygen, respectively; RQ, respiratory quotient; qGlucose, 
qCO2, and qO2, biomass-specific uptake/production rates of glucose, CO2, and O2, respectively; CX, biomass dry weight 
concentration. 

b: Reported values are means ± standard errors of the means calculated from two independent steady-state cultures 
where errors smaller than the number of reported digits are rounded to 0. BDL, below the detection limit (10 μM). 
Reported cell viability is based on propidium-iodide staining. Carbon recovery calculations are based on a biomass 
carbon content of 48% (wt/wt). 

c: Reported P values (Student's t test) refer to the difference between mean values observed for CBS11895 and those 
for IMD010. 
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In agreement with earlier observations (Juergens et al. 2018a), the wild-type strain 

showed a biomass yield of 0.51 g of biomass/g of glucose. A 16% lower biomass yield 

on glucose for strain IMD010 indicated that, in the absence of a functional Complex I, a 

larger fraction of the substrate needed to be respired to generate the same amount of 

ATP. Strain IMD010 also exhibited a 30% lower biomass yield on oxygen (Table 4.2), 

which, under the assumption of similar YX/ATP values and negligible maintenance energy 

requirements in these cultures, is equivalent to a 30% lower in vivo P/O ratio (Katz et 

al. 1971). Considering that alternative NADH dehydrogenases do not translocate 

protons and therefore are expected to conserve 40% less ATP than Complex I (Hinkle 

2005, Kerscher et al. 2008), the 30% lower in vivo P/O ratio is consistent with the 

phenotype expected when oxidation of mitochondrial NADH from glucose catabolism 

occurs via Complex I in strain CBS11895 and is replaced by oxidation via alternative 

NADH dehydrogenase(s) in strain IMD010. Similar differences between strains 

CBS11895 and IMD010 were observed at a dilution rate of 0.025 h-1 (see Table S4.1 in 

the supplemental material). 

 

O. parapolymorpha decreases its maintenance energy requirements at near-zero 

growth rates in retentostat cultures, independent of Complex I. Based on 

retentostat experiments with S. cerevisiae, maintenance energy requirements of yeasts 

were initially assumed to be growth rate independent (Boender et al. 2009, Vos et al. 

2016). This conclusion was in marked contrast with observations on several bacteria, 

in which a stringent response leads to decreased maintenance energy requirements at 

very low specific growth rates (Arbige and Chesbro 1982, Chesbro et al. 1979, Tappe et 

al. 1999). Recent experiments on aerobic, glucose-limited retentostats of the Crabtree-

negative yeast P. pastoris showed that, similarly, maintenance energy requirements at 

near-zero growth rates were approximately 3-fold lower than predicted from data 

obtained at higher specific growth rates (Rebnegger et al. 2016). While these results 

indicate a stringent-response-like adaptation of non-Saccharomyces yeasts at near-zero 

growth rates, it is unclear whether this is related to their expression of a functional 

Complex I NADH dehydrogenase. O. parapolymorpha, like P. pastoris, harbors both 

Complex I and alternative NADH dehydrogenases, and we tested if a similar modulation 

of maintenance energy requirements occurred in O. parapolymorpha and if this was 

partly caused by a redistribution of respiratory flux to Complex I. 

Maintenance energy requirement (mS) and maximum theoretical biomass yield 

(Yxsmax) (Pirt 1965) values of O. parapolymorpha strains CBS11895 and IMD010 were 

first estimated from biomass-specific glucose uptake rates of aerobic, glucose-limited 

chemostat cultures grown at 0.025 h-1 and 0.1 h-1. Consistent with a lower energetic 

efficiency of the Complex I-deficient strain IMD010, its estimated mS was higher 

(0.0241 ± 0.0008 versus 0.0142 ± 0.0008 [g glucose/g biomass]/h) and its Yxsmax was 
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lower (0.485 ± 0.003 versus 0.545 ± 0.003 g biomass/g of glucose) than values 

obtained with the wild-type strain CBS11895 (Figure S4.1). 

During 23 days of retentostat cultivation, specific growth rates of strains 

CBS11895 and IMD010 decreased to approximately 0.001 h-1, corresponding to a 

doubling time of over 28 days. As biomass concentrations in the retentostats increased 

and the specific growth rate progressively decreased, culture viability, measured by 

propidium iodide (PI) staining and CFU counts, remained near 100% (Figure 4.2; 

S4.2). At near-zero growth rates, the biomass protein content of CBS11895 decreased 

to 0.33 g protein/g of biomass, while biomass composition of strain IMD010 remained 

the same as that observed in chemostat cultures at higher specific growth rates 

(Figure S4.3). In the retentostats, the biomass-specific glucose uptake rates (qS) of both 

strains decreased below the mS values estimated from chemostat data, reaching 

0.0062 ± 0.0001 and 0.0081 ± 0.0002 (g glucose/g biomass)/h at the end of retentostat 

cultivation for strains CBS11895 and IMD010, respectively (Figure 4.3). 

 

 

 

 
 

Figure 4.2: Biomass accumulation profile and viability of aerobic, glucose-limited retentostat cultures of 
wild-type O. parapolymorpha CBS11895 and the congenic Complex I-deficient strain IMD010. The retentostat 
phase was initiated from steady-state chemostat cultures (D = 0.025 h−1) at time zero. Depicted are the measured 
biomass dry weight concentrations (circles) and culture viability based on propidium iodide staining (diamonds) of 
two independent cultures each of strains CBS11895 (closed symbols) and IMD010 (open symbols), as well as the 
predicted biomass accumulation profiles of CBS11895 (dashed line) and IMD010 (dotted line) based on mS and 
YX/Smax values estimated from chemostat cultures grown at 0.1 and 0.025 h−1. The mean biomass concentration of 
CBS11895 was significantly higher than of that of IMD010 at each equivalent sampling point (Student's t test, 
P < 0.05). 
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By performing linear regression on sections of adjacent sample points, mS values were 

estimated throughout the retentostat cultivation runs from µ and qS values 

(Figure 4.4). From this analysis, mS values of both strains were found to decrease 

during retentostat cultivation to values that were 2.5- to 3-fold lower than those 

estimated from chemostat data (Figure 4.4). In accordance with an mS that was lower 

than expected, biomass concentrations of CBS11895 during the retentostat cultivation 

increased above the maximum level predicted based on a growth rate-independent mS 

(Figure 4.2). These observations demonstrated that at low specific growth rates, 

similar to P. pastoris, O. parapolymorpha exhibits a growth rate-dependent substrate 

requirement for maintenance. Since the Complex I-deficient O. parapolymorpha strain 

IMD010 exhibited a decrease in maintenance energy requirements similar to that of the 

wild-type strain CBS11895 (Figure 4.2), this adaptation is independent of the 

contribution of Complex I to respiratory energy coupling. 

 

Transcriptional adaptations of O. parapolymorpha to lack of functional 

Complex I. To investigate whether the absence of the Complex I Nubm subunit results 

in transcriptional adaptations in O. parapolymorpha, transcriptome sequencing (RNA-

Seq) was performed on samples taken from the glucose-grown bioreactor batch 

cultures, the chemostat cultures grown at dilution rates of 0.1 and 0.025 h-1, and from 

the late-stage retentostat cultures (samples taken after 23 days, at a specific growth 

rate of ca. 0.001 h-1) of strains CBS11895 and IMD010. 

To focus on large changes in expression levels, genes were considered 

significantly differentially expressed between strains CBS11895 and IMD010 when the 

absolute log2 fold change of expression was larger than 2 and the false-discovery rate 

(FDR) was below 0.001. Whereas large differences in growth phenotypes were 

observed in glucose-limited chemostat and retentostat cultures, the absence of 

functional Complex I only marginally affected the transcriptome of IMD010 grown 

under these conditions (Figure 4.5B). However, while CBS11895 and IMD010 

exhibited the same growth phenotypes in glucose-grown batch cultures, a large number 

of genes were significantly differentially expressed between the strains under these 

conditions, and most of these showed higher transcript levels in the Complex I-deficient 

strain IMD010 (Figure 4.5A). These 419 differentially expressed genes did not contain 

any of the known subunits of respiratory Complex I. Among the set of 275 of the 410 

upregulated genes for which an S. cerevisiae orthologue could be identified, the Gene 

Ontology (GO) terms related to organization and biogenesis of cellular components 

were enriched (Figure 4.5A; see Table S4.2 for an extended list of enriched GO terms). 
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Figure 4.3: Biomass-specific glucose uptake rates (qS) during aerobic glucose-limited retentostat cultivation 
of wild-type O. parapolymorpha CBS11895 and the congenic Complex I-deficient strain IMD010. Depicted qS 
values are means ± standard errors of the means (error bars smaller than symbol size) of two independent 
retentostat cultures each of CBS11895 (closed circles) and IMD010 (open circles) and were directly calculated from 
biomass accumulation. The values plotted at time zero correspond to the qS value in the steady-state chemostat 
cultures at 0.025 h−1 that preceded the retentostat cultures. Horizontal lines indicate the maintenance energy 
requirements (mS) calculated from chemostat cultures grown at 0.1 and 0.025 h−1 for strains CBS11895 (dashed) 
and IMD010 (dotted). With the exception of the values calculated at   and 9 days of cultivation, the qS values of 
CBS11895 were significantly lower than those of IMD010 at each equivalent sampling point (Student's t test, 
P < 0.05). 

 

 
Figure 4.4: Depicted mS values are means ± standard errors of the means of two independent retentostat cultures 
each of strains CBS11895 (closed circles) and IMD010 (open circles) and were calculated via linear regression from 
sets of corresponding μ and qS values (directly calculated from biomass accumulation) from five adjacent sample 
points. The values plotted at time zero correspond to mS values determined by chemostat cultivation at 0.1 and 
0.025 h−1, also represented by dashed (CBS11895) and dotted (IMD010) lines. With the exception of time points at 
16 (CBS11895) as well as at 7 and 23 (IMD010) days of cultivation, mS values of both strains were found significantly 
lower than those determined by chemostat cultivation (Student's t test, P < 0.05).  
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Figure 4.5: Transcriptional response of O. parapolymorpha to a lack of functional respiratory Complex I. 
Green (upregulated) and red (downregulated) numbers indicate how many genes were found significantly 
differentially expressed (absolute log2 fold change of >2; FDR < 0.001) in strain IMD010 (disrupted Complex I Nubm 
subunit) compared to levels in strain CBS11895 (wild type) in glucose-grown batch cultures (A) and glucose-limited 
chemostat (0.1 and 0.025 h−1) and late-stage retentostat cultures (0.001 h−1) (B). Boxed in green are the most highly 
enriched GO terms within the set of upregulated genes in IMD010 under batch conditions (based on 275 out of 409 
genes for which an S. cerevisiae ortholog could be identified) (see Table S4.2 in the supplemental material for an 
extended list). Numbers inside circles represent the specific growth rate/dilution rate of the different cultures 

 

Absence of functional Complex I also affected transcriptional adaptations to 

increasingly lower specific growth rates in glucose-limited cultivation regimes. A total 

of 1,699 and 1,074 genes whose transcript levels correlated positively or negatively 

with the specific growth rate in glucose-limited cultures were identified for strains 

CBS11895 and IMD010, respectively (Figure 4.6A). For the majority of these genes, 

transcript levels correlated positively with the specific growth rate; i.e., expression was 

lower with low specific growth rates, in both CBS11895 and IMD010 (Figure 4.6A). 

Approximately two-thirds of the identified growth rate-correlated genes for strain 

IMD010 exhibited the same regulation in strain CBS11895, whereas the majority of the 

genes identified to be growth rate correlated in CBS11895 were specifically identified 

in this strain background (Figure 4.6A). The response to the low specific growth rates 

of both CBS11895 and IMD010 was characterized by the transcriptional 

downregulation of genes involved in biosynthesis and metabolic processes as indicated 

by the enrichment of GO terms “biosynthetic process”, “cellular amino acid metabolic 

process”, and “catalytic activity” in this gene set (231, 54, and 263 out of 414 genes, 

respectively) (Figure 4.6B; see Table S4.3 for an extended list of enriched GO terms). 

Among the genes that were positively correlated with the specific growth rate only in 

strain CBS11895, an enrichment of GO terms related to chromosome organization, DNA 

binding, and the cytoskeleton was observed, while the GO term “catalytic activity, acting 

on a tRNA” was enriched in the set of positively correlated genes unique to strain 

IMD010 (Figure 4.6B; Table S4.3). 
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Finally, among the smaller sets of genes which exhibited negative correlation of 

transcript levels with the specific growth rate in glucose-limited cultures, an 

enrichment of GO terms was detected only for the set of genes uniquely regulated in 

strain CBS11895 (related to integral membrane components and the endoplasmic 

reticulum) (Figure 4.6B; Table S4.3). 

 

Condition-dependent redistribution of respiratory fluxes between Complex I and 

alternative mechanisms for NADH (re)oxidation. In glucose-limited chemostat 

cultures, the Complex I-deficient strain O. parapolymorpha IMD010 exhibited a lower 

biomass yield on substrate and oxygen than the wild-type strain CBS11895 but retained 

a fully respiratory metabolism. These observations indicated that glucose-limited 

cultures of strain IMD010 employed alternative, energetically less efficient 

mechanism(s), such as alternative NADH dehydrogenase(s), to replace the role of 

Complex I in NADH oxidation. Based on sequence homology to known alternative NADH 

dehydrogenases and the C-terminal domain unique to this class of enzymes (Feng et al. 

2012), the genome of O. parapolymorpha was predicted to encode three alternative 

NADH dehydrogenases (Figure S4.4), here referred to as Ndh2-1, Ndh2-2, and Ndh2-3 

(encoded by HPODL_02792, HPODL_00256, and HPODL_02018, respectively). 

Depending on substrate specificity and localization on the inner mitochondrial 

membrane, each of these enzymes could potentially contribute to reoxidation of NADH 

generated in the mitochondrial matrix. 

To investigate condition-dependent expression of these alternative 

dehydrogenases, their protein abundance levels and those of Complex I subunits were 

determined by mass spectrometry (MS)-based proteomics analysis on samples taken 

from the glucose-grown batch, chemostat (dilution rate of 0.1 and 0.025 h-1), and late-

stage retentostat cultures (specific growth rate of ca. 0.001 h-1) for strains CBS11895 

and IMD010. Proteomics analysis of these samples detected 1,351 O. parapolymorpha 

proteins with high combined detection confidence (FDR of <1%), including the three 

alternative NADH dehydrogenases as well as nearly all subunits of Complex I (see Data 

Set S1 in the supplementary material for protein abundance data). 

Mean-normalized transcript and protein abundance levels of the three 

alternative NADH dehydrogenases were compared to those of the seven essential 

nuclearly encoded subunits of Complex I to investigate their strain- and condition-

dependent expression (Figure 4.7). In strains CBS11895 and IMD010, transcript levels 

of the seven Complex I subunits were on average 2.3- and 2.6-fold lower, respectively, 

in glucose-grown batch cultures than in chemostat cultures grown at a dilution rate of 

0.1 h-1.  
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Differences in protein levels of these subunits were more pronounced. In batch cultures 

of strain CBS11895, these subunits were less abundantly detected, and protein levels 

were on average 11.3-fold lower than in the chemostat cultures while most subunits 

were not detected at all in batch cultures of strain IMD010 (Figure 4.7; Table S4.4). In 

addition to the disrupted Nubm subunit, the Nuhm (24 kDa) subunit of Complex I was 

not detected in any of the proteome analyses on strain IMD010. In contrast to the 

changes in expression of Complex I, in both O. parapolymorpha strains the three 

alternative NADH dehydrogenases Ndh2-1, Ndh2-2 and Ndh2-3 consistently showed 

higher transcript and protein levels in batch cultures than in chemostat cultures grown 

at 0.1 h-1. (Figure 4.7). These observations are consistent with the similar growth 

characteristics of strains CBS11895 and IMD010 in glucose-grown batch cultures and 

support the conclusion that Complex I plays an insignificant role in respiratory NADH 

reoxidation by O. parapolymorpha at high glucose concentrations. 

Transcript levels of Complex I subunits in retentostat cultures were similar to 

those in chemostat cultures, while the corresponding proteins were less abundantly 

detected and exhibited lower protein levels. In strain CBS11895, protein levels of the 

represented essential Complex I subunits were on average 3.5-fold lower in late-stage 

retentostats than in chemostat cultures grown at a dilution rate of 0.025 h-1. In strain 

IMD010, most Complex I subunits, including the numerous accessory subunits, were 

not detected under these conditions (Figure 4.7, Table S4.4).  
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Discussion 

 

Contribution of Complex I to respiratory glucose metabolism and growth 

energetics. Physiological analysis of O. parapolymorpha CBS11895 and its congenic 

mutant IMD010 showed that the Complex I NADH dehydrogenase does not play a major 

role in respiratory NADH oxidation in aerobic, glucose-grown batch cultures. The 

reported insensitivity to Complex I inhibitors of respiratory rates of aerobic, glucose-

grown batch cultures of Candida utilis and Dekkera bruxellensis (Blondin et al. 1984, 

Katz et al. 1971) suggests that the physiological role and regulation of Complex I in 

these facultatively fermentative yeasts resemble that in O. parapolymorpha. In contrast, 

Complex I is essential for growth of the respiratory yeast Yarrowia lipolytica (Kerscher 

2000) while in the filamentous fungi Neurospora crassa and Aspergillus niger, its 

absence negatively affects specific growth rates and/or biomass yields in aerobic batch 

cultures (Fecke et al. 1994, Prömper et al. 1993). 

While aerobic, glucose-limited chemostat cultures of the Complex-I deficient 

strain IMD010 showed lower biomass yields on glucose and oxygen than the reference 

strain CBS11895, they still exhibited a fully respiratory metabolism. Clearly, another 

mechanism for oxidation of mitochondrial NADH, with a lower ATP yield from oxidative 

phosphorylation, compensated for the absence of a functional Complex I in these 

cultures. Since NADH cannot permeate the inner mitochondrial membrane (von Jagow 

and Klingenberg 1970), O. parapolymorpha additionally requires a mechanism for 

respiratory oxidation of NADH generated in the cytosol by glycolysis. By analogy of the 

situation in S. cerevisiae and other fungi (Antos-Krzeminska and Jarmuszkiewicz 2019, 

Bakker et al. 2001), it therefore seemed likely that the O. parapolymorpha genome 

encodes external alternative NADH dehydrogenase in combination with an NADH 

shuttle mechanism and/or a matrix-oriented (internal) alternative NADH 

dehydrogenase. For example, an ethanol-acetaldehyde shuttle in S. cerevisiae has been 

shown to shuttle electrons from mitochondrial NADH to the cytosol (Bakker et al. 

2000). Such a shuttle requires cytosolic and mitochondrial isoenzymes of NAD-linked 

alcohol dehydrogenase, which are both present in O. parapolymorpha 

(Suwannarangsee et al. 2012, Suwannarangsee et al. 2010).  

Transcript levels of a gene encoding a putative alternative NADH dehydrogenase 

(Ndh2-1) were significantly higher in glucose-limited chemostat cultures (dilution rate 

of 0.1 h-1) of O. parapolymorpha IMD010 than in the wild type (log2 fold change of 2.2). 

Moreover, Ndh2-1 was detected in the proteome of strain IMD010 grown under these 

conditions but not in that of strain CBS11895. These observations are consistent with 

Ndh2-1 being an internal, non-proton-translocating NADH dehydrogenase that can 

compensate for the absence of functional Complex I in the mutant strain IMD010 and in 

batch cultures of the wild-type strain CBS11895. Coexistence of internal alternative 
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NADH dehydrogenase and Complex I has been observed in other fungi, including 

N. crassa (Duarte et al. 2003), C. utilis (Katz et al. 1971), and A. niger (Wallrath et al. 

1991). 

Proteome and transcriptome analysis of respiratory Complex I subunits and 

alternative NADH dehydrogenases in O. parapolymorpha CBS11895 indicated a switch 

from energy-efficient respiration via Complex I in glucose-limited chemostat cultures 

to less efficient respiration via alternative NADH dehydrogenases in fast-growing batch 

cultures. It has been previously suggested that respiratory NADH oxidation by a simple 

single-subunit NADH dehydrogenase instead of the large multisubunit Complex I may 

be beneficial when energy substrate is abundantly available (Kerscher 2000). 

Expressed per amount of protein, alternative NADH dehydrogenases are likely to allow 

for faster oxidation of NADH than the multisubunit Complex I. A switch to the 

energetically less efficient alternative dehydrogenases is therefore consistent with a 

strategy in which metabolic rates are maximized under substrate excess while energy 

substrate limitation is coupled to optimization of energy efficiency (Molenaar et al. 

2009, Pfeiffer et al. 2001). Similar trade-offs involving pathways with a high ATP yield 

but high protein cost (i.e., low protein efficiency) have been implicated in overflow 

metabolism in Escherichia coli, S. cerevisiae, and human muscle cells (Chen and Nielsen 

2019, Nilsson et al. 2019). 

Analysis of late-stage retentostat cultures suggested a higher utilization of 

alternative NADH dehydrogenases at extremely low specific growth rates than in faster 

chemostat cultures. Condition-dependent use of the different NADH dehydrogenases 

has been suggested to reflect the need to balance energy demand with NAD+ 

regeneration (Kerscher et al. 2008, Marreiros et al. 2016b) and to prevent reactive 

oxygen species (ROS) formation, potentially by altering the degree of reduction of the 

quinone pool (Antos-Krzeminska and Jarmuszkiewicz 2019, Dominiak et al. 2018). 

Alternative, less efficient respiratory pathways are widespread in yeast (Guerrero-

Castillo et al. 2011, Marreiros et al. 2016b, Veiga et al. 2003), and examples exist of 

species that redirect flux through these pathways under low-energy-substrate 

conditions to limit ROS formation (Cabrera-Orefice et al. 2014, Guerrero-Castillo et al. 

2012). Apparently, in these organisms decreased ROS formation can outweigh the 

benefits of increased energetic efficiency under these conditions, and a similar 

mechanism could be beneficial for long-term survival in O. parapolymorpha at very low 

specific growth rates as well. Indeed, investigation of the expression of catalase as well 

as candidate genes for superoxide dismutase and cytochrome c peroxidase 

demonstrated that out of the five genes for which protein abundances could reliably be 

detected, four were more abundantly expressed at low specific growth rates (see 

Figure S4.5 in the supplementary material). 
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Regulation of Complex I expression. Under several of the tested conditions, many 

essential Complex I subunits were not detected in proteome analyses on the mutant 

strain IMD010. In this strain, the Nuhm (24 kDa) subunit was not even detected in 

chemostat samples in which other Complex I subunits were most abundant. In normal 

Complex I assembly, Nubm and Nuhm, which are both part of the Complex I N-module, 

preassemble into a stable heterodimer which is retained even after breakdown of 

Complex I after inhibition of mitochondrial translation (Guerrero-Castillo et al. 2017). 

Destabilization of Nuhm caused by deletion of the NUBM gene would resemble 

observations on human Complex I, which showed that loss of individual subunits 

affected protein abundance of other subunits from the same structural module (Stroud 

et al. 2016). 

In mammals, plants, and fungi such as Y. lipolytica and N. crassa, Complex I forms 

respiratory supercomplexes with complexes III and IV (Eubel et al. 2004, Marques et al. 

2007, Nubel et al. 2009, Schägger and Pfeiffer 2000). A study on mammalian cells did 

not detect formation of supercomplexes with a Complex I lacking the Nubm-containing 

N-module (Guerrero-Castillo et al. 2017). However, the fast respiratory growth of strain 

IMD010 indicated that, even in the complete absence of the Nubm subunit, 

O. parapolymorpha expressed a functional respiratory chain. If required for respiration 

(Hirst 2018), respiratory supercomplexes in strain IMD010 might resemble the 

supercomplex-like structures observed in S. cerevisiae, which are comprised of 

complexes III and IV with the internal alternative NADH dehydrogenase Ndi1 (Matus-

Ortega et al. 2015). 

 

Maintenance energy requirements in O. parapolymorpha. Similar to observations 

in P. pastoris (Rebnegger et al. 2016) and several bacteria (Arbige and Chesbro 1982, 

Chesbro et al. 1979, Tappe et al. 1999), O. parapolymorpha modulated its substrate 

requirements for cellular maintenance (mS) in a growth rate-dependent manner. At 

near-zero growth rates, substrate consumption rates were substantially lower than 

estimated from faster-growing chemostat cultures. Independent of the specific growth 

rate and in line with the higher P/O ratio enabled by involvement of Complex I in 

respiratory oxidation of NADH, the wild-type strain CBS11895 exhibited lower 

maintenance energy requirements than the Complex I-disrupted strain IMD010 in all 

glucose-limited chemostat and retentostat cultures. However, Complex I did not play a 

role in the modulation of mS at low specific growth rates. 

Similar to previous work with P. pastoris (Rebnegger et al. 2016), analysis of the 

transcriptome data revealed two regulatory patterns in O. parapolymorpha: gene 

expression that correlated negatively and gene expression that correlated positively 

with the specific growth rate. In contrast to P. pastoris, the majority of these genes were 

found to correlate positively with the specific growth rate in O. parapolymorpha and in 
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both strain CBS11895 and IMD010 indicated reduced expression levels of biosynthesis-

related genes toward lower growth rates. We were not able to relate these growth rate-

correlated genes to the mechanisms responsible for the stringent-response-like 

response in O. parapolymorpha. However, because many genes of this yeast lack 

functional annotation as they are unique to O. (para)polymorpha or a small clade of 

neighboring yeasts, we limited our analysis to the ca. 60% of genes that have orthologs 

in S. cerevisiae, a yeast that does not display a stringent-response-like adaptation at 

near-zero growth rates (Boender et al. 2009, Vos et al. 2016). Therefore, mining the 

subset of genes for which no S. cerevisiae ortholog is known could provide novel insights 

into the mechanism behind the eukaryotic stringent response.  
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Materials and Methods 

 

Yeast strains, culture conditions, and maintenance. The yeast strains used in this 

study were CBS11895 (DL-1), a wild-type Ogataea parapolymorpha strain ordered from 

CBS-KNAW (Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands), and 

IMD010, a CBS11895-derived mutant with a disruption in the NUBM gene (nubmG445GC). 

Strains were grown in an Innova shaker incubator (New Brunswick Scientific, Edison, 

NJ, USA) set to 30°C and 200 rpm, in 500-mL shake flasks containing 100 mL of medium. 

Heat-sterilized (120°C for 20 min) YPD medium (10 g L-1 Bacto yeast extract, 20 g L-1 

Bacto peptone, 20 g L-1 glucose, demineralized water) was used for strain construction 

and maintenance. Solid medium was prepared by addition of 2% (w/v) agar to YPD 

medium. Frozen stock cultures were prepared from exponentially growing shake-flask 

cultures by addition of glycerol to a final concentration of 30% (v/v), and aseptically 

stored in 1-mL aliquots at -80°C. 

 

Molecular biology techniques and strain construction. Escherichia coli strain DH5α 

was used for plasmid transformation, amplification, and storage. Plasmids were 

isolated from E. coli using a GenElute Plasmid Miniprep kit (Sigma-Aldrich, St. Louis, 

MO, USA). Genomic DNA of yeast colonies used as the template for diagnostic PCR was 

isolated using the lithium acetate (LiAc)-sodium dodecyl sulfate method (Lõoke et al. 

2011). Diagnostic PCR was performed using DreamTaq polymerase (Thermo Fisher 

Scientific, Waltham, MA, USA) and desalted primers (Sigma-Aldrich). DNA fragments 

obtained by PCR were separated by gel electrophoresis, and PCR purification was 

performed with a GenElute PCR Clean-Up kit (Sigma-Aldrich). 

For the construction of strain IMD010 (O. parapolymorpha nubmG445GC), the 

O. parapolymorpha open reading frame (ORF) encoding the Complex I NUBM 51-kDa 

subunit (OpNUBM, locus tag HPODL_04625; GenBank accession number 

XM_014080963.1) was identified. OpNUBM was found via a homology search (blastn 

[https://blast.ncbi.nlm.nih.gov]) in the O. parapolymorpha CBS11895 (DL-1) RefSeq 

assembly (NCBI accession number GCF_000187245.1) (Ravin et al. 2013) using the 

O. polymorpha (Pichia angusta) partial sequence identified as coding for the Complex I 

Nubm subunit (GenBank accession number AL434382) (Bridges et al. 2009, Souciet et 

al. 2000) as input. Other O. parapolymorpha Complex I subunits were assigned based 

on protein sequence homology (tblastn [https://blast.ncbi.nlm.nih.gov]) with known 

P. pastoris subunits (Bridges et al. 2010, Eldarov et al. 2011, Ravin et al. 2013). OpNUBM 

was disrupted using the pUDP CRISPR/Cas9 system described previously (Juergens et 

al. 2018b). The guideRNA (gRNA) donor plasmid pUD676 was de novo synthesized by 

GeneArt (Thermo Fisher Scientific) and contained the synthetic 233-bp double-

stranded DNA (dsDNA) gRNA construct with a gRNA spacer sequence 
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(5’-CCTGATGTAAATATACGCTG-3’) targeting OpNUBM after base pair 445 out of 1,467. 

pUD676 was then integrated into pUDP002 via BsaI-mediated assembly as described 

previously (Juergens et al. 2018b), yielding OpNUBM-targeting plasmid pUDP084. For 

disruption of OpNUBM, wild-type O. parapolymorpha was transformed with pUDP084 

via electroporation, and subjected to a prolonged liquid incubation protocol, as 

described previously for deletion of OpADE2 and OpKU80 (Juergens et al. 2018b). 

Primers 12200 and 12201 (5’-CCCAGCTACGATCTCAAGAC-3’ and 

‘5-AACTTGGTGCCCGAGTTAC-3’, respectively) were then used for PCR amplification of 

the OpNUBM locus of seven randomly picked single colonies, and subsequent Sanger 

sequencing (Baseclear, Leiden, The Netherlands) revealed that three out of seven tested 

colonies contained an indel at the gRNA target site. A single colony of one of the mutants, 

containing a single cysteine nucleotide insertion between position 445 and 446 of the 

OpNUBM ORF, was restreaked three times subsequently on non-selective YPD medium 

to remove pUDP084, and renamed IMD010. 

 

Bioreactor cultivation. Bioreactor cultivation was performed using synthetic medium 

(SM) with the addition of 0.15 g L-1 of Pluronic 6100 PE antifoaming agent (BASF, 

Ludwigshafen, Germany). SM was prepared according to Verduyn et al. (1992) and 

autoclaved at 120°C for 20 min. Glucose and vitamins (Verduyn et al. 1992) were 

prepared separately and filter sterilized (vitamins) or heat sterilized at 110°C for 

20 min (glucose). Bioreactors were inoculated with exponentially growing cells from 

independent shake-flask cultures (grown as described above) with SM and 20 g L-1 

glucose. All cultures were performed in 2-L benchtop bioreactors (Applikon, Delft, The 

Netherlands) with initial volumes of 1.4 L (batch) and working volumes of 1.0 or 1.4 L 

(chemostat) or 1.4 L (retentostat). Cultures were sparged with dried, compressed air 

(0.5 vvm [volume of gas per volume of liquid per minute]) and stirred at 800 rpm. 

Temperature was maintained at 30°C, and pH was controlled at 5.0 by automatic 

addition of a 2 M KOH (batch and chemostat) or 10% (w/v) NH4OH (retentostat) 

solution by an ADI 1030 Bio Controller system (Applikon) or by an ez-Control 

bioreactor controller (Applikon). In chemostats and retentostats, the working volume 

was maintained by an electrical level sensor that controlled the effluent pump. Culture 

exhaust gas from bioreactors was cooled with a condenser (2°C) and dried with a Perma 

Pure dryer (Inacom Instruments, Veenendaal, The Netherlands) prior to online analysis 

of carbon dioxide and oxygen with a Rosemount NGA 2000 analyzer (Emerson, St. Louis, 

MO, USA). Batch cultures were performed with 7.5 g L-1 of glucose as the sole carbon 

source and an initial optical density at 660 nm (OD660) of 0.3 (approximately 0.05 g L-1 

of biomass dry weight). In chemostat cultures, 7.5 g L-1 of glucose was used as the sole 

carbon source, and the dilution rate (D) was set by maintaining a constant inflow rate. 

Cultures were assumed to have reached a steady state when, after a minimum of 
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5 volume changes, the oxygen consumption rate, carbon dioxide production rate, and 

biomass concentration changed by less than 3% over two consecutive volume changes. 

Retentostat cultivation was performed essentially as described by Rebnegger et al. 

(2016). To predict the accumulation of biomass in retentostat cultures of strains 

CBS11985 and IMD010, the predictive biomass accumulation script of Rebnegger et al. 

(2016) was used with mS and Yxsmax values as estimated from chemostat cultures with 

D values of 0.1 and 0.025 h-1. Based on the assumption that maintenance energy 

requirements are growth rate independent, a feeding regime was selected for 

O. parapolymorpha in which 10 g L-1 glucose was used for the preceding chemostat 

phase, and 5 g L-1 was used for the retentostat phase in combination with a 1.2-L mixing 

vessel, which was identical to the setup used for the earlier work on retentostat 

cultivation of P. pastoris (Rebnegger et al. 2016). The dilution rate was determined by 

maintaining a constant inflow rate of medium from the mixing vessel, a 3-L benchtop 

bioreactor (Applikon) with a working volume of 1.2 L and stirred at 500 rpm. The 

volume in the mixing vessel was kept constant by an electrical level sensor that 

controlled the feed pump of the mixing vessel. The medium was SM as described above 

but contained an additional 0.5 mL L-1 of the concentrated trace element solution (1.5X 

final concentration) and an additional 1 mL L-1 of the vitamin stock solution (2X final 

concentration) (Verduyn et al. 1992). Retentostat cultivation was preceded by a 

chemostat cultivation (D of 0.025 h-1) using the same conditions as described for the 

subsequent retentostat cultivation. During the chemostat phase, the medium flowing 

into the mixing vessel contained 10 g L-1 glucose. Once a steady state was achieved, the 

retentostat phase was initiated by two changes: (i) the medium flowing into the mixing 

vessel was changed to be drawn from a medium vessel with identical medium 

composition but with 5 g L-1 glucose as the limiting compound, and (ii) the culture 

effluent was redirected through a filtered effluent port, equipped with a hollow 

stainless steel filter support with an autoclavable hydrophobic polypropylene filter 

with 0.22-μm pore size (Trace Analytics, Braunschweig, Germany). Prior to heat 

sterilization, the filter was soaked overnight in a 96% ethanol solution and 

subsequently rinsed with 1X phosphate-buffered saline (Sigma Aldrich). 

 

Biomass measurements. Optical density was measured at 660 nm on a Jenway 7200 

spectrophotometer (Jenway, Staffordshire, UK). For biomass dry weight determination 

(typically performed in triplicate), exactly 10 mL of culture broth was filtered over 

predried and preweighed membrane filters (0.45-μm pore size; Pall Corporation, Ann 

Arbor, MI, USA), which were washed with demineralized water, dried in a microwave 

oven at 350 W for 20 min, and weighed immediately (Postma et al. 1989). Samples from 

chemostat and retentostat cultures were diluted with demineralized water prior to 

filtration to obtain a biomass dry weight concentration of approximately 2 g L-1. The 
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exact dilution was calculated by weighing the amount of sample and diluent and 

assuming a density of 1 g mL-1 for both fractions. For samples from late-stage 

retentostat cultures of strain IMD010 (after approximately 14 days and onwards), 

membrane filters were placed in glass bowls and covered with plastic funnels for 

microwave drying as under normal drying conditions biomass flakes formed that 

detached from the membrane filters, preventing accurate determination. Membrane 

filters were routinely re-dried and reweighed to ensure complete drying. Biomass 

protein content was determined using dried bovine serum albumin (BSA) (fatty acid 

free; Sigma-Aldrich) as described previously (Verduyn et al. 1990), with the 

modifications that NaOH was used instead of KOH and absorbance was measured at 510 

instead of at 550 nm. Culture samples were diluted with demineralized water to 

biomass dry weight concentrations between 2.2 and 3.8 g L-1 prior to protein content 

analysis. 

 

Metabolite analysis. For the determination of extracellular metabolite concentrations 

during batch fermentations, 1-mL aliquots of culture sample were centrifuged for 3 min 

at 20,000 g and the supernatant was used for analysis. Samples from chemostat and 

retentostat cultures were rapidly quenched with the cold steel beads method (Mashego 

et al. 2003). Metabolite concentrations were analyzed by high-performance liquid 

chromatography (HPLC) on an Agilent 1100 HPLC (Agilent Technologies, Santa Clara, 

CA, USA) with an Aminex HPX-87H ion exchange column (Bio-Rad, Veenendaal, The 

Netherlands) operated at 60°C with 5 mM H2SO4 as the mobile phase at a flow rate of 

0.6 mL min-1. 

 

Viability assays. For cell viability determination based on membrane integrity (via 

propidium iodide [PI]), approximately 0.5 mL of culture broth was sampled into 15 mL 

of ice-cold 10 mM Na-HEPES buffer (pH 7.2) containing 2% (w/v) glucose and kept on 

ice. Cell concentrations were determined using a Z2 Coulter counter (Beckman Coulter, 

Fullerton, CA, USA) set to a detection interval of 1.5 to 5.8 µm. The buffered sample was 

then diluted in isotone II diluent (Beckman Coulter, Woerden, The Netherlands) to a 

suspension containing 107 cells mL-1 and stained with PI (Sigma-Aldrich) as described 

previously (Boender et al. 2011). The stained samples were analyzed on an Accuri C6 

flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), equipped with a 488-nm 

laser, and detected by the FL-3 channel (620-nm band pass filter) for PI staining. Per 

sample, 30,000 events (cells) were analyzed. The viability was determined using 

Flowing software, version 2.5.1 (Perrtu Terho, Turku Centre for Biotechnology, 

University of Turku, Finland), by subtracting the percentage of PI-stained cells from a 

starting value of 100%. For determination of cell viability based on CFU counts, cultures 

were sampled into Na-HEPES buffer as described above and analyzed on a BD FACSAria 
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II SORP cell sorter (BD Biosciences), equipped with a 70-μm nozzle and operated with 

filtered FACSFlow sheath fluid (BD Biosciences). Evaluation of cytometer performance, 

analysis of cell morphology, and cell sorting were essentially performed as described 

previously (Brickwedde et al. 2018). Gating of cell populations for CFU count 

determination by plating was performed so that typically more than 90% of all detected 

events (cells) would be sorted. Viability was determined as the average percentage of 

sorted cells able to form a colony after 3 days of incubation at 30°C on quintuplicate 

YPD plates (96 cells sorted per plate). 

 

Calculation of growth rate dependency of maintenance energy requirements. For 

chemostat cultures, specific growth rate (µ) and biomass-specific glucose uptake rate 

(qS) were calculated by solving biomass and substrate mass balances assuming steady-

state conditions, and least squares linear regression was used to estimate maintenance 

energy substrate requirements (mS; intercept with y-axis) and theoretical maximum 

biomass yield (YXSmax; reciprocal of slope) coefficients (Pirt 1965) from qS/µ 

relationships. Calculations for retentostat cultures were performed essentially as 

described by Rebnegger et al. (2016): pairs of µ and qS values were calculated from 

biomass accumulation between adjacent sampling points, and mS values were 

estimated via least squares linear regression from moving windows of continuous pairs 

of calculated µ and qS values (including from chemostat cultivations), with the exception 

that moving windows of 5 qS-µ pairs were used for mS estimation. 

 

Whole-genome sequencing and stability of NUBM disruption. Genomic DNA of 

CBS11895 and IMD010 was isolated using a Qiagen 100/G kit (Qiagen, Hilden, 

Germany) from a shake-flask culture grown in YPD medium to stationary phase, 

according to the manufacturer’s instructions. DNA concentrations were quantified 

using a Qubit fluorometer, version 2.0 (Thermo Fisher Scientific). CBS11895 was 

sequenced by Novogene Bioinformatics Technology Co., Ltd. (Yuen Long, Hong Kong) 

on a HiSeq 2500 instrument (Illumina, San Diego, CA, USA) with 150-bp paired-end 

reads using a  True-seq PCR-free library preparation (Illumina). IMD010 was sequenced 

on a MiSeq instrument (Illumina) using a TruSeq DNA PCR-free library preparation as 

described previously (Swiat et al. 2017). 

In order to verify the genetic stability of the nubmG445GC disruption in strain 

IMD010 during the prolonged glucose-limited cultivations, a minimum of four single-

colony isolates from each individual chemostat and retentostat cultivation with IMD010 

was tested for the presence of the mutation. To this end, the cultures were plated for 

single colonies on solid YPD medium at the last sampling point of each fermentation, 

their genomic DNA was isolated, and primers 12200 and 12201 were used to PCR 

amplify and Sanger sequence the site containing the nubmG445GC disruption, as described 
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above. The nubmG445GC genotype was still present in all investigated colonies, and no 

additional mutations were detected within any of the sequenced 688-bp amplicons. 

 

RNA extraction, RNA sequencing, and transcriptome data analysis. Sampling for 

transcriptome analysis was performed by quenching culture broth directly into liquid 

nitrogen to immediately stop mRNA turnover (Piper et al. 2002), followed by storage 

at -80°C. In the case of batch cultures, sampling for transcriptome analysis was done in 

mid-exponential phase at a biomass dry weight concentration of approximately 0.9 g L-1 

with >75% of the initial glucose concentration remaining in the reactor. Processing of 

samples for long-term storage using AE buffer, acid-phenol-chloroform-isoamyl alcohol 

(125:24:1, pH 4.5; Thermo Fisher Scientific), and sodium dodecyl sulfate, as well as total 

RNA isolation was performed as described previously (Brickwedde et al. 2018). The 

quality of the total extracted RNA was evaluated with an Agilent 2200 Tapestation 

(Agilent Technologies, Santa Clara, CA), and the RNA concentration was determined 

using a Qubit 2.0 fluorometer (Thermo Fisher Scientific) combined with a Qubit RNA 

BR (broad-range) assay kit (Thermo Fisher Scientific). Library preparation and RNA 

sequencing were performed by Novogene Bioinformatics Technology Co., Ltd. (Yuen 

Long, Hong Kong). Sequencing was done with an Illumina paired-end 150-bp 

sequencing read system (PE150) using a 250- to 300-bp insert strand-specific library 

which was prepared by Novogene. For the library preparation, mRNA enrichment was 

done using oligo(dT) beads. After random fragmentation of the mRNA, cDNA was 

synthetized from the mRNA using random hexamer primers. Afterwards, second-strand 

synthesis was done by addition of a custom second-strand synthesis buffer (Illumina), 

deoxynucleoside triphosphates (dNTPs), RNase H, and DNA polymerase I. Finally, after 

terminal repair, A ligation, and adaptor ligation, the double-stranded cDNA library was 

finalized by size selection and PCR enrichment. 

The sequencing data for the samples obtained by Novogene had an average read 

depth of 21 million reads per sample. For each sample, reads were aligned to the 

genome of CBS11895 (DL-1) RefSeq assembly (NCBI accession number 

GCF_000187245.1) (Ravin et al. 2013) with the two-pass STAR procedure (Dobin et al. 

2013). In the first pass, a splice junction database was assembled which was used to 

inform the second round of alignments. Introns were allowed to be between 15 and 

4,000 bp, and soft clipping was disabled to prevent low-quality reads from being 

spuriously aligned. Ambiguously mapped reads were removed. Expression was 

quantified per transcript using HTSeq count in union intersection mode (Anders et al. 

2015). To exclude from the analysis genes expressed at low levels, genes with an 

average fragments per kilobase per million (FPKM) value below 10 in all samples were 

removed. Counts were normalized by TMM normalization using the edgeR package 

(Robinson et al. 2010), and subsequently differentially expressed genes were 
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determined with an absolute log2 fold change of >2 and a false-discovery rate of <0.001. 

Mean normalization of transcript data was performed per gene and separately for 

strains CBS11895 and IMD010 using the TMM-normalized FPKM values and was done 

either including (for comparative expression analysis) or excluding (for analysis of 

growth rate-correlated gene expression) data from the batch fermentations. For 

identification of growth rate-correlated gene clusters, analysis of the mean-normalized 

transcript values versus specific growth rate was performed using the maSigPro 

R-package (Conesa et al. 2006, Nueda et al. 2014). Genes with a trend significantly 

different from the mean were selected with a Benjamini-Hochberg corrected P value of 

<0.1, and subsequently the regression parameters for two clusters of genes were 

identified with a significance cutoff of 0.05 and an R2 of >0.8. For determination of 

enriched Gene Ontology (GO) terms in growth rate-correlated gene clusters and sets of 

differentially expressed genes, the online generic GO Term Finder tool 

(http://go.princeton.edu/cgi-bin/GOTermFinder) and Saccharomyces Genome 

Database annotation were used. A cutoff of 0.01 was used for the corrected P value 

(Bonferroni correction), and a background list was provided containing all 

O. parapolymorpha CBS11895 protein-coding genes for which S. cerevisiae S288C 

orthologs could be identified (3,094 out of 5,325; obtained using the Orthologous 

Matrix Database (Altenhoff et al. 2018)). The number of GO terms was reduced using 

REVIGO with an allowed similarity setting of 0.5 (Supek et al. 2011) (see Data Set S1 in 

the supplementary  material for all identified GO terms). 

 

Proteome processing and data analysis. For proteome sampling, a culture sample 

equivalent to 2 to 4 mg of biomass dry weight was sampled into precooled 

microcentrifuge tubes, pelleted by centrifugation at 4°C at 4700 g for 5 min, and washed 

with 1.5 mL of ice-cold 1X phosphate-buffered saline (Sigma-Aldrich). After an 

additional centrifugation step under identical conditions and subsequent removal of the 

phosphate buffered saline, cell pellets were stored at -80°C until further processing. In 

the case of batch cultures, sampling for proteome analysis was done in mid-exponential 

phase at a biomass dry weight concentration of approximately 0.9 g L-1 with >75% of 

the initial glucose concentration remaining in the reactor. To process samples for 

analysis, cell mass was normalized to a dry weight of 1.6 mg and mechanically lysed 

using 0.5-mm zirconium beads and a PreCellys homogenizer. Proteins were isolated 

using Bligh and Dyer extraction (Sapcariu et al. 2014), followed by reduction, alkylation, 

and digestion using trypsin. Samples were analyzed in technical triplicates by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) using a Vanquish UHPLC 

coupled to a Q Exactive Plus Orbitrap MS (Thermo Fisher Scientific). Peptides were 

separated using reverse-phase chromatography using a gradient of water with 0.1% 

formic acid (solvent A) and acetonitrile with 0.1% formic acid (solvent B) from 2% B to 
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45% B in 50 min. Data-dependent acquisition (DDA) was performed with a resolution 

setting at 70,000 within the 400- to 1,600-m/z range and a maximum injection time of 

75 ms, followed by high-energy collision-induced dissociation-activated (HCD) MS/MS 

on the top 15 most abundant precursors using a resolution setting of 17,500 and a 

200- to 2,000-m/z range with a maximum injection time of 50 ms. The minimum 

intensity threshold for MS/MS was 1,000 counts, and peptide species with 1 and >8 

charges were excluded. MS/MS spectra were analyzed with the SEQUEST HT search 

engine and Proteome Discoverer, version 2.3, against the proteins of the CBS11895 

(DL-1) RefSeq assembly (NCBI accession number GCF_000187245.1) (Ravin et al. 

2013). Label-free quantification was performed using the top three unique peptides 

measured for each protein. Retention time alignment was performed on the most 

abundant signals obtained from nonmodified peptides measured in all samples, and 

results were corrected for the total ion intensities measured for each sample. For 

subsequent analysis, only proteins were taken along that achieved a combined 

detection confidence with an FDR of <1% and additionally were individually detected 

with an FDR of <1% in at least 5 out of the total 48 LC-MS analyses (6 per condition). 

For proteins that passed these requirements, protein abundance was set to 0 for 

individual analyses that did not exhibit a detection confidence with an FDR of <1%, and 

the average abundance of all analyses per condition was used for further calculation. 

Proteins were considered not detected for a specific condition if they were not 

measured at least once with a detection confidence of an FDR of <1% for that condition. 

Mean normalization of the protein data was performed per gene and separately for 

strains CBS11895 and IMD010 using the total ion intensity-normalized protein 

abundances. 

 

Data availability. Transcript abundances, lists of differentially expressed genes, sets of 

growth rate-correlated genes, identified S. cerevisiae orthologs of O. parapolymorpha 

protein-coding genes, complete lists of enriched GO terms, and total ion intensity-

normalized protein abundances are available in Data Set S1 in the supplementary 

material. 

Genome sequencing data of CBS11895 and IMD010 are available at NCBI 

(https://www.ncbi.nlm.nih.gov/) under BioProject accession number PRJNA588376. 

RNA-seq data are available at NCBI (https://www.ncbi.nlm.nih.gov/) under Gene 

Expression Omnibus (GEO) accession number GSE140480. Raw proteomics data are 

available on figshare (https://doi.org/10.6084/m9.figshare.11398773) (Juergens et al. 

2020b).  
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Table S4.1: Physiology of wild type strain O. parapolymorpha CBS11895 and Complex I-disrupted mutant 
IMD010 in aerobic glucose-limited chemostat cultures at a dilution rate of 0.025 h-1. Reported values are mean 
± SEM calculated from two independent steady state cultures. Reported p-values (Student’s t-test) refer to the 
difference between mean values observed for CBS11895 and IMD010. Carbon recovery calculations are based on a 
biomass carbon content of 48% (w/w). BDL: below detection limit (10 µM). Reported cell viability based on 
propidium iodide staining. Symbols: YX/S and YX/O2 = yield of biomass dry weight on glucose and oxygen, respectively; 
RQ = respiratory quotient; qGlucose, qCO2 and qO2 = biomass-specific uptake/production rate of glucose, CO2 and O2, 
respectively; CX = biomass dry weight concentration. The presented data was determined from chemostat cultures 
preceding retentostat cultivations, with exception of the biomass protein content, which was determined from 
separate, duplicate chemostat cultures. 

Strain CBS11895 IMD010 P-value 

Actual dilution rate (h-1) 0.025 ± 0.000 0.025 ± 0.000 - 

Reservoir glucose (g L-1) 10.03 ± 0.01 9.75 ± 0.05 - 

Residual glucose (mM) BDL BDL - 

YX/S (g biomass [g glucose]-1) 0.42 ± 0.00 0.33 ± 0.00 <.001 

YX/O2 (g biomass [g O2]-1) 0.78 ± 0.03 0.52 ± 0.01 .030 

RQ 0.97 ± 0.02 1.00 ± 0.03 .38 

qGlucose (mmol [g biomass]-1 h-1) -0.34 ± 0.00 -0.42 ± 0.01 .044 

qCO2 (mmol [g biomass]-1 h-1) 0.98 ± 0.01 1.53 ± 0.02 .011 

qO2 (mmol [g biomass]-1 h-1) -1.02 ± 0.03 -1.52 ± 0.06 .033 

CX (g biomass L-1) 4.20 ± 0.01 3.24 ± 0.00 .007 

Protein content (g protein [g biomass]-1) 0.36 ± 0.01 0.39 ± 0.02 .26 

Cell viability (%) 99.4 ± 0.2 99.8 ± 0.1 .20 

Carbon recovery (%) 99.0 ± 0.7 100.0 ± 0.7 .41 
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Table S4.2: Enriched GO terms (p value cutoff 0.01; Bonferroni correction) of categories ‘biological process’ 
(BP), ‘molecular function’ (MF) and ‘cellular component’ (CC) found in set of significantly upregulated genes 
in O. parapolymorpha strain IMD010 (devoid of functional Complex I) compared to CBS11895 (wild type) in 
aerobic glucose-grown batch cultures. GO enrichment analysis was based on 275 (out of 409) genes for which an 
S. cerevisiae ortholog could be identified, and a background (genome) of 3095 genes was used for testing. Redundant 
GO terms were removed using REVIGO. See data appendix for full list of GO terms. 

GO term Type Description 
P value 

(corrected) 
Genes 
in set 

Genes in 
genome 

GO:0022613 BP ribonucleoprotein complex biogenesis 5.99E-18 89 381 

GO:0010467 BP gene expression 6.24E-17 162 1033 

GO:0044085 BP cellular component biogenesis 1.42E-15 135 796 

GO:0006364 BP rRNA processing 3.40E-12 57 219 

GO:0002181 BP cytoplasmic translation 2.18E-09 37 121 

GO:0034641 BP 
cellular nitrogen compound metabolic 

process 
1.02E-08 177 1395 

GO:0006396 BP RNA processing 6.60E-08 73 397 

GO:0043603 BP cellular amide metabolic process 3.77E-06 70 406 

GO:0034660 BP ncRNA metabolic process 4.82E-06 67 383 

GO:0071840 BP 
cellular component organization or 

biogenesis 
1.50E-05 165 1363 

GO:0043170 BP macromolecule metabolic process 2.57E-04 181 1592 

GO:0043933 BP 
macromolecular complex subunit 

organization 
5.45E-04 72 474 

GO:0044271 BP 
cellular nitrogen compound biosynthetic 

process 
2.49E-03 113 891 

GO:0033108 BP 
mitochondrial respiratory chain complex 

assembly 
4.62E-03 12 31 

GO:0003735 MF structural constituent of ribosome 2.23E-23 58 146 

GO:0005198 MF structural molecule activity 8.80E-18 62 205 

GO:0003723 MF RNA binding 1.09E-04 67 427 

GO:0019843 MF rRNA binding 4.98E-04 17 55 

GO:0003676 MF nucleic acid binding 5.71E-03 88 677 

GO:1990904 CC ribonucleoprotein complex 1.03E-28 116 462 

GO:0044391 CC ribosomal subunit 1.81E-21 58 156 

GO:0043228 CC non-membrane-bounded organelle 1.03E-14 138 850 

GO:0032991 CC macromolecular complex 1.83E-13 186 1381 

GO:0031974 CC membrane-enclosed lumen 2.60E-12 125 776 

GO:0005730 CC Nucleolus 3.98E-12 56 218 

GO:0098798 CC mitochondrial protein complex 1.05E-08 41 156 

GO:0044445 CC cytosolic part 1.89E-06 36 148 

GO:0044428 CC nuclear part 5.91E-06 99 683 

GO:0044446 CC intracellular organelle part 1.38E-05 205 1848 

GO:0005688 CC U6 snRNP 1.86E-05 6 6 

GO:0005732 CC small nucleolar ribonucleoprotein complex 1.27E-04 9 19 

GO:1990726 CC Lsm1-7-Pat1 complex 3.44E-03 5 6 
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Table S4.3: Enriched GO terms (p value cutoff 0.01; Bonferroni correction) of categories ‘biological process’ 
(BP), ‘molecular function’ (MF) and ‘cellular component’ (CC) found in sets of genes that exhibited positive 
or negative correlation of expression with specific growth rate in O. parapolymorpha CBS11895 (wild type) 
and/or IMD010 (devoid of functional Complex I), based on samples taken from glucose-limited chemostat 
(0.1 and 0.025 h-1) and late-stage retentostat (0.001 h-1) cultures. Test sets: a (positive correlation only in 
CBS11895; 459 genes), b (positive correlation in both CBS11895 and IMD010; 414 genes), c (positive correlation 
only in IMD010; 169 genes), d (negative correlation only in CBS11895; 137 genes). All gene sets were tested against 
a background (genome) of 3095 genes. Redundant GO terms were removed using REVIGO. See data appendix for full 
list of GO terms. 

Set GO term Description Type 
P value 

(corrected) 
Genes 
in set 

Genes in 
genome 

a GO:0051276 chromosome organization BP 1.14E-05 84 317 

a GO:0007059 chromosome segregation BP 1.33E-04 35 96 

a GO:0098813 nuclear chromosome segregation BP 1.12E-03 29 78 

a GO:0000280 nuclear division BP 3.49E-03 35 108 

a GO:0071824 
protein-DNA complex subunit 

organization 
BP 5.62E-03 35 110 

a GO:0097159 organic cyclic compound binding MF 1.94E-03 216 1164 

a GO:0003677 DNA binding MF 4.32E-03 65 266 

a GO:1901363 heterocyclic compound binding MF 5.10E-03 213 1158 

a GO:0005488 binding MF 5.79E-03 316 1857 

a GO:0015630 microtubule cytoskeleton CC 4.00E-06 27 59 

a GO:0043228 
non-membrane-bounded 

organelle 
CC 5.38E-04 169 850 

a GO:0000794 condensed nuclear chromosome CC 8.34E-04 19 42 

a GO:0005856 cytoskeleton CC 1.32E-03 39 128 

a GO:0044428 nuclear part CC 3.66E-03 138 683 

a GO:0005634 nucleus CC 7.87E-03 229 1269 

b GO:0009058 biosynthetic process BP 1.29E-07 231 1274 

b GO:1901576 
organic substance biosynthetic 

process 
BP 1.32E-07 230 1267 

b GO:0044281 
small molecule metabolic 

process 
BP 8.22E-07 112 558 

b GO:0006520 
cellular amino acid metabolic 

process 
BP 9.12E-05 54 198 

b GO:0017144 drug metabolic process BP 3.21E-03 48 186 

b GO:0003824 catalytic activity MF 6.24E-05 263 1602 

b GO:0071162 CMG complex CC 4.19E-03 8 11 

c GO:0140101 
catalytic activity, acting on a 

tRNA 
MF 2.14E-03 15 76 

d GO:0016021 integral component of membrane CC 1.87E-10 64 632 

d GO:0005783 endoplasmic reticulum CC 1.55E-08 47 413 

d GO:0012505 endomembrane system CC 4.65E-07 60 675 

d GO:0016020 membrane CC 3.03E-06 81 1121 

d GO:0044444 cytoplasmic part CC 3.54E-05 115 1999 

d GO:0031984 organelle subcompartment CC 3.56E-05 37 356 

d GO:0098827 
endoplasmic reticulum 

subcompartment 
CC 2.14E-04 29 259 

d GO:0005737 cytoplasm CC 2.16E-03 129 2529 

  



Chapter 4 

116 

Table S4.4: Protein abundances of nuclearly encoded Complex I subunits and alternative NADH 
dehydrogenases (NDH2) in O. parapolymorpha strains CBS11895 (wild type) and IMD010 (disrupted 
Complex I Nubm subunit). Samples were taken from aerobic glucose-grown batch (0.37 h-1), chemostat (0.1 
and 0.025 h-1) and retentostat (0.001 h-1) cultures. Data is presented as mean ± standard deviation of two 
independent biological replicate analyses (each based on three technical replicates). The number between 
parentheses denotes how many times (out of six technical replicates) a specific protein was detected with a detection 
confidence of FDR  1%. N.D.: ‘not detected’ (see Methods section). The Complex I subunits were assigned based on 
sequence homology with subunits from Pichia pastoris (Bridges et al. 2010). For P. pastoris Complex I subunits NB5M, 
NB8M and NUTM, corresponding ORFs can be detected in the genome of O. parapolymorpha, but were not annotated 
as protein-coding in the O. parapolymorpha reference assembly (Ravin et al. 2013) and excluded from analysis. 
Complex I subunit NUUM (HPODL_05121) was excluded from proteome analysis because abundance data did not 
pass quality requirements for analysis (see Methods section). 

Subunit 
Locus 
tag 

Type 
CBS11895 IMD010 

0.37 h-1 0.1h-1 0.025 h-1 0.001 h-1 0.37 h-1 0.1h-1 0.025 h-1 0.001 h-1 

NUAM 
HPODL
_03689 

Essential 
179824 ± 
38% (6) 

481529 ± 
0% (6) 

442908 ± 
25% (6) 

322146 ± 
30% (6) 

96960 ± 
12% (5) 

266627 ± 
9% (6) 

30351 ± 
7% (4) 

N.D. 

NUBM 
HPODL
_04625 

Essential 
71482 ± 
56% (6) 

280305 ± 
2% (6) 

316559 ± 
5% (6) 

293642 ± 
31% (6) 

N.D. N.D. N.D. N.D. 

NUCM 
HPODL
_01297 

Essential 24688 (1) 
375650 ± 
2% (6) 

344104 ± 
10% (6) 

144700 ± 
67% (4) 

N.D. 
353512 ± 
5% (6) 

211590 ± 
1% (6) 

N.D. 

NUGM 
HPODL
_03393 

Essential 50286 (2) 
399470 ± 
0% (6) 

370648 ± 
4% (6) 

203294 ± 
39% (5) 

15278 (1) 
337246 ± 
2% (6) 

93404 ± 
67% (3) 

N.D. 

NUHM 
HPODL
_01287 

Essential 
32053 ± 
41% (2) 

394675 ± 
3% (6) 

384382 ± 
13% (6) 

242639 ± 
14% (6) 

N.D. N.D. N.D. N.D. 

NUIM 
HPODL
_02101 

Essential N.D. 
77726 ± 
54% (3) 

148803 ± 
16% (6) 

14726 (1) N.D. N.D. 
20701 ± 
11% (2) 

N.D. 

NUKM 
HPODL
_02758 

Essential 8047 (1) 
206143 ± 
4% (6) 

202897 ± 
15% (6) 

34087 ± 
22% (2) 

N.D. 
106113 ± 
1% (6) 

23979 ± 
28% (2) 

N.D. 

NUEM 
HPODL
_03913 

Accessory 
25354 ± 
47% (2) 

359541 ± 
15% (6) 

382660 ± 
16% (6) 

277320 ± 
3% (6) 

47377 ± 
35% (2) 

254346 ± 
1% (6) 

191010 ± 
7% (6) 

N.D. 

NESM 
HPODL
_04326 

Accessory N.D. 
329988 ± 
4% (6) 

285892 ± 
6% (6) 

29033 (1) N.D. 
354216 ± 
5% (6) 

226425 ± 
4% (6) 

N.D. 

NUJM 
HPODL
_01263 

Accessory N.D. 
251225 ± 
11% (6) 

257097 ± 
9% (6) 

126511 ± 
25% (5) 

N.D. 
238167 ± 
11% (6) 

160546 ± 
29% (6) 

N.D. 

NUXM 
HPODL
_00687 

Accessory N.D. 79080 (2) 
86825 ± 
16% (2) 

15807 (1) N.D. 
113479 ± 
65% (3) 

33902 (1) N.D. 

NUPM 
HPODL
_04116 

Accessory 
42052 ± 
28% (2) 

235964 ± 
28% (5) 

218736 ± 
10% (5) 

29678 (1) 
47353 ± 
24% (2) 

336688 ± 
3% (6) 

170028 ± 
22% (5) 

N.D. 

NUZM 
HPODL
_02157 

Accessory 23774 (1) 
405364 ± 
0% (6) 

432082 ± 
8% (6) 

313045 ± 
14% (6) 

N.D. 
282122 ± 
4% (6) 

138582 ± 
84% (4) 

N.D. 

NUSM 
HPODL
_00962 

Accessory 5151 (1) 
357940 ± 
25% (5) 

416528 ± 
9% (6) 

166118 ± 
85% (4) 

N.D. 
462020 ± 
3% (6) 

135084 ± 
61% (3) 

5393 (1) 

NIMM 
HPODL
_04436 

Accessory N.D. 
184355 ± 
31% (5) 

138416 ± 
81% (4) 

21623 (1) N.D. 
206603 ± 
29% (5) 

74854 ± 
20% (3) 

N.D. 

NB6M 
HPODL
_04286 

Accessory N.D. 
95476 ± 
42% (3) 

77662 ± 
34% (3) 

22259 (1) N.D. 
94476 ± 
40% (3) 

24656 (1) N.D. 

N7BM 
HPODL
_02876 

Accessory N.D. 
207768 ± 
25% (5) 

236554 ± 
0% (6) 

21041 (1) N.D. N.D. N.D. N.D. 

NUYM 
HPODL
_02906 

Accessory N.D. 
284591 ± 
5% (6) 

273960 ± 
11% (6) 

175143 ± 
49% (5) 

N.D. N.D. N.D. N.D. 

NIAM 
HPODL
_04805 

Accessory 
30291 ± 
29% (2) 

279664 ± 
0% (6) 

150171 ± 
45% (5) 

19912 (1) 
28892 ± 
20% (2) 

292267 ± 
0% (6) 

88641 ± 
48% (3) 

N.D. 

NUMM 
HPODL
_01160 

Accessory N.D. 
146881 ± 
10% (6) 

136240 ± 
1% (6) 

37833 ± 
44% (3) 

3085 (1) 16775 (2) 4790 (1) N.D. 

NUFM 
HPODL
_00771 

Accessory N.D. 
242389 ± 
14% (6) 

302979 ± 
2% (6) 

181680 ± 
18% (5) 

N.D. 
204788 ± 
1% (6) 

81068 ± 
26% (3) 

N.D. 

NB4M 
HPODL
_02851 

Accessory N.D. 
145115 ± 
6% (6) 

158945 ± 
12% (6) 

15871 (1) N.D. 16112 (1) 
25179 ± 
7% (2) 

N.D. 

NI2M 
HPODL
_05260 

Accessory 62507 (2) 
346886 ± 
1% (6) 

387578 ± 
17% (6) 

237959 ± 
15% (5) 

42787 ± 
44% (2) 

417024 ± 
17% (6) 

245943 ± 
4% (6) 

N.D. 

NIPM 
HPODL
_02838 

Accessory N.D. 
182097 ± 
72% (4) 

125963 ± 
52% (3) 

24355 (1) N.D. 
116294 ± 
67% (3) 

84215 ± 
52% (3) 

N.D. 

ACPM2 
HPODL
_02246 

Accessory N.D. 
540289 ± 
5% (6) 

499646 ± 
11% (6) 

161965 ± 
82% (3) 

N.D. 
517691 ± 
16% (6) 

381346 ± 
2% (6) 

259593 ± 
38% (5) 

NIDM 
HPODL
_04828 

Accessory N.D. 
363610 ± 
4% (6) 

327785 ± 
4% (6) 

6049 (1) 
9165 ± 
6% (2) 

397009 ± 
18% (6) 

196454 ± 
33% (5) 

N.D. 

NI8M 
HPODL
_04214 

Accessory N.D. 
343986 ± 
2% (6) 

298730 ± 
10% (6) 

28227 (1) 
32510 ± 
0% (2) 

200145 ± 
19% (6) 

27715 ± 
18% (2) 

N.D. 

ACPM1 
HPODL
_01821 

Accessory 
618989 ± 
9% (6) 

883525 ± 
6% (6) 

761495 ± 
1% (6) 

581073 ± 
23% (6) 

719983 ± 
4% (6) 

815408 ± 
18% (6) 

734720 ± 
2% (6) 

754365 ± 
6% (6) 

NI9M 
HPODL
_05148 

Accessory 23012 (1) 
287906 ± 
23% (5) 

292372 ± 
8% (6) 

87698 ± 
76% (3) 

41804 ± 
26% (2) 

335671 ± 
25% (6) 

168099 ± 
15% (4) 

12915 (1) 

NDH2-1 
HPODL
_02792 

NDH2 
274434 ± 
37% (6) 

N.D. N.D. N.D. 
203027 ± 
36% (5) 

55633 ± 
60% (3) 

50900 ± 
83% (3) 

N.D. 

NDH2-2 
HPODL
_00256 

NDH2 
540086 ± 
0% (6) 

337718 ± 
11% (6) 

490208 ± 
21% (6) 

467389 ± 
4% (6) 

517421 ± 
5% (6) 

295604 ± 
5% (6) 

394630 ± 
0% (6) 

450323 ± 
7% (6) 

NDH2-3 
HPODL
_02018 

NDH2 
118201 ± 
2% (6) 

N.D. 
20315 ± 
87% (3) 

44509 ± 
34% (4) 

112193 ± 
3% (6) 

N.D. 7744 (1) 
50213 ± 
31% (5) 
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Figure S4.1: Biomass-specific glucose uptake rate (qS) of wild type O. parapolymorpha CBS11895 (squares) 
and Complex I-deficient strain IMD010 (triangles) in aerobic, glucose-limited chemostat cultures. Each data 
point represents an independent biological replicate. Least squares linear regression (dashed lines) was used to 
estimate maintenance energy requirements (mS; intercept with y axis) and theoretical maximum biomass yield 
(YX/Smax; reciprocal of slope) coefficients. 

 

 

 

Figure S4.3: Biomass protein content of O. parapolymorpha strains CBS11895 (wild type; closed circles) and 
IMD010 (Complex I-deficient; open circles) at different specific growth rates. Samples were taken from steady 
state aerobic glucose-limited chemostat cultures (specific growth rates of 0.1 h-1 and 0.025 h-1) and from aerobic 
glucose-limited retentostat cultures after 4, 11 and 21 days of cultivation (specific growth rates below 0.025 h-1). For 
each data point samples were taken from two independent cultures, and data is presented as mean ± standard 
deviation. Horizontal error bars represent standard deviation of specific growth rate determined for retentostat 
cultures. For retentostat culture samples, the mean protein content of CBS11895 was found to be significantly lower 
than that of IMD010 at each equivalent sampling point (Student’s t-test, p <.05). 
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Figure S4.4: Section of MUSCLE sequence alignment showing the characteristic conserved C-terminal domain 
(Feng et al. 2012) of the three putative O. parapolymorpha alternative NAD(P)H dehydrogenases and known 
fungal/yeast alternative NAD(P)H dehydrogenases. Visualized by Jalview using Clustalx residue colors. 
Kl, Kluyveromyces lactis, Nc, Neurospora crassa, Op, Ogataea parapolymorpha, Sc, Saccharomyces cerevisiae, 
Yl, Yarrowia lipolytica. 

 

 

 
Figure S4.5: Mean-normalized transcript and protein abundances of genes related to detoxification of 
reactive oxygen species in O. parapolymorpha strains CBS11895 (wild type) and IMD010 (disrupted 
Complex I Nubm subunit). Samples were taken from duplicate independent aerobic glucose-grown batch (0.37 h-1), 
chemostat (0.1 and 0.025 h-1) and late-stage retentostat (0.001 h-1) cultures. Transcript and protein abundances 
were mean-normalized separately for each gene and strain. Grey color: protein not detected based on criteria 
described in Methods section. Annotation of O. parapolymorpha catalase and superoxide dismutases was taken from 
(Ravin et al. 2013), and HPODL_03354 was identified as ortholog of S. cerevisiae cytochrome c peroxidase (CCP1) via 
the orthologous matrix database (see methods section). *HPODL_03894 was excluded from proteome analysis 
because abundance data did not pass quality requirements for analysis (see Methods section). 
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Abstract 

 

Mitochondria from Ogataea parapolymorpha harbor a branched electron-transport 

chain containing a proton-pumping Complex I NADH dehydrogenase and three 

alternative (type II) NADH dehydrogenases (NDH2s). To investigate the physiological 

role, localization and substrate specificity of these enzymes, growth of various NADH 

dehydrogenase mutants was quantitatively characterized in shake-flask and chemostat 

cultures, followed by oxygen-uptake experiments with isolated mitochondria. 

Furthermore, NAD(P)H:quinone oxidoreduction of the three NDH2s were individually 

assessed. Our findings show that the O. parapolymorpha respiratory chain contains an 

internal NADH-accepting NDH2 (Ndh2-1/OpNdi1), at least one external NAD(P)H-

accepting enzyme and likely additional mechanisms for respiration-linked oxidation of 

cytosolic NADH. Metabolic regulation appears to prevent competition between OpNdi1 

and Complex I for mitochondrial NADH. With the exception of OpNdi1, the respiratory 

chain of O. parapolymorpha exhibits metabolic redundancy and tolerates deletion of 

multiple NADH-dehydrogenase genes without compromising fully respiratory 

metabolism. 

 

Importance. To achieve high productivity and yields in microbial bioprocesses, 

efficient use of the energy substrate is essential. Organisms with branched respiratory 

chains can respire via the energy-efficient proton-pumping Complex I, or make use of 

alternative NADH dehydrogenases (NDH2s). The yeast Ogataea parapolymorpha 

contains three uncharacterized, putative NDH2s which were investigated in this work. 

We show that O. parapolymorpha contains at least one ‘internal’ NDH2, which provides 

an alternative to Complex I for mitochondrial NADH oxidation, albeit at a lower 

efficiency. The use of this NDH2 appeared to be limited to carbon excess conditions and 

the O. parapolymorpha respiratory chain tolerated multiple deletions without 

compromising respiratory metabolism, highlighting opportunities for metabolic 

(redox) engineering. By providing a more comprehensive understanding of the 

physiological role of NDH2s, including insights into their metabolic capacity, 

orientation and substrate specificity this study also extends our fundamental 

understanding of respiration in organisms with branched respiratory chains. 
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Introduction 

 

Dissimilation of glucose to carbon dioxide results in the generation of reducing 

equivalents in the form of NADH, which are continuously (re)oxidized and intrinsically 

linked to the formation of ATP by the respiratory chain. In eukaryotes, glucose 

dissimilation and NADH generation occurs in the cytosol by glycolysis and in the 

mitochondrial matrix by the combined action of the pyruvate-dehydrogenase complex 

and the tricarboxylic acid cycle. NADH cannot cross the inner mitochondrial membrane 

(von Jagow and Klingenberg 1970), and as a result needs to be (re)oxidized in the 

cellular compartment in which it is generated. 

Fungal respiratory chains are branched and contain multiple entry points for 

electrons from NADH. While the type I NADH:quinone oxidoreductase (NDH1 or 

Complex I) couples oxidation of mitochondrial NADH to the translocation of protons 

over the inner mitochondrial membrane, most fungi also possess so-called alternative 

NADH dehydrogenases (NDH2s) that catalyze NADH:quinone oxidoreduction without 

proton translocation (Joseph-Horne et al. 2001). These ‘alternative NADH 

dehydrogenases’ are monotopic proteins that attach to the inner mitochondrial 

membrane, but may differ in which side of the membrane they are located. Their 

catalytic sites either face the mitochondrial matrix (‘internal’) where their catalytic 

activity overlaps with Complex I, or the intermembrane space (‘external’), allowing 

direct oxidation of cytosolic NADH (Antos-Krzeminska and Jarmuszkiewicz 2019, Feng 

et al. 2012, Melo et al. 2004). A prominent example for the phenotypical role of NDH2 

can be found in the yeast Saccharomyces cerevisiae, which does not harbor a Complex I 

and instead relies solely on one internal and two external alternative NADH 

dehydrogenases as entry points for NADH-derived electrons into the respiratory chain 

(de Vries and Marres 1987, Luttik et al. 1998). Besides NADH, some external fungal 

NDH2s, such as the external alternative dehydrogenases from Kluyveromyces lactis 

(Tarrio et al. 2006, Tarrio et al. 2005) and Neurospora crassa (Carneiro et al. 2004, 

Carneiro et al. 2007, Melo et al. 2001), have also been reported to accept NADPH as 

substrate, either exclusively, or in addition to NADH. Based on the distribution of a key 

acidic residue (E272 in Ndi1 from S. cerevisiae), which has been proposed to prevent 

interaction with the phosphate group of NADPH (Iwata et al. 2012, Michalecka et al. 

2004), it has been suggested that the majority of NDH2s oxidize NADH rather than 

NADPH (Marreiros et al. 2016b). 

Ogataea parapolymorpha (formerly Hansenula polymorpha) is a methylotrophic, 

thermotolerant, Crabtree-negative yeast that is characterized by its rapid aerobic 

growth (Juergens et al. 2018a, Levine and Cooney 1973). It has a branched respiratory 

chain that contains Complex I and three putative alternative NAD(P)H dehydrogenases 

(referred to as Ndh2-1, Ndh2-2 and Ndh2-3 in this study) with unknown substrate 
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specificity and unknown orientation on the inner mitochondrial membrane (Juergens 

et al. 2020a). Interestingly in the presence of excess glucose and oxygen, deletion of 

Complex I from O. parapolymorpha does not result in a reduction of the maximum 

specific growth rate or biomass yield. This implies that Complex I is disposable under 

these conditions. In aerobic glucose-limited cultures, elimination of Complex I resulted 

in mutant strain which exhibited a 16% lower biomass yield while it maintained a fully 

respiratory metabolism (Juergens et al. 2020a). These phenotypes suggested that 

O. parapolymorpha harbors at least one internal alternative NADH dehydrogenase 

capable of compensating for the lack of Complex I, albeit at a lower efficiency of 

respiration-coupled ATP production. Such an internal enzyme also would likely be 

responsible for (re)oxidation of mitochondrial NADH under fast-growing glucose-

excess conditions, especially since NDH2s appear to be suited to catalyze the high rates 

of NAD+ regeneration required to sustain a high glycolytic flux in the absence of 

fermentation (Godoy-Hernandez et al. 2019). 

The aim of this study was to investigate the physiological roles of the three 

putative alternative NAD(P)H dehydrogenases of O. parapolymorpha with a special 

focus on determining whether this yeast indeed possesses an internal alternative NADH 

dehydrogenase capable of functionally substituting Complex I. To this end, the aerobic 

growth characteristics of various O. parapolymorpha NAD(P)H-dehydrogenase mutant 

strains were investigated in glucose-grown batch- and chemostat cultures. To 

determine localization and substrate specificity of the alternative dehydrogenases, 

substrate-dependent oxygen-uptake rates of isolated mitochondria from wild-type and 

mutant strains were measured, and activity of the individual membrane-bound 

dehydrogenases with NADH and NADPH was assessed.  
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Results 

 

Disruption of Ndh2-1 leads to a reduction of specific growth rate and a Crabtree-

positive phenotype in O. parapolymorpha. To investigate the contribution to 

respiration of the three putative alternative NAD(P)H dehydrogenases, strains IMD003, 

IMD004 and IMD005 were constructed, which harbored a disrupted version of the 

structural gene for Ndh2-1, Ndh2-2 or Ndh2-3, respectively. The physiology of these 

mutant strains was then assessed in aerobic shake-flask batch cultures in the presence 

of excess glucose (2 g L-1). The high specific rate of oxygen uptake by Crabtree-negative 

yeasts can lead to oxygen limitation in shake-flask cultures resulting in respiro-

fermentative metabolism (Kiers et al. 1998). However, under the cultivation conditions 

in this study the wild-type O. parapolymorpha strain CBS11895 grows with a fully 

respiratory phenotype and at a comparable specific growth rate as previously described 

in fully aerobic bioreactors, indicating that oxygen limitation did not occur (Table 5.1) 

(Juergens et al. 2018a). 

 
Table 5.1: Physiology of wild-type O. parapolymorpha CBS11895 and congenic mutant strains in aerobic 
shake-flask cultures grown at 30°C in synthetic medium with urea as nitrogen- and glucose (2 g L-1) as carbon 
source. Data are presented as mean ± mean absolute deviation from at least two independent shake-flask cultures. 
Specific growth rates and ethanol yield were calculated from the exponential growth phase. 

Strain (genotype) Specific growth rate (h-1) Physiology 

CBS11895 (wild type) 0.36 ± 0.01 Respiratory 

IMD003 (Δ d 2-1) 0.30 ± 0.01 0.31 ± 0.02 molEtOH molGlucose-1 

IMD004 (Δ d 2-2) 0.34 ± 0.01 Respiratory 

IMD005 (Δ d 2-3) 0.35 ± 0.01 Respiratory 

IMX1978 (Δ d 2-2 Δ d 2-3) 0.32 ± 0.00 Respiratory 

IMX2017 (Δ d 2-1 Δ d 2-2 Δ d 2-3) 0.30 ± 0.00 0.29 ± 0.02 molEtOH molGlucose-1 

IMX2197 (Δ  b  Δ d 2-2 Δ d 2-3) 0.31 ± 0.00 Respiratory 

 

In shake-flask cultures, the specific growth rate of mutant strain IMD005 (Δ d 2-3) did 

not differ significantly from that of the wild-type strain CBS11895, whereas strains 

IMD003 (Δ d 2-1) and IMD004 (Δ d 2-2) exhibited 17 and 6% lower specific growth 

rates, respectively (Table 5.1). In cultures of strains CBS11895, IMD004 and IMD005 

no fermentation products were detected, indicating that a single disruption of NDH2-2 

or NDH2-3 did not impede aerobic respiratory metabolism. In contrast, strain IMD003 

exhibited a Crabtree-positive phenotype, producing 0.31 ± 0.02 mol of ethanol for each 

mol of glucose consumed. We then combined disruptions in NDH2-2 and NDH2-3, 

resulting in strain IMX1978, which exhibited a slightly lower specific growth rate than 
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the strains with individually disrupted NDH genes, but still maintained a respiratory 

metabolism (Table 5.1). An additional disruption in strain IMX1978 of NUBM, which 

encodes an essential 51 kDA subunit of respiratory Complex I (Fecke et al. 1994), also 

did not result in detectable ethanol production in the resulting strain IMX2197 (Δ  b  

Δ d 2-2 Δ d 2-3). Collectively, these results demonstrate that Ndh2-1 presence alone 

suffices for supporting NAD(P)H turnover requirements in O. parapolymorpha for fully 

respiratory growth in glucose-grown batch cultures. 

Strain IMX2017, in which all three NDH2 genes were disrupted, exhibited a 

phenotype similar to that of strain IMD003 (Δ d 2-1), displaying a 17% lower specific 

growth rate than observed for the wild-type strain CBS11895, and an ethanol yield 

similar to IMD003 (Table 5.1) Since yeast respiratory chains typically possess either 

none, or a single internal alternative NAD(P)H dehydrogenase (Antos-Krzeminska and 

Jarmuszkiewicz 2019), and respiratory Complex I is not physiologically relevant under 

these conditions in O. parapolymorpha (Juergens et al. 2020a), these data support the 

hypothesis that Ndh2-1 has an internal orientation (i.e. facing the mitochondrial 

matrix). 

 

Oxygen consumption studies with mitochondria from wild-type 

O. parapolymorpha and deletion mutants confirm internal orientation of Ndh2-1. 

Measurement of the oxygen-uptake rates of isolated mitochondria using a 

compartmentalized substrate approach has been previously used to determine the 

orientation of yeast mitochondrial NAD(P)H dehydrogenases (Gonzalez-Barroso et al. 

2006, Luttik et al. 1998, Tarrio et al. 2005). To obtain O. parapolymorpha mitochondria, 

we adapted a protocol for isolation of mitochondria from glucose-limited S. cerevisiae 

cultures (Luttik et al. 1998). Initial isolations from wild-type cells grown in glucose-

limited chemostat cultures resulted in well-coupled O. parapolymorpha mitochondria 

with a ‘respiratory control ratio’ (RCR) of 3.6 when assayed with endogenous NADH 

(generated in the mitochondrial matrix by addition of pyruvate and malate). However, 

the same preparations exhibited rapid, uncoupled oxygen uptake when exposed to 

methanol or ethanol. Methanol- and ethanol-dependent oxygen-uptake rates were 

approximately 4-fold and 2.5-fold faster, respectively, than ADP-stimulated respiration 

of endogenous NADH. (M)ethanol-dependent oxygen uptake indicated a potential 

contamination of the mitochondrial preparations of these glucose-derepressed cultures 

with peroxisomes containing methanol oxidase (MOX) (Egli et al. 1980, Yurimoto et al. 

2011). A similar contamination was previously observed in mitochondrial preparations 

from the methylotrophic yeast Pichia pastoris (Gonzalez-Barroso et al. 2006). In an 

attempt to obtain mitochondrial preparations devoid of MOX activity, mitochondria 

were also isolated from cells grown under MOX-repressing conditions in glucose-grown 

batch- or nitrogen-limited chemostat cultures (Egli and Quayle 1986, Ravin et al. 2013). 
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Mitochondrial isolations from cells grown under these conditions did not consume 

oxygen in the presence of methanol, but they exhibited RCRs close to 1 when assayed 

with endogenous NADH, indicating uncoupled preparations (data not shown). In light 

of these findings, mitochondria isolated from glucose-limited chemostat cultures were 

used for respiration studies, and interference of the oxygen-uptake measurements by 

MOX activity was minimized by using reaction mixtures and substrates devoid of 

alcoholic solvents (see Methods section). 

To test the hypothesis that the catalytic site of Ndh2-1 is oriented towards the 

mitochondrial matrix, oxygen uptake was measured in the presence of endogenous and 

exogenous NADH using mitochondria isolated from wild-type O. parapolymorpha 

(CBS11895), from strains possessing only Complex I (IMX2017; NUBM Δ d 2-1 

Δ d 2-2 Δ d 2-3) or only Ndh2-1 (IMX2197; Δ  b  NDH2-1 Δ d 2-2 Δ d 2-3) as 

known respiration-linked NAD(P)H dehydrogenases (Table 5.2). These strains were of 

specific interest because in aerobic glucose-limited chemostats at a dilution rate of 

0.1 h-1, all three strains exhibited a fully respiratory metabolism (see below, Table 5.3), 

indicating a functional respiratory chain responsible for (re)oxidation of both cytosolic 

and mitochondrial NADH. 

Mitochondria isolated from strain CBS11895 readily consumed oxygen in the 

presence of endogenous and exogenous NADH (Table 5.2). RCRs for endogenous NADH 

(3.6 ± 0.4) and exogenous NADH (2.5 ± 0.1) indicated that the observed respiration-

linked NADH oxidation is due to the activity of separate internal and external NADH 

dehydrogenases and not the result of physically compromised mitochondria. 

Furthermore, the near-complete inhibition of oxygen utilization by the cytochrome c 

oxidase inhibitor cyanide (~92 and ~94% effective in the presence of endogenous and 

exogenous NADH, respectively) strongly suggests that oxygen consumption was 

dependent due to membrane-bound oxidative phosphorylation. In contrast to 

CBS11895, mitochondria from strains IMX2017 and IMX2197 both exhibited 88% 

lower oxygen consumption rates in the presence of exogenous NADH, suggesting that 

mitochondria from these strains do not possess external NADH dehydrogenase activity. 

When assayed with endogenous NADH, mitochondria from strains IMX2017 

(‘Complex I only’) and IMX219  (‘Ndh2-1 only’) exhibited similar coupled oxygen-

uptake rates to mitochondria isolated from the wild-type strain CBS11895 (Table 5.2). 

Presence of the specific Complex I inhibitor rotenone strongly decreased oxygen-

uptake rates with endogenous NADH of mitochondria from the strains CBS11895 and 

IMX2017 (by 80 and 71%, respectively), while for strain IMX2197 no significant 

rotenone inhibition was observed. These observations demonstrate that Ndh2-1 is 

indeed internally oriented and able to completely take over the role of Complex I in 

NADH oxidation in Δ  b  mutants under aerobic, glucose-limited conditions. 
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When mitochondria isolated from the wild-type strain O. parapolymorpha CBS11895 

were assayed with exogenous NADPH, oxygen consumption was detected at a rate of 

0.09 ± 0.01 µmol O2 (mg protein)-1 min-1, substantially lower than the rate obtained 

with exogenous NADH (0.33 ± 0.05 µmol O2 (mg protein)-1 min-1, Table 5.2). NADPH-

dependent oxygen consumption was not significantly coupled (RCR of 1.1). However, it 

was largely inhibited by cyanide (~85%), indicating that NADPH oxidation did not 

occur via a soluble enzyme but by an external NADPH-accepting dehydrogenase that 

transferred electrons from NADPH into the mitochondrial respiratory chain. In strains 

IMX2017 and IMX2197, exogenous NADPH oxidation activity was reduced by 3- and 9-

fold, respectively, indicating the NADPH oxidation observed in CBS11895 is caused by 

Ndh2-2 and/or Ndh2-3. 

 
Table 5.2: Substrate-dependent rates of oxygen uptake by mitochondria from wild-type O. parapolymorpha 
(CBS11895) and mutants possessing only Complex I (IMX2017) or Ndh2-1 (IMX2197) as known respiration-
linked NAD(P)H dehydrogenases. Mitochondria were isolated from cells grown in aerobic, glucose-limited 
chemostat cultures at a dilution rate (D) of 0.1 h-1 and assayed at 30°C, pH 7.0. Oxygen uptake in µmol O2 (mg 
protein)-1 min-1 was determined in the presence of 0.25 mM ADP. Respiratory control ratio (RCR) values represent 
the ratio of oxygen uptake rates in the presence and absence (prior to addition) of ADP. For tests with rotenone 
(50 µM), mitochondria were pre-incubated with this inhibitor at assay conditions prior to substrate addition. 
Oxygen-uptake rates and RCRs are presented as mean ± standard deviation of measurements with mitochondria 
from at least two independent chemostat cultures for each strain. Tests with KCN (1 mM) were performed with 
mitochondria from a single, representative isolation of strain CBS11895. N.D., not determined. 

Substrate 

CBS11895 
(NUBM NDH2-1 NDH2-2 NDH2-3) 

IMX2017 
(NUBM Δndh2-1 
Δ d 2-2 Δ d 2-3) 

IMX2197 
(Δnubm NDH2-1 
Δ d 2-2 Δ d 2-3) 

O2 uptake 
rate 

RCR 
KCN 

inhibition 
O2 uptake 

rate 
RCR 

O2 uptake 
rate 

RCR 

Pyruvate + 
malate 

0.15 ± 0.02 3.6 ± 0.4 92% 0.14 ± 0.00 
3.2 ± 
0.4 

0.18 ± 0.00 
2.7 ± 
0.6 

Pyruvate + 
malate 
(rotenone) 

0.03 ± 0.00 1.6 ± 0.0 N.D. 0.04 ± 0.00 
1.9 ± 
0.1 

0.16 ± 0.00 
3.1 ± 
0.5 

NADH 0.33 ± 0.05 2.5 ± 0.1 94% 0.04 ± 0.00 
1.4 ± 
0.2 

0.04 ± 0.01 
1.1 ± 
0.0 

NADPH 0.09 ± 0.01 1.1 ± 0.0 85% 0.03 ± 0.00 
2.9 ± 
0.3 

0.01 ± 0.00 
1.4 ± 
0.2 

 

O. parapolymorpha mutants with linearized respiratory chains exhibit 

respiratory physiology in glucose-limited chemostat cultures. In aerobic glucose-

limited chemostat cultures grown at a dilution rate of 0.1 h-1, both strain IMX2017 

(NUBM Δ d 2-1 Δ d 2-2 Δ d 2-3) and strain IMX2197 (Δ  b  NDH2-1 Δ d 2-2 

Δ d 2-3) exhibited essentially the same respiratory physiology as the wild-type strain 

CBS11895. Despite the deletion of genes encoding respiration-linked NAD(P)H 

dehydrogenases, both mutant strains grew without detectable formation of 

fermentation products. Moreover, an oxidative respiratory quotient close to 1 was 

observed and the carbon contained in the glucose feed could be completely recovered 
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as biomass and carbon dioxide (Table 5.3). IMX2017 exhibited a biomass yield of 0.52 g 

biomass (g glucose)-1, which is not significantly different from that found with wild type 

CBS11895 (0.51 g biomass (g glucose)-1). In contrast, the biomass yield of strain 

IMX2197 was reduced by ~15% compared to that of the two other strains. This reduced 

biomass yield is consistent with a less efficient oxidative respiratory chain, using 

internal, non-proton pumping Ndh2-1 instead of the proton-pumping Complex I. 

Accordingly, IMX2197 exhibited an approximately ~30% lower biomass yield on 

oxygen, with correspondingly higher biomass-specific rates of oxygen consumption and 

carbon-dioxide production. 

 
Table 5.3: Physiology of Ogataea parapolymorpha strains CBS11895, IMX2017 and IMX2197 in aerobic, 
glucose-limited chemostat cultures grown at a dilution of 0.1 h-1, 30°C and pH 5. Data are presented as mean ± 
mean absolute deviation from two independent replicates. Carbon recoveries were calculated based on a biomass 
carbon content of 48% (w/w). Symbols: YX/S and YX/O2 = yield of biomass dry weight on glucose and oxygen, 
respectively; RQ = respiratory quotient; qGlucose, qCO2 and qO2 represent biomass-specific uptake/production rates of 
glucose, CO2 and O2, respectively; CX represents biomass dry weight concentration. *Data for CBS11895 were 
reproduced from Juergens et al. (2018a). 

Strain 
CBS11895* 

wild type 
IMX2017 

only Complex I 
IMX2197 

only Ndh2-1 

Actual dilution rate (h-1) 0.10 ± 0.00 0.10 ± 0.00 0.10 ± 0.00 

Reservoir glucose (g L-1) 7.49 ± 0.00 7.36 ± 0.01 9.04 ± 0.01 

YX/S (g biomass [g glucose]-1) 0.51 ± 0.00 0.52 ± 0.00 0.44 ± 0.01 

YX/O2 (g biomass [g O2]-1) 1.35 ± 0.05 1.36 ± 0.00 0.94 ± 0.01 

RQ (-) 1.05 ± 0.01 1.05 ± 0.00 1.04 ± 0.00 

qGlucose (mmol [g biomass]-1 h-1) -1.08 ± 0.03 -1.07 ± 0.01 -1.28 ± 0.00 

qCO2 (mmol [g biomass]-1 h-1) 2.44 ± 0.07 2.40 ± 0.01 3.50 ± 0.00 

qO2 (mmol [g biomass]-1 h-1) -2.32 ± 0.08 -2.30 ± 0.01 -3.38 ± 0.00 

CX (g biomass L-1) 3.84 ± 0.08 3.83 ± 0.04 4.01 ± 0.05 

Carbon recovery (%) 99.3 ± 1.2 100.1 ± 0.8 98.8 ± 0.8 

 

The O. parapolymorpha NDH2s oxidize NADH but not NADPH when expressed in 

E. coli membranes. The oxygen-consumption experiments indicated that 

mitochondria from O. parapolymorpha poorly couple oxidation of exogenous NADPH to 

oxygen consumption via the aerobic respiratory chain. In principle, any external NDH2 

could be responsible for this activity. Upon closer examination of the putative amino 

acid sequence of O. parapolymorpha Ndh2-3, an uncharged residue (Q365) instead of a 

negatively charged (E272 in S. cerevisiae Ndi1) is present within the substrate-binding 

domain (Figure S5.1). This residue has been suggested to be involved in determining 

NADH/NADPH specificity due to interaction with the phosphate group of NADPH (Iwata 

et al. 2012, Michalecka et al. 2004). 
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To assess the ability of the O. parapolymorpha NDH2s to catalyze the oxidation of NADH 

and/or NADPH, Ndh2-1, Ndh2-2 and Ndh2-3 were individually overexpressed in 

Escherichia coli, following a strategy previously applied to an NDH2 (Ndi1) from 

S. cerevisiae (Kitajima-Ihara and Yagi 1998). Since respiration-linked NADPH-

dehydrogenase activity has not been reported for E. coli, this host was regarded as 

especially suitable to assess NADPH-dehydrogenase activity of heterologously 

expressed enzymes. 

In spectrophotometric assays at pH 7.4, expression of each of the three 

O. parapolymorpha NDH2s led to 2.4 to 3.2-fold higher NADH-oxidation rates than 

observed with membranes isolated from the parental E. coli strain (Figure 5.1). This 

activity indicated successful overexpression and localization to the E. coli membrane, 

and confirmed that the three O. parapolymorpha NDH2s are indeed NADH:quinone 

oxidoreductases. When NADPH was added as substrate to the same membrane 

preparations, no detectable NADH-oxidation was measurable, indicating that none of 

the three O. parapolymorpha NDH2s can effectively utilize NADPH under the conditions 

tested (Table S5.1). Since NAD(P)H oxidation by NDH2s can depend on pH (Melo et al. 

2001, Nantapong et al. 2005), NADH and NADPH oxidation measurements were 

repeated at pH 5.5 and 8.0. These different pH values did not influence NADH oxidation 

rates relative to rates measured at pH  .4 (Student’s t test, p >0.05), and did not 

stimulate NADPH utilization by either endogenous E. coli respiratory enzymes or 

O. parapolymorpha NDH2s (Table S5.1). Finally, oxidative NAD(P)H catalysis by 

Ndh2-3 overexpressed in E. coli was also tested in the presence of calcium, as Ndh2-3 

contains a putative EF-hand suggesting a calcium binding domain which could 

potentially regulate catalytic behavior (Figure S5.2) (Melo et al. 2001). However, the 

presence of 5 mM Ca2+ did not significantly affect rates of NADH oxidation by Ndh2-3 

overexpression membranes at pH 5.5 and 7.4 (24% reduction at pH 8.0) and did not 

enable NADPH utilization at pH 5.5, 7.4 or 8.0 (Table S5.1). 

Taken together, these data conclusively show that when assessed in E. coli 

membranes, the three NDH2s from O. parapolymorpha can efficiently oxidize NADH at 

a range of pH levels (pH 5.5-8.0), but do not catalyze the oxidation of NADPH.  
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Figure 5.1: NADH oxidation by E. coli membranes isolated from strains overexpressing individual 
O. parapolymorpha NDH2s. Control measurements were done with membranes isolated from a strain carrying an 
empty overexpression plasmid (pTrc99A). Assays were performed with a membrane protein concentration of 
10 µg mL-1 at 37°C, with 200 µM NADH and 100 µM ubiquinone-1. Data is presented as mean ± standard deviation of 
triplicate measurements.  
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Discussion 

 

NAD(P)H dehydrogenases in the respiratory chain of O. parapolymorpha. In this 

study, the O. parapolymorpha gene HPODL_02792 (NDH2-1) was demonstrated to 

encode a mitochondrial ‘internal’ alternative NADH dehydrogenase. To achieve 

consistent nomenclature with other fungal species, we suggest naming this gene 

OpNDI1 (NADH dehydrogenase, internal). The closely related yeast O. polymorpha likely 

also possesses an internal alternative NADH dehydrogenase, as its genome (Riley et al. 

2016) encodes a protein (OGAPODRAFT_15258) that exhibits 98% sequence identity 

with OpNdi1. 

Mitochondria isolated from O. parapolymorpha also oxidized externally supplied 

NADH, indicating that either one or both of the remaining alternative dehydrogenases, 

Ndh2-2 and Ndh2-3, are facing the intermembrane space, rather than the mitochondrial 

matrix. Coexistence of more than one internal alternative dehydrogenase has been 

described (Rasmusson et al. 2004), but since the fungi and yeasts so far characterized 

either possess one or no such enzymes, both Ndh2-2 and Ndh2-3 appear to be 

externally oriented. The internal orientation of Ndh2-1/OpNdh1 has now been 

established in this study, oxygen uptake experiments with mitochondria isolated from 

strains IMD004 (Δ d 2-2) and IMD005 (Δ d 2-3) could be performed to confirm the 

localization of the other two enzymes. 

Wild-type O. parapolymorpha mitochondria also oxidized NADPH via the 

respiratory chain as demonstrated by near-complete inhibition of this activity by 

cyanide. While growth on glucose the production of NADPH can be balanced with 

biosynthetic requirements, assimilation of other carbon sources such as gluconate 

result in a surplus of NADPH in yeast (Bruinenberg et al. 1983b), making the ability to 

respire NADPH a beneficial trait. The oxygen-uptake activity with NADPH was 

essentially uncoupled (RCR of 1.1), which was unexpected, as addition of ADP should 

relieve the backpressure of the proton gradient, especially since the same 

mitochondrial preparations exhibited well-coupled oxygen uptake in the presence of 

NADH. Mitochondria isolated from glucose-limited chemostat cultures of K. lactis (D = 

0.1 h-1) similarly exhibited uncoupled oxygen uptake in the presence of NADPH 

(Overkamp et al. 2002), while mitochondria from lactate- and glucose-grown batch 

cultures of the same yeast exhibited RCRs of 2.3 and 1.3 for NADPH, respectively (Tarrio 

et al. 2006). With mitochondria isolated from glucose-limited chemostats of Candida 

utilis, the RCRs of NADPH oxidation were found to vary as a function of the dilution rate, 

with cultures grown at D = 0.05-0.1 h-1 exhibiting an RCR of ~1.9 while cultures grown 

at D = 0.2-0.4 h-1 exhibited a lower RCR of ~1.2 (Bruinenberg et al. 1985b). In agreement 

with our study, these studies reported inhibition of NADPH oxidation by cyanide and/or 

antimycin A, indicating that the degree of oxidative coupling of NADPH respiration by 
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yeast mitochondria is dependent on the utilized substrate and/or the growth condition 

employed, which might also be the case in O. parapolymorpha.  

The heterologous expression of O. parapolymorpha NDH2s in E. coli membranes 

showed that NADPH oxidation of the O. parapolymorpha mitochondria is not likely to 

have occurred via these NDH2(s), since the three enzymes exclusively utilized NADH 

when assayed within E. coli membranes. Based on their protein sequences, we 

originally speculated Ndh2-3 to be the most likely candidate to accept NADPH, as it 

contains the uncharged residue proposed to permit NADPH utilization (Michalecka et 

al. 2004). There are indeed NADPH-utilizing NDH2s with this uncharged residue such 

as Nde1 from N. crassa (Figure S5.1) or plant enzyme St-NBD1 (Michalecka et al. 2004), 

and mutation of this exact residue has been exploited to alter substrate specificity from 

NADH to co-utilization of NADH and NADPH in a bacterial NDH2 (Desplats et al. 2007). 

However, Nde2 from N. crassa and Nde1 from K. lactis do not contain the uncharged 

residue but still accept both substrates (Figure S5.1), indicating that a charged amino 

acid in this position does not strictly prevent NADPH utilization and that NDH2 

substrate specificity cannot be accurately predicted by a single residue.  In contrast to 

Nde1 from N. crassa, where NADPH oxidation is highly affected by calcium (Melo et al. 

2001), the putative calcium binding domains of Ndh2-3 from O. parapolymorpha and 

Nde2 from K. lactis are poorly conserved, and apparently lost their regulatory function, 

as presence of calcium did not appear to have an effect on activity of either enzyme 

(Tarrio et al. 2006). 

 

NDH2-independent mechanisms for respiration of cytosolic NADH. Mitochondria 

from strains IMX2017 (Δ d 2-1 Δ d 2-2 Δ d 2-3) and IMX2197 (Δ  b  Δ d 2-2 

Δ d 2-3) did not oxidize external NADH, but both strains exhibited a fully respiratory 

phenotype in glucose-limited chemostat cultures at D = 0.1 h-1. Since both strains only 

contain a NADH dehydrogenase that can accept electrons from NADH in the 

mitochondrial matrix (Complex I and Ndh2-1/OpNdi1, respectively), mechanisms 

other than the external alternative NADH dehydrogenases are capable of respiring 

cytosolic NADH in these strains must be present. One candidate would be the ‘Gut2/Gpd 

shuttle’, consisting of mitochondrial glycerol-3-phosphate dehydrogenase (Gut2), 

which indirectly respires cytosolic NADH in combination with cytosolic NAD-

dependent glycerol 3-phosphate dehydrogenase (Gpd) (Bakker et al. 2001). When 

grown on glycerol, O. parapolymorpha exhibits highly increased glycerol-kinase 

activity, indicating that glycerol assimilation occurs via the phosphorylative pathway. 

This indicates that Gut2 is functional in this yeast (Tani and Yamada 1987). 

Furthermore, Gut2 activity was demonstrated in the closely related yeast O. polymorpha 

(de Koning et al. 1987). In S. cerevisiae, the metabolic function of Gut2 overlaps with the 

external NDH2s (Larsson et al. 1998, Overkamp et al. 2000), and yeast mitochondria 
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isolated from glucose-grown cultures of various yeast species have been demonstrated 

to respire glycerol-3-phosphate with similar specific oxygen uptake rates as NADH 

(Gonzalez-Barroso et al. 2006, Luttik et al. 1998, Overkamp et al. 2002). 

While S. cerevisiae lacking Gut2 in addition to its two external NADH 

dehydrogenases produces large amounts of glycerol under aerobic, glucose-limited 

conditions (Overkamp et al. 2000), an O. parapolymorpha mutant lacking Gut2 in 

addition to the three NDH2s (Δ d 2-1 Δ d 2-2 Δ d 2-3 Δg  2) exhibited fully 

respiratory physiology under identical conditions (Table S5.2). The absence of 

byproduct formation indicates that at least one additional, unknown mechanism for 

coupling the oxidation of cytosolic NADH to mitochondrial respiration is present in 

O. parapolymorpha. Such a mechanism could, for example, involve a shuttle for import 

of NADH equivalents into the mitochondrial matrix, where oxidation by Complex I 

and/or OpNdi1 can occur. For S. cerevisiae, several suitable mechanisms have been 

demonstrated or proposed, such as the malate-oxaloacetate and malate-aspartate 

shuttles, mitochondrial oxidation of ethanol produced in the cytosol, or, assuming a high 

cytosolic NADH/NAD+ ratio, an inward-directed ethanol-acetaldehyde shuttle (Bakker 

et al. 2001, Palmieri et al. 2006). Based on sequence homology with S. cerevisiae, key 

proteins for these mechanisms are present in O. parapolymorpha (Table S5.3), 

however their operation and physiological relevance has not been confirmed by 

functional analysis studies 

 

Physiological relevance of branched respiratory chains. Respiratory chains of 

plants, fungi and some protists are branched (Antos-Krzeminska and Jarmuszkiewicz 

2019, Rasmusson et al. 2008), and, as also demonstrated in this study for 

O. parapolymorpha, can exhibit a metabolic redundancy for respiration-linked NADH 

oxidation, minimizing the physiological effect of loss of individual or multiple NADH 

dehydrogenases (Carneiro et al. 2004, Fromm et al. 2016, Overkamp et al. 2000). In 

general, this redundancy and the exact physiological role of the alternative NADH 

dehydrogenases are still poorly understood. In O. parapolymorpha, OpNdi1 appears to 

have a unique metabolic function as it is the only NADH dehydrogenase strictly required 

to sustain fast respiratory growth under glucose excess conditions, demonstrating that 

limiting respiratory capacity by disruption of a single NADH dehydrogenase can elicit 

the Crabtree effect in a Crabtree-negative yeast. Similarly, the overexpression of a single 

‘Gal4-like’ transcription factor has been reported to convert Crabtree-negative 

P. pastoris into a Crabtree-positive yeast (Ata et al. 2018). However, since formation of 

ethanol and CO2 from glucose by alcoholic fermentation is redox-neutral and reduced 

by-products such as glycerol were not detected in fermenting cultures of IMD003 

(Δ d 2-1) and IMX2017 (Δ d 2-1 Δ d 2-2 Δ d 2-3), (re)oxidation of mitochondrial 

NADH from oxidative sugar metabolism must still occur via respiration. While 
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Complex I has been demonstrated to be physiologically irrelevant under these 

conditions in wild-type O. parapolymorpha CBS11895 (Juergens et al. 2020a), based on 

the available data its contribution to oxidation of mitochondrial NADH cannot be 

excluded in these strains. Alternatively, if export of NADH equivalents from the 

mitochondrial matrix is possible in this yeast, NADH could also be oxidized in the 

cytosol, for example by external NADH dehydrogenase(s) in IMD003 or the Gut2/Gpd 

shuttle in IMX2017. 

A previous study with submitochondrial particles harvested from stationary-

phase cultures of O. polymorpha found that most NADH oxidation occurred via NDH2 

and only ~10% via Complex I (Bridges et al. 2009). Similarly, in our experiments with 

mitochondria isolated from wild-type O. parapolymorpha grown in glucose-limited 

chemostat cultures, only ~30% of the total specific NADH oxidation activity could be 

attributed to Complex I. However, due to the saturating substrate concentrations used 

in these types of experiments, they allow only for a limited interpretation of the actual 

physiological relevance of the respective enzymes. In vivo, competition of Complex I and 

OpNdi1 for NADH likely occurs if both systems are expressed at the same time, and 

indeed some fungal species appear to co-utilize Complex I and internal NDH2 (Fecke et 

al. 1994, Prömper et al. 1993, Voulgaris et al. 2012). With mitochondria isolated from 

wild-type O. parapolymorpha strain CBS11895, the presence of 50 µM rotenone did not 

fully inhibit internal NADH oxidation. However, as strain IMX2017, which lacked all 

NADH dehydrogenases besides Complex I, exhibited a similar partial inhibition of 

oxygen uptake by rotenone, the uninhibited activity in CBS11895 was likely not caused 

by OpNdi1 but instead by incomplete inhibition of O. parapolymorpha Complex I. 

Comparative studies with submitochondrial particles have demonstrated that rotenone 

inhibits Complex I from yeasts less strongly than the Bos taurus enzyme, requiring 

50 µM rotenone to achieve 96% inhibition of NADH oxidation activity by the P. pastoris 

Complex I (Bridges et al. 2009). It is conceivable that Complex I from 

O. parapolymorpha is even more resistant to rotenone, explaining the observed partial 

inhibition in strains CBS11895 and IMX2017. In addition, OpNdi1 was not detected in 

the proteome of aerobic, glucose-limited cultures of CBS11895 (Juergens et al. 2020a), 

and the observed identical biomass yields of strains CBS11895 and IMX2017 are 

consistent with a situation in which essentially all mitochondrial NADH is (re)oxidized 

by Complex I in wild-type O. parapolymorpha under these conditions. These 

observations indicate that oxidation of mitochondrial NADH is strictly separated 

between Complex I and OpNdi1 in O. parapolymorpha under conditions of glucose 

limitation and glucose excess, respectively. Nevertheless, OpNdi1 is able to fully support 

respiratory growth in the absence of a functional Complex I, as previously hypothesized 

(Juergens et al. 2020a). 
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Concluding remarks. In this study we show that the Crabtree-negative yeast 

O. parapolymorpha contains both NDH1- and NDH2-type NADH dehydrogenases for 

respiration of NADH in the mitochondrial matrix, but limits their utilization to 

conditions of carbon limitation and carbon excess, respectively. Furthermore, we find 

that the respiratory chain of O. parapolymorpha can tolerate multiple deletions without 

compromising respiratory metabolism, offering insight into its flexible nature and 

opportunities for metabolic (redox) engineering in this industrially-relevant yeast. 

Finally, the phenotype elicited by disruption of OpNdi1 demonstrates that limiting 

respiratory capacity by a single mutation in an NADH dehydrogenase can result in 

overflow metabolism and convert O. parapolymorpha into a yeast with a Crabtree-

positive phenotype.  
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Materials and Methods 

 

Yeast strains and maintenance. The O. parapolymorpha strains used in this study are 

derived from the wild-type strain CBS11895 (DL-1; ATCC26012) and are described in 

Table 5.4. For construction and maintenance, yeast strains were grown in an Innova 

shaker incubator (New Brunswick Scientific, Edison, NJ, USA) set to 30°C and 200 rpm, 

in 500 mL shake flasks containing 100 mL heat-sterilized (120°C for 20 min) YPD 

medium (10 g L-1 Bacto yeast extract, 20 g L-1 Bacto peptone, 20 g L-1 glucose, 

demineralized water). Solid medium was prepared by addition of 2% (w/v) agar. 

Frozen stock cultures were prepared from exponentially growing shake-flask cultures 

by addition of glycerol to a final concentration of 30% (v/v), and aseptically stored in 

1 mL aliquots at -80°C. 

 
Table 5.4: O. parapolymorpha (Hansenula polymorpha) strains used in this study. ACBS11895 was obtained 
from the CBS-KNAW fungal collection (Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands). 

Strain Genotype Origin 

CBS11895 Wild type O. parapolymorpha (DL-1) CBS-KNAWA 

IMD003 ndh2-1∆266-269 This study 

IMD004 ndh2-2A289AT This study 

IMD005 ndh2-3∆505-515 This study 

IMX1945 Δ d 2-2::AgTEF1p-hph-AgTEF1t This study 

IMX1978 Δ d 2-2::AgTEF1p-hph-AgTEF1  Δ d 2-3::AaTEF1p-NatR-ScPHO5t This study 

IMX2197 
Δ d 2-2::AgTEF1p-hph-AgTEF1  Δ d 2-3::AaTEF1p-NatR-ScPHO5t 
Δ  b ::AgTEF1p-pat-AgTEF1t 

This study 

IMX2017 
Δ d 2-2::AgTEF1p-hph-AgTEF1  Δ d 2-3::AaTEF1p-NatR-ScPHO5t 
Δ d 2-1::ScTEF1p-kanR-ScTDH1t 

This study 

IMX2167 
Δ d 2-2::AgTEF1p-hph-AgTEF1  Δ d 2-3::AaTEF1p-NatR-ScPHO5t 
Δ d 2-1::ScTEF1p-kanR-S TDH1  Δg  2::AgTEF1p-pat-AgTEF1t 

This study 

 

Plasmid construction. All plasmids used in this study are described in Table 5.5. 

Plasmids pUD546, pUD547 and pUD548 were de novo synthesized by GeneArt (Thermo 

Fisher Scientific, Waltham, MA, USA) and contained synthetic guide RNA (gRNA) 

constructs with spacer sequences (5’-3’) ‘CCTGATGTAAATATACGCTG’, 

‘AAGAAGAACATTGTTATTCT’, and ‘GTTATTCTGGGTTCCGGCTG’, respectively. 

Cas9/gRNA co-expression plasmids pUDP019, pUDP020 and pUDP021 were 

constructed using pUD546, pUD547 and pUD548, respectively, by integration into 

pUDP002 via BsaI-mediated ‘Golden Gate’ assembly (Engler et al. 2008) as described 

previously (Juergens et al. 2018b), and verified by digestion with PdmI. 
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Table 5.5: Plasmids used in this study. Restriction enzyme sites are indicated in superscript, and genes targeted 
by gRNAs or homologous recombination are indicated in subscript. Aa: Arxula adeninivorans; Sp: Streptococcus 
pyogenes; Ag: Ashbya gossypii; Sc: Saccharomyces cerevisiae; HH: hammerhead ribozyme; HDV: hepatitis delta virus 
ribozyme; MCS: multiple cloning site; HRS: homologous recombination sequence. 

Name Relevant characteristics Origin 

pUD546 BsaIHH-gRNANDH2-1-HDVBsaI GeneArt 

pUD547 BsaIHH-gRNANDH2-2-HDVBsaI GeneArt 

pUD548 BsaIHH-gRNANDH2-3-HDVBsaI GeneArt 

pUDP002 
panARS (OPT) AgTEF1p-hph-AgTEF1t ScTDH3pBsaI BsaIScCYC1t 
AaTEF1p-Spcas9 -ScPHO5t 

(Juergens et al. 
2018b)  

pUDP019 
panARS (OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNANDH2-1-HDV-ScCYC1t AaTEF1p-Spcas9 -ScPHO5t 

This study 

pUDP020 
panARS (OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNANDH2-2-HDV-ScCYC1t AaTEF1p-Spcas9 -ScPHO5t 

This study 

pUDP021 
panARS (OPT) AgTEF1p-hph-AgTEF1t ScTDH3p-HH-
gRNANDH2-3-HDV-ScCYC1t AaTEF1p-Spcas9 -ScPHO5t 

This study 

pUD602 Template for plasmid backbone (ori ampR) 
(Juergens et al. 
2018b) 

pYTK013 Template for ScTEF1p promoter (Lee et al. 2015) 

pYTK056 Template for ScTDH1t terminator (Lee et al. 2015) 

pYTK077 Template for kanR ORF (Lee et al. 2015) 

pYTK078 Template for NatR ORF (Lee et al. 2015) 

pAG31 Template for AgTEF1p-pat-AgTEF1t cassette 
(Goldstein and 
McCusker 1999) 

pUD740 Template for ScTEF1p-kanR-ScTDH1t cassette This study 

pUD801 HRSNDH2-1-ScTEF1p-kanR-ScTDH1t-HRSNDH2-1 This study 

pUD802 HRSNDH2-2-AgTEF1p-hph-AgTEF1t -HRSNDH2-2 This study 

pUD803 HRSNDH2-3-AaTEF1p-NatR-ScPHO5t-HRSNDH2-3 This study 

pUD1035 HRSGUT2-AgTEF1p-pat-AgTEF1t-HRSGUT2 This study 

pUD1036 HRSNUBM-AgTEF1p-pat-AgTEF1t-HRSNUBM This study 

pTrc99A ori ampR trp/lac-MCS-rrnB 
(Amann et al. 
1988) 

pTrc99A-
NDH2-1 

ori ampR trp/lac-NDH2-1-rrnB This study 

pTrc99A-
NDH2-2 

ori ampR trp/lac-NDH2-2-rrnB This study 

pTrc99A-
NDH2-3 

ori ampR trp/lac-NDH2-3-rrnB This study 

 

Construction of pUD 40 was done via ‘Gibson assembly’ (Gibson et al. 2009) from the 

following PCR-amplified fragments: the ScTEF1 promoter from pYTK013 (primers 

12099 + 12100), the kanR G418 resistance marker ORF from pYTK077 (primers 

12097 + 12098), the ScTDH1 terminator from pYTK056 (primers 12095 + 12096), the 

AaTEF1p-Spcas9-ScPHO5t expression cassette from pUDP002 (primers 10426 + 

10427), upstream (primers 12093 + 12094) and downstream (primers 12101 + 12102) 

homologous recombination sequences of the OpKU70 locus from CBS11895 genomic 

DNA and the plasmid backbone from pUD602 (primers 12103 + 12104). 
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Plasmids pUD801, pUD802, pUD803, pUD1035 and pUD1036 carrying subcloned 

homology-flanked marker cassettes for split-marker deletion were constructed by 

Gibson assembly from various PCR-amplified fragments. For the construction of 

pUD801 these fragments were: the ScTEF1p-kanR-ScTDH1t G418 resistance marker 

cassette from pUD740 (primers 12100 + 4377), upstream (primers 14385 + 14386) 

and downstream (primers 14387 + 14388) homologous recombination sequences of 

the NDH2-1 locus from CBS11895 genomic DNA and the plasmid backbone from 

pUD602 (primers 12103 + 12104). For pUD802 these fragments were: the AgTEF1p-

hph-AgTEF1t hygromycin resistance marker cassette from pUDP002 (primers 11065 + 

11133), upstream (primers 14389 + 14390) and downstream (primers 14391 + 14392) 

homologous recombination sequences of the NDH2-2 locus from CBS11895 genomic 

DNA and the plasmid backbone from pUD602 (primers 12103 + 12104). For pUD803 

these fragments were: the AaTEF1 promoter from pUDP002 (primers 10426 + 14383), 

the NatR nourseothricin resistance marker ORF from pYTK078 (primers 14381 + 

14382), the ScPHO5 terminator from pUDP002 (primers 10427 + 14384), upstream 

(primers 14393 + 14394) and downstream (primers 14395 + 14396) homologous 

recombination sequences of the NDH2-3 locus from CBS11895 genomic DNA and the 

plasmid backbone from pUD602 (primers 12103 + 12104). For pUD1035 these 

fragments were: the AgTEF1p-pat-AgTEF1t phosphinothricin resistance marker 

cassette from pAG31 (primers 3242 + 8439), upstream (primers 14803 + 14804) and 

downstream (primers 14805 + 14806) homologous recombination sequences for GUT2 

from CBS11895 genomic DNA and the plasmid backbone from pUD602 (primers 

12103 + 12104). For pUD1036 these fragments were: the AgTEF1p-pat-AgTEF1t 

phosphinothricin resistance marker cassette from pAG31 (primers 3242 + 8439), 

upstream (primers 14807 + 14808) and downstream (primers 14809 + 14810) 

homologous recombination sequences for NUBM from CBS11895 genomic DNA and the 

plasmid backbone from pUD602 (primers 12103 + 12104). Correct insertion and 

presence of the homology-flanked marker cassettes in the constructed plasmids was 

verified by restriction digest and diagnostic PCR using PvuI + NdeI and primer sets 

2908 + 12616 and 1642 + 3983 (pUD801), PvuI + PsiI and primer sets 2457 + 12616 

and 1642 + 1781 (pUD802), PvuI + KpnI and primer sets 10459 + 12616 and 1642 + 

10458 (pUD803) and PvuI + NcoI and primer sets 1409 + 12616 and 1642 + 4662 

(pUD1035 & pUD1036). 

Plasmids pTrc99A-NDH2-1, pTrc99A-NDH2-2 and pTrc99A-NDH2-3 were 

constructed by restriction/ligation cloning. The ORFs encoding NDH2-1 

(HPODL_02792), NDH2-2 (HPODL_00256) and NDH2-3 (HPODL_02018) were PCR-

amplified from CBS11895 genomic DNA using primer sets 14929 + 14931, 16075 + 

16076 and 16077 + 16078, respectively. Amplification using these primer sets added a 

5’ NcoI site, a GS-flanked 6-HIS tag (‘GSHHHHHHGS’) directly after the start codon and 
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a 3’ XmaI site to all three ORFs. Furthermore, amplification of NDH2-1 omitted the first 

24 amino acids after the start codon, as they could be unambiguously identified as 

mitochondrial targeting sequence by MitoFates (Fukasawa et al. 2015). PCR amplicons 

were then digested with NcoI and XmaI and cloned into NcoI/XmaI-digested pTrc99A 

using T4 DNA ligase (New England Biolabs, Ipswich, MA, USA). 

 

Yeast strain construction. O. parapolymorpha strains were transformed via 

electroporation of freshly prepared electrocompetent cells as described previously 

(Juergens et al. 2018b). Depending on the selection marker, mutants were selected on 

solid YPD medium supplemented with 200 µg mL-1 G418, 300 µg mL-1 hygromycin B or 

100 µg mL-1 nourseothricin, or on solid synthetic medium (SM) supplemented with 

20 g L-1 glucose and 200 µg mL-1 bialaphos (SanBio, Uden, The Netherlands). SM was 

prepared according to Verduyn et al. (1992) and autoclaved at 120°C for 20 min. 

Glucose and vitamins (Verduyn et al. 1992) were prepared separately and filter-

sterilized (vitamins) or heat-sterilized at 110°C for 20 min (glucose). 

Strains IMD003, IMD004 and IMD005 with disrupted versions of genes NDH2-1 

(HPODL_02792), NDH2-2 (HPODL_00256) and NDH2-3 (HPODL_02018), respectively, 

were constructed using the pUDP CRISPR/Cas9 system described previously (Juergens 

et al. 2018b). Wild type strain CBS11895 was transformed with pUDP019, pUDP020 or 

pUDP021 targeting NDH2-1 (after base part 269 out of 1614), NDH2-2 (after base pair 

290 out of 1671) and NDH2-3 (after base pair 515 out of 2097), respectively, and 

subjected to the prolonged liquid incubation protocol as described previously for 

deletion of OpADE2 and OpKU80 (Juergens et al. 2018b). Randomly picked colonies 

were then subjected to PCR amplification of the NDH2-1, NDH2-2 and NDH2-3 locus 

using primer sets 10742 + 10743, 10744 + 10745 and 10746 + 10747, respectively, 

followed by Sanger sequencing (Baseclear, Leiden, The Netherlands) to identify mutant 

transformants harboring a frame-shifting indel at the respective gRNA target sites. 

Three mutants with either a deletion of base pairs 226-229 of NDH2-1, an additional 

thymine nucleotide between position 289 and 290 of NDH2-2 or a deletion of base pairs 

505-515 of NDH2-3 were identified, restreaked three times subsequently on non-

selective YPD medium to remove the pUDP plasmids, and renamed IMD003, IMD004 

and IMD005, respectively. 

Strains IMX1945, IMX1978, IMX2017, IMX2197 and IMX2167 were constructed 

using a split-marker deletion approach (Fairhead et al. 1996), with ~480 bp of internal 

(marker recombination) and ~480 bp of external (genome recombination) homology. 

To preserve the promoter and terminator sequences of neighboring genes and limit 

interference of their expression, a minimum of 800 bp preceding and 300 bp succeeding 

adjacent ORFs were kept unaffected by the deletions. IMX1945 was constructed from 

wild type O. parapolymorpha strain CBS11895 by deletion of NDH2-2 with a hyg 



Relevance, localization and substrate specificity of NDH2s 

141 

resistance cassette using pUD802, IMX1978 was constructed from IMX1945 by 

additional deletion of NDH2-3 with a NatR resistance cassette using pUD803, IMX2017 

was constructed from IMX1978 by additional deletion of NDH2-1 with a kanR resistance 

cassette using pUD801, IMX2197 was constructed from IMX1978 by additional deletion 

of NUBM (HPODL_04625) (Juergens et al. 2020a) with a pat resistance cassette using 

pUD1036, and IMX2167 was constructed from IMX2017 by additional deletion of GUT2 

(HPODL_00581) with a pat resistance cassette using pUD1035. For the split-marker 

deletion of NDH2-1, NDH2-2, NDH2-3, NUBM and GUT2, the two overlapping fragments 

for transformation were PCR-amplified from pUD801 using primer sets 6816 + 14397 

and 12565 + 14398, from pUD802 using primer sets 14399 + 14400 and 14401 + 

14402, from pUD803 using primer sets 14403 + 14404 and 14405 + 14406, from 

pUD1036 using primer sets 15884 + 15885 and 15886 + 15887, and from pUD1035 

using primer sets 14811 + 15885 and 14812 + 15886, respectively. Prior to 

transformation, the amplified fragments were gel-purified and, in case DNA amounts 

were too low for transformation, used as template for another PCR amplification using 

the same primers followed by PCR purification. For each transformation, a total of ~1 µg 

purified DNA (both fragments equimolar) in a maximum volume of 4 µL was 

transformed to 40 µL of fresh electrocompetent cells as described above, with the 

exception that after electroporation the cell suspensions were recovered in 1 mL YPD 

for 3 h at 30°C before plating onto selective medium. Additionally, after YPD recovery, 

cells transformed with the pat resistance marker were washed once by centrifugation 

and resuspension in sterile demineralized water before selective plating. Selection 

plates were typically incubated for 3 days at 30°C before assessment of the correct 

replacement of the target genes with the resistance markers via diagnostic PCR using 

primer sets 14465 + 14466, 14465 + 4047 and 2653 + 14466 for ΔNDH2-1::kanR, 

primer sets 14467 + 14468, 14467 + 7864 and 8411 + 14468 for ΔNDH2-2::hph, primer 

sets 14469 + 14470, 14469 + 11197 and 11202 + 14470 for ΔNDH2-3::NatR, primer sets 

15630 + 15631, 15630 + 15885 and 15886 + 15631 for ΔNUBM::pa  and primer sets 

15628 + 15629, 15628 + 15885 and 15886 + 15629  for ΔGUT2::pa . Single colonies that 

contained the desired genotype(s) were restreaked once on selective medium, followed 

by two restreaks on non-selective YPD medium before stocking. 

 

Molecular biology. PCR amplification for cloning and construction was performed 

with Phusion High Fidelity Polymerase (Thermo Fisher Scientific) using PAGE-purified 

oligonucleotide primers (Sigma-Aldrich, St. Louis, MO, USA) according to 

manufacturer's recommendations, with the exception that a final primer concentration 

of 0.2 µM was used. Diagnostic PCR was done using DreamTaq polymerase (Thermo 

Fisher Scientific) and desalted primers (Sigma-Aldrich). The primers used in this study 

are shown in Table S5.4. Genomic DNA of yeast colonies was isolated using the 
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LiAc-sodium dodecyl sulfate method (Lõoke et al. 2011) or the YeaStar Genomic DNA 

kit (Zymo Research, Irvine, CA, USA). DNA fragments obtained by PCR were separated 

by gel electrophoresis. Gel-purification was carried out using the Zymoclean Gel DNA 

Recovery Kit (Zymo Research). PCR purification was performed using the GenElute PCR 

Clean-Up Kit (Sigma-Aldrich). Gibson assembly was done using the NEBuilder HiFi DNA 

Assembly Master Mix (New England Biolabs) with purified DNA fragments according to 

manufacturer's recommendations, with the exception that reaction volume was down-

scaled to 5-10 µL. DNA fragments that were PCR-amplified from a template harboring 

the same bacterial resistance marker as the construct to be Gibson-assembled were 

subjected to DpnI treatment prior to PCR cleanup. Restriction digest was performed 

using FastDigest enzymes (Thermo Fisher Scientific) or High Fidelity (HF) restriction 

endonucleases (New England Biolabs, Ipswich, MA, USA) according to the 

manufacturer's instructions. E. coli strains XL1-blue and DH5α were used for plasmid 

transformation, amplification and storage. Plasmid isolation from E. coli was done using 

the GenElute Plasmid Miniprep Kit (Sigma-Aldrich) or the Monarch Plasmid Miniprep 

Kit (New England Biolabs). 

 

Multiple sequence alignment and domain prediction. Alignment of NDH2 protein 

sequences was done using MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/) 

(Edgar 2004) and visualized using Jalview (Waterhouse et al. 2009). Orientation and 

substrate specificity of other fungal NDH2s were taken from: K. lactis (Tarrio et al. 2006, 

Tarrio et al. 2005), N. crassa (Carneiro et al. 2004, Carneiro et al. 2007, Duarte et al. 

2003, Melo et al. 2001), S. cerevisiae  (de Vries and Marres 1987, Luttik et al. 1998, Small 

and McAlister-Henn 1998, Van Urk et al. 1989), and Y. lipolytica (Kerscher et al. 1999). 

Prediction of the putative EF-hand calcium binding domain in NDH2 sequences was 

done by Motif Scan (https://myhits.isb-sib.ch/cgi-bin/motif_scan) using PROSITE 

profiles (Sigrist et al. 2010). 

 

Shake-flask cultivation. Shake-flask growth experiments were performed with 

synthetic medium with urea as nitrogen source (Luttik et al. 2000), set to an initial pH 

of 5.0 with KOH. Cultures were grown in 500 mL round-bottom shake flasks filled with 

50 mL medium. Cultures were grown with 2 g L-1 glucose as sole carbon source and 

were inoculated with mid-exponential precultures (washed once with sterile 

demineralized water) to an initial OD660 of 0.3. Precultures were grown under the same 

conditions and in the same medium, but with an initial glucose concentration of 5 g L-1. 

Shake flasks were continuously shaken during sampling to prevent oxygen limitation. 

Physiological parameters were calculated from at least 5 samples taken during the 

exponential growth phase. Calculated ethanol yields were not corrected for 

evaporation. 
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Chemostat cultivation. Chemostat cultivation was performed as described previously 

(Juergens et al. 2020a) using SM with the addition of 0.15 g L-1 Pluronic 6100 PE 

antifoaming agent (BASF, Ludwigshafen, Germany) and glucose (7.5 or 9 g L-1) as sole 

carbon source. SM was prepared according to Verduyn et al. (1992) as described above. 

Bioreactors were inoculated with exponentially growing shake flask cultures (SM with 

20 g L-1 glucose). Chemostat cultivation was performed in 2-L benchtop bioreactors 

(Applikon, Delft, The Netherlands) with a working volume of 1.0 L which was 

maintained by an electrical level sensor that controlled the effluent pump. The dilution 

rate was set by maintaining a constant medium inflow rate. Cultures were sparged with 

dried, compressed air (0.5 vvm) and stirred at 800 rpm. Temperature was maintained 

at 30°C and pH was controlled at 5.0 by automatic addition of 2 M KOH by an 

EZcontroller (Applikon). The exhaust gas was cooled with a condenser (2°C) and dried 

with a Perma Pure Dryer (Inacom Instruments, Veenendaal, the Netherlands) prior to 

online analysis of carbon dioxide and oxygen with a Rosemount NGA 2000 Analyzer 

(Emerson, St. Louis, MO, USA). Cultures were assumed to have reached steady state 

when, after a minimum of 5 volume changes, the oxygen-consumption rate, carbon-

dioxide production rate and biomass concentration changed by less than 3% over two 

consecutive volume changes. 

 

Analytical methods. Optical density (OD) of yeast cultures was measured at 660 nm 

on a Jenway 7200 spectrophotometer (Jenway, Staffordshire, UK). OD of bacterial 

cultures was measured at 600 nm on Ultrospec 2100 pro (Amersham, Little Chalfont, 

UK). For biomass dry weight determination of yeast cultures, exactly 10 mL of culture 

broth was filtered over pre-dried and pre-weighed membrane filters (0.45 μm, Pall 

corporation, Ann Arbor, MI, USA), which were washed with demineralized water, dried 

in a microwave oven at 350 W for 20 min and weighed immediately (Postma et al. 

1989). Samples were diluted with demineralized water prior to filtration to obtain a 

biomass dry weight concentration of approximately 2 g L-1. The exact dilution was 

calculated by weighing the amount of sample and diluent and assuming a density of 

1 g mL-1 for both fractions. Concentrations of extracellular metabolites and putative 

alcoholic contaminants of NAD(P)H substrates were analyzed by high-performance 

liquid chromatography (HPLC) on an Agilent 1100 HPLC (Agilent Technologies, Santa 

Clara, CA USA) with an Aminex HPX-87H ion-exchange column (BioRad, Veenendaal, 

The Netherlands) operated at 60°C with 5 mM H2SO4 as mobile phase at a flow rate of 

0.6 mL min-1. For the determination of extracellular metabolites, 1 mL aliquots of 

culture broth were centrifuged for 3 min at 20,000 g and the supernatant was used for 

analysis. Protein concentrations of mitochondrial preparations were estimated by the 

Lowry method (Lowry et al. 1951), using dried bovine serum albumin (BSA, fatty acid-
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free, Sigma-Aldrich) as standard. Where necessary, protein determinations were 

corrected for BSA present in the mitochondrial preparations. Protein concentrations of 

E. coli membrane fractions were determined using a bicinchoninic acid (Smith et al. 

1985) protein assay kit (Sigma-Aldrich) with BSA (Interchim, Montlucon, France) as 

standard. 

 

Isolation of mitochondrial fractions. Mitochondria were isolated from glucose-

limited, aerobic chemostat cultures (D = 0.1 h-1) according to a procedure similar as 

described for S. cerevisiae (Luttik et al. 1998), based on the mild osmotic lysis method 

developed for Candida utilis (Bruinenberg et al. 1985a). Biomass (1.5 g dry weight) was 

harvested by centrifugation at 3000 g for 4 min. The pellet was then resuspended by 

vortexing in 30 mL of Tris buffer (100 mM) containing 10 mM dithiothreitol (final 

buffer pH of 9.3) and incubated at 30°C for 10 min. Afterwards, the cells were washed 

twice with 30 mL buffer A (25 mM potassium phosphate, 2 M sorbitol, 1 mM MgCl2, 

1 mM EDTA, pH 7.5) by centrifugation (4000 g, 4 min) and resuspension (gentle 

vortexing). Then, cells were pelleted again by centrifugation (5000 g, 8 min) and 

resuspended (gentle vortexing) in a total volume of 40 mL buffer A. 3.06 mg of 

zymolyase (from Arthrobacter luteus, 20,000 U g-1, AMS Biotechnology, Abingdon, UK) 

dissolved in 200 µL buffer A was added to the cell suspension, which was subsequently 

incubated at 30°C under gentle shaking for 60-90 min. Incubation time depended on the 

rate of spheroplast formation which was estimated based on the sensitivity to osmotic 

shock by 200-fold dilution in demineralized water as described previously 

(Bruinenberg et al. 1985a). Incubation was continued until osmotic resistance 

decreased to approx. 25% (see Figure S5.3). During the zymolyase treatment, release 

of glucose-6-phosphate dehydrogenase activity from compromised cells was measured 

as described previously (Bruinenberg et al. 1985a, Bruinenberg et al. 1983a) and 

typically did not exceed 5% compared to a sonicated sample. After zymolyase 

treatment, all subsequent steps were carried out on ice or in a cooled (4°C) centrifuge. 

Spheroplasts were washed twice with 35 mL buffer A by centrifugation (4400 g, 7 min) 

and resuspension (gentle shaking), followed by centrifugation (5000 g, 6 min) and 

resuspension (gentle shaking) in a total volume of 10 mL buffer A. Subsequently, 30 mL 

of buffer B (25 mM potassium phosphate, 0.2 M sorbitol, 1 mM MgCl2, 1 mM EDTA, 

pH 7.5) was added dropwise to the spheroplast suspension over a timeframe of ~2-3 h, 

while it was slowly stirred with a magnetic stirrer bar. The spheroplast suspension was 

then subjected to 2 strokes in a cooled Potter-Elvehjem homogenizer (150 rpm, 

clearance 28 µm). After centrifugation (3000 g, 10 min), the supernatant was separated 

from intact cells and debris and spun again (12000 g, 10 min). The resulting pellet, 

containing the mitochondria, was resuspended in 2.5 mL of buffer C (25 mM potassium 
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phosphate, 0.65 M sorbitol, 1 mM MgCl2, 1 mM EDTA, 1 mg mL-1 BSA (fatty acid-free, 

Sigma-Aldrich), pH 7.5) and kept on ice. 

 

Oxygen-uptake studies with mitochondrial preparations. Substrate-dependent 

oxygen consumption rates of mitochondria were determined polarographically at 30°C 

with a Clark-type oxygen electrode. The assay mixture (4 mL) contained 25 mM 

potassium phosphate buffer (pH 7.0), 5 mM MgCl2, and 0.65 M sorbitol. Reactions were 

started with ethanol (5 mM), methanol (5 mM), L-malate + pyruvate (both 5 mM, 

adjusted to pH 7.0 with KOH), 0.25 mM NADH (Prozomix, Haltwhistle, UK) or 0.75 mM 

NADPH (Oriental Yeast Co., Tokyo, Japan). While some commercial preparations of 

NADH and NADPH are contaminated with ethanol (Luttik et al. 1998, Overkamp et al. 

2002, Patchett and Jones 1986), no ethanol (or methanol) was detected via HPLC 

analysis in freshly prepared, concentrated (100 mM) solutions of the NADH and NADPH 

used in this study (detection limit: ethanol 1 mM; methanol 5 mM). Oxygen uptake rates 

were calculated based on a dissolved oxygen concentration of 236 µM in air-saturated 

water at 30°C. Respiratory control values were determined by adding 0.25 mM ADP 

(Chance and Williams 1956). For tests with rotenone (50 µM), a concentrated stock 

solution (20 mM in DMSO) was freshly prepared directly before the respective assays 

and kept at room temperature. Mitochondria were pre-incubated in the presence of 

rotenone for 5 min at assay conditions prior to substrate addition. Preincubation with 

equivalent amounts of DMSO without rotenone did not measurably affect oxygen 

uptake rates. Tests with KCN (1 mM) were conducted with a concentrated stock 

solution (200 mM, in 100 mM NaOH), which was added to mitochondria during ADP-

stimulated respiration (state III). Addition of equivalent amounts of NaOH without KCN 

affected oxygen uptake rates by less than 15%. 

 

Overexpression of O. parapolymorpha NDH2s in E. coli. Overexpression and 

purification strategy were based on previous literature (Godoy-Hernandez et al. 2019). 

E. coli BL21(DE3) cells were transformed with plasmids pTrc99A, pTrc99A-NDH2-1, 

pTrc99A-NDH2-2, and pTrc99A-NDH2-3. Correct transformants were pre-cultured 

(37°C, 180 rpm) for 16 h in lysogeny broth with 100 µg mL-1 ampicillin. These 

precultures were used to inoculate 500 mL apple flasks with 100 mL 2xYT medium 

(16 g L-1 tryptone, 10 g L-1 yeast extract, 5 g L-1 NaCl) supplemented with 20 g L-1 

glucose and 100 µg mL-1 ampicillin and grown under the same conditions. Once cultures 

had reached an OD600 of 0.5, NDH2 overexpression was induced using 1 mM isopropyl 

β-D-1-thiogalactopyranoside (IPTG, Sigma Aldrich), followed by growth for an 

additional 5 h at 30°C and 180 rpm. Afterwards, cells were harvested by centrifugation 

(7000 g, 10 min) and washed with 25 mL buffer W1 (50 mM Tris-HCl, pH 8.0, 2 mM 

MgCl2). Cell pellets were then resuspended in buffer W1 (at 4 mL per g wet weight), 



Chapter 5 

146 

containing 0.1 mM PMSF (Sigma-Aldrich) and 0.1 mg mL-1 bovine pancreatic DNase 

(New England Biolabs), and incubated 10 min at room temperature. Cells were then 

disrupted using a cell disruptor (Constant Systems Ltd., Daventry, UK) at 1.38 kbar. 

Unbroken cells and cell debris were removed by centrifugation (10,000 g, 10 min). The 

membrane fraction was isolated from the cell lysate by ultracentrifugation (180,000 g, 

45 min, 4°C), and the resulting membrane pellet was resuspended in buffer W1 and 

stored at -80°C. 

 

In vitro NAD(P)H dehydrogenase activity tests with NDH2s. NAD(P)H:quinone 

oxidoreductase activity was measured using a spectrophotometric assay similar to as 

described previously (Godoy-Hernandez et al. 2019). Activity was monitored 

spectrophotometrically using a modified Cary 60 UV/Vis Spectrophotometer (Agilent 

Technologies), following the oxidation of NADH or NADPH at 340 nm in the presence of 

ubiquinone-1 (UQ-1, Sigma-Aldrich) at 37°C. Membrane preparations (10 µg 

protein mL-1) and UQ-1 (100 mM) were added to pre-warmed reaction buffer (final 

volume 2 mL) in a 1 cm path length cuvette and incubated for 30 s. Depending on the 

pH, the reaction buffer consisted of i) 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, ii) 25 mM 

MES + 25 mM MOPS (pH 7.4), 150 mM NaCl or iii) 25 mM MES + 25 mM MOPS (pH 5.5), 

150 mM NaCl. NADH or NADPH (200 µM at pH 8.0 and 7.4, 100 µM at pH 5.5) were 

added to the mixture to initiate the reaction. An extinction coefficient of 6.3 mM-1 cm-1 

was used to calculate NAD(P)H concentration. For tests with calcium, 5 mM CaCl2 was 

added to the assay after 1 min of reaction time had elapsed. 
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Figure S5.3: Proportion of osmotically insensitive cells of O. parapolymorpha strains CBS11895 (triangles), 
IMX2017 (diamonds) and IMX2197 (squares) during zymolyase treatment as determined by dilution in 
demineralized water. Data is presented as mean ± standard deviation from at least 2 independent replicates, and 
was normalized to initial OD for each strain individually. 

 

 
Table S5.1: NAD(P)H oxidation (µmol (mg protein)-1 min-1) by E. coli membranes isolated from strains 
overexpressing individual O. parapolymorpha NDH2s. Control measurements were done with membranes 
isolated from a strain carrying an empty overexpression plasmid (pTrc99A). Assays were performed with a 
membrane protein concentration of 10 µg mL-1 at 37°C, with 200 µM (pH 7.4 and 8) or 100 µM (pH 5.5) NAD(P)H 
and 100 µM ubiquinone-1. For tests with calcium, 5 mM CaCl was used. Data is presented as mean ± standard 
deviation of at least duplicate measurements. ASingle measurement. 

 NADH NADPH 

pH 5.5 pH 7.4 pH 8.0 pH 5.5 pH 7.4 pH 8.0 

Control 
pTrc99A 

1.64 ± 0.34 1.64 ± 0.34 1.49 ± 0.11 0.03 ± 0.04 0.02 ± 0.03 0.18 ± 0.01 

Ndh2-1 
pTrc99A-NDH2-1 

4.47 ± 0.05 5.27 ± 0.82 4.58 ± 0.25 < 0.01 0.03 ± 0.05 0.05 ± 0.05 

Ndh2-2 
pTrc99A-NDH2-2 

3.45 ± 0.13 3.95 ± 0.85 3.24 ± 0.94 0.06 ± 0.08 0.02 ± 0.04 0.09 ± 0.09 

Ndh2-3 
pTrc99A-NDH2-3 

3.77 ± 0.05 4.34 ± 0.50 4.70 ± 0.02 0.21 ± 0.16 0.01 ± 0.02 0.03 ± 0.04 

Control + Ca2+ 
pTrc99A 

1.43A 1.64 ± 0.12 1.64 ± 0.09 0.07 ± 0.05 < 0.01 0.09 ± 0.02 

Ndh2-3 + Ca2+ 

pTrc99A-NDH2-3 
3.08 ± 0.25 4.15 ± 0.69 3.57 ± 0.09 0.17 ± 0.16 < 0.01 < 0.01 
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Table S5.2: Physiology of Ogataea parapolymorpha strain IMX2167 in aerobic, glucose-limited chemostat cultures 
grown at a dilution rate of 0.1 h-1 at 30°C and pH 5. Data are presented as mean ± mean absolute deviation from two 
independent replicates. Carbon recoveries were calculated based on a biomass carbon content of 48% (w/w). 
Symbols: YX/S and YX/O2 = yield of biomass dry weight on glucose and oxygen, respectively; RQ = respiratory quotient; 
qGlucose, qCO2 and qO2 represent biomass-specific uptake/production rates of glucose, CO2 and O2, respectively; CX 
represents biomass dry weight concentration. 

Strain 
IMX2167 
Δ d 2-1 Δ d 2-2 Δ d 2-3 Δg  2  

Actual dilution rate (h-1) 0.10 ± 0.00 

Reservoir glucose (g L-1) 7.61 ± 0.01 

YX/S (g biomass [g glucose]-1) 0.52 ± 0.00 

YX/O2 (g biomass [g O2]-1) 1.44 ± 0.00 

RQ (-) 1.05 ± 0.00 

qGlucose (mmol [g biomass]-1 h-1) -1.04 ± 0.00 

qCO2 (mmol [g biomass]-1 h-1) 2.25 ± 0.01 

qO2 (mmol [g biomass]-1 h-1) -2.14 ± 0.00 

CX (g biomass L-1) 3.97 ± 0.00 

Carbon recovery (%) 98.7 ± 0.3 

 

 

Table S5.3: S. cerevisiae proteins (proposed to be) involved in ethanol-acetaldehyde, malate-oxaloacetate and 
malate-aspartate shuttle NADH shuttles, and corresponding ortholog proteins in O. parapolymorpha. Orthologs were 
identified using blastp (https://blast.ncbi.nlm.nih.gov/). *HPODL_03666 and HPODL_02528 have been 
experimentally verified as cytosolic and mitochondrial alcohol dehydrogenases in O. parapolymorpha, respectively 
(Suwannarangsee et al. 2012, Suwannarangsee et al. 2010). 

S. cerevisiae 
protein 

 Annotation 
O. parapolymor-
pha ortholog 

E-value (blastp) 

Adh1 Cytosolic alcohol dehydrogenase HPODL_03666* 0.0 

Adh3 Mitochondrial alcohol dehydrogenase HPODL_02528* 0.0 

Mdh1 Mitochondrial malate dehydrogenase HPODL_00710 2*10-174 

Mdh2 Cytosolic malate dehydrogenase HPODL_02341 2*10-83 

Aat1 Mitochondrial aspartate aminotransferase HPODL_01819 2*10-91 

Aat2 Cytosolic aspartate aminotransferase HPODL_02844 0.0 

Dic1 Mitochondrial dicarboxylate carrier HPODL_04016 9*10-112 

Oac1 Mitochondrial oxaloacetate carrier HPODL_00744 5*10-157 

Odc1 / Odc2 Mitochondrial oxodicarboxylate carrier HPODL_01147 8*10-144 / 3*10-140 

Agc1 Mitochondrial amino acid transporter HPODL_03446 5*10-122 
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Table S5.4: Primers used in this study. 

Name Sequence (5’-3’) Purpose 

12097 TTAGAAAAACTCATCGAGCATC Construction of pUD740 

12098 ATGGGTAAGGAAAAGACTCAC Construction of pUD740 

12099 ATCAGCATCCATGTTGGAATTTAATCGCGGCCTCGAAACGTGAGTCTTT
TCCTTACCCATTTTGTAATTAAAACTTAGATTAGATTGCTATGC Construction of pUD740 

12100 CCTTGCCAACAGGGAGTTC Construction of pUD740, pUD801 

12095 ACCTTAAGTGCATATGCCGTATAAGGGAAACTCAAAGAACTGGCATCG
CAAAAATGAAAACGTTCAGGGTAATATATTTTAAC Construction of pUD740 

12096 ATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGAT
GAGTTTTTCTAAATAAAGCAATCTTGATGAGG Construction of pUD740 

10426 AATCTATAATCAGTCCATAGTCAACAAGAGCC Construction of pUD740, pUD803 

10427 TTTTCATTTTTGCGATGCCAGTTCTTTG Construction of pUD740, pUD803 

12093 
TAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCGC
ATCAACGAGCTCTGTGCCTAGGATTATGTCCTG 

Construction of pUD740 

12094 
GAGATCACTAAACGATATCAACTTTGAGGGCTCTTGTTGACTATGGAC
TGATTATAGATTATAGTCTGATACTCAGAAAGATCGAAG 

Construction of pUD740 

12101 
AGGCTGTCAATAATTTCGTTTTGAGCCTCCATGTCTCTGAAGAACTCCC
TGTTGGCAAGGATCGTGCTCAAAGCCTACAAG 

Construction of pUD740 

12102 
CAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGGAAGGCCCATGAGGC
CCAGAGGGTACCCAAATTATAGTACTTGTTTAGCTGCC 

Construction of pUD740 

12103 GAGCTCGTTGATGCGGC 
Construction of pUD740, pUD801, pUD802, pUD803, 
pUD1035, pUD1036 

12104 GGTACCCTCTGGGCCTC 
Construction of pUD740, pUD801, pUD802, pUD803, 
pUD1035, pUD1036 

4377 CAGTATTAGTCGCCGCTTAG Construction of pUD801 

14385 
CAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGGAAGGCCCATGAGGC
CCAGAGGGTACCTTGAGCTGGAGCCCAGCG 

Construction of pUD801 

14386 
AGGCTGTCAATAATTTCGTTTTGAGCCTCCATGTCTCTGAAGAACTCCC
TGTTGGCAAGGAATCTAAGATAGTAAAATGTTCAGGTGGAAGTTTG 

Construction of pUD801 

14387 
ATATGCACTTAAGGTTTGATTTTGCTAATTAAAGGCGTGCCTAAGCGG
CGACTAATACTGCGCTTTGGCCCAGATCAAGCC 

Construction of pUD801 

14388 
TAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCGC
ATCAACGAGCTCGGACGCACCCCTGGTTTATGC 

Construction of pUD801 

11065 ACTATATGTGAAGGCATGGCTATGG Construction of pUD802 

11133 GTTGAACATTCTTAGGCTGGTC Construction of pUD802 

14389 
CAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGGAAGGCCCATGAGGC
CCAGAGGGTACCTATCCCTAGAATTGAGGCTAATTCGGCTTC 

Construction of pUD802 

14390 
GTGCCTATTGATGATCTGGCGGAATGTCTGCCGTGCCATAGCCATGCCT
TCACATATAGTTATTTAGGATATTTCGAAAAAATACTGCCGACAAAC 

Construction of pUD802 

14391 
CACCTTTCGAGAGGACGATGCCCGTGTCTAAATGATTCGACCAGCCTAA
GAATGTTCAACCACTTGAAGCGTCTTGAGAGATACAAGAAC 

Construction of pUD802 

14392 
TAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCGC
ATCAACGAGCTCCGCTGGTGATTTCTCTGGGAGAC 

Construction of pUD802 

14383 
AGCATCACCAGGGACTGATGTTCTGTATCTGTAGGCTGTATCATCTAA
GGTAGTACCCATTGTTGATTATGTTTTTAAGAACTACTC 

Construction of pUD803 

14384 
TATGATGGAACAGCATCTGACGGTGAACAGGCCTTGTATATGTCTATG
CCTTGCCCTTAAGCGGTTTTGTATAACTAAATAATATTGG 

Construction of pUD803 

14381 ATGGGTACTACCTTAGATG Construction of pUD803 

14382 TTAAGGGCAAGGCATAGAC Construction of pUD803 

14393 
CAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGGAAGGCCCATGAGGC
CCAGAGGGTACCCCAAAGAGCCCAAATGTCTATATTTGAAAGG 

Construction of pUD803 

14394 
GAGATCACTAAACGATATCAACTTTGAGGGCTCTTGTTGACTATGGAC
TGATTATAGATTACTGTGCCACTGTGCGTACC 

Construction of pUD803 

14395 
ACCTTAAGTGCATATGCCGTATAAGGGAAACTCAAAGAACTGGCATCG
CAAAAATGAAAAACAGCTTCAACACTCTTCCGACAG 

Construction of pUD803 

14396 
TAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCGC
ATCAACGAGCTCTATTGGCAACAAACTCCGATCGGATATTG 

Construction of pUD803 

14803 
CAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGGAAGGCCCATGAGGC
CCAGAGGGTACCTACAAGAACTGTTTGCTGAGCTTGAG 

Construction of pUD1035 

14804 
CCCTGAGCTGCGCACGTCAAGACTGTCAAGGAGGGTATTCTGGGCCTCC
ATGTCGCTGGCGCATCCCTGGCGGAAAAATT 

Construction of pUD1035 

14805 
TTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTG
GTCGCTATACTGTCCAACTTATGCCAACTTCGATCATC 

Construction of pUD1035 

14806 
TAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCGC
ATCAACGAGCTCGATAATATTTTGGGAGAGGAGGATTTGATATGG 

Construction of pUD1035 

3242 CAGTATAGCGACCAGCATTC Construction of pUD1035, pUD1036 

8439 GCCAGCGACATGGAGGCCCAGAATAC Construction of pUD1035, pUD1036 
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Table S5.4 (cont.) 

14807 
CAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGGAAGGCCCATGAGGC
CCAGAGGGTACCTTGGTACGGCCAGCTAAACG 

Construction of pUD1036 

14808 
CCCTGAGCTGCGCACGTCAAGACTGTCAAGGAGGGTATTCTGGGCCTCC
ATGTCGCTGGCTGCATTTCGGGAAACGTGAAC 

Construction of pUD1036 

14809 
TTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTG
GTCGCTATACTGTGCCGCCCGCCTG 

Construction of pUD1036 

14810 
TAATACGACTCACTATAGGGCGAATTGGCGGAAGGCCGTCAAGGCCGC
ATCAACGAGCTCTTTTTCCAATCTATATCTTTATTTTTCATCAT 

Construction of pUD1036 

2908 GGATTGGGTGTGATGTAAGGATTCGC Diagnostic PCR of pUD801 

12612 CAACAACATCACTCCATCTC Diagnostic PCR of pUD801 

1642 TTTCCCAGTCACGACGTTG 
Diagnostic PCR of pUD801, pUD802, pUD803, pUD1035, 
pUD1036 

3983 AGACCGATACCAGGATCTTG Diagnostic PCR of pUD801 

2457 CGCACGTCAAGACTGTCAAG Diagnostic PCR of pUD802 

12616 CGAGTCAGTGAGCGAGGAAG 
Diagnostic PCR of pUD801, pUD802, pUD803, pUD1035, 
pUD1036 

1781 TACTCGCCGATAGTGGAAAC Diagnostic PCR of pUD802 

10459 TGGCGGTTACTCTAAAGACG Diagnostic PCR of pUD803 

10458 GAGGAGCCGGTCATTTATGG Diagnostic PCR of pUD803 

1409 TATTCTGGGCCTCCATGTCGCTGG Diagnostic PCR of pUD1035, pUD1036 

4662 GACATCATCTGCCCAGATGC Diagnostic PCR of pUD1035, pUD1036 

14929 
CATGATCCATGGGCAGCCATCACCATCACCATCACGGCAGCTCTGCCCA
GCGCAAGTC 

Construction of pTrc99A-NDH2-1 

14931 CATCAGCCCGGGCTACTCGTTAGTCAAGTCCCTACC Construction of pTrc99A-NDH2-1 

16075 
CATGATCCATGGGCAGCCATCACCATCACCATCACGGCAGCCAACGACA
ACTAGCGTCAGTGG 

Construction of pTrc99A-NDH2-2 

16076 CATCAGCCCGGGTTAGTCTTTGGAGCAGTCGCGAC Construction of pTrc99A-NDH2-2 

16077 
CATGATCCATGGGCAGCCATCACCATCACCATCACGGCAGCTTCCCATC
AATAATAAAGGTTGGCC 

Construction of pTrc99A-NDH2-3 

16078 CATCAGCCCGGGTTAAACAGTCAAGATATCCCTACC Construction of pTrc99A-NDH2-3 

10742 CCGTGCGCCTCAACACTATC Diagnostic PCR of genomic NDH2-1 disruption 

10743 GACCTCCTTGGCGATGGATG Diagnostic PCR of genomic NDH2-1 disruption 

10744 CGCCTGTTTGGACACTCCTC Diagnostic PCR of genomic NDH2-2 disruption 

10745 TTCTGGCAACAGTCTGGATG Diagnostic PCR of genomic NDH2-2 disruption 

10746 TGGTTGCACGGTAACTATGG Diagnostic PCR of genomic NDH2-3 disruption 

10774 TTATGCCGTCTCAGGTCTCACAGCCAGTGTTCCTTAATCAAGGATACC Diagnostic PCR of genomic NDH2-3 disruption 

6816 ATTCCGACTCGTCCAACATC 
Amplification of left split-marker fragment from pUD801 
for deletion of NDH2-1 

14397 TTGAGCTGGAGCCCAG 
Amplification of left split-marker fragment from pUD801 
for deletion of NDH2-1 

12565 AAAGGTAGCGTTGCCAATG 
Amplification of right split-marker fragment from pUD801 
for deletion of NDH2-1 

14398 GGACGCACCCCTGG 
Amplification of right split-marker fragment from pUD801 
for deletion of NDH2-1 

14399 TATCCCTAGAATTGAGGCTAATTCG 
Amplification of left split-marker fragment from pUD802 
for deletion of NDH2-2 

14400 GCTCGAAGTAGCGCGTC 
Amplification of left split-marker fragment from pUD802 
for deletion of NDH2-2 

14401 ATCTCCCGCCGTGC 
Amplification of right split-marker fragment from pUD802 
for deletion of NDH2-2 

14402 CGCTGGTGATTTCTCTGGG 
Amplification of right split-marker fragment from pUD802 
for deletion of NDH2-2 

14403 ATCATATAAAGCAGTATCTAAACCAC 
Amplification of left split-marker fragment from pUD803 
for deletion of NDH2-3 

14404 CCAAAGAGCCCAAATGTCTA 
Amplification of left split-marker fragment from pUD803 
for deletion of NDH2-3 

14405 TATTGGCAACAAACTCCG 
Amplification of right split-marker fragment from pUD803 
for deletion of NDH2-3 

14406 CCACCGGTGATGGATTTAC 
Amplification of right split-marker fragment from pUD803 
for deletion of NDH2-3 

14811 TACAAGAACTGTTTGCTGAGCTTGAG 
Amplification of left split-marker fragment from pUD1035 
for deletion of GUT2 

14812 GATAATATTTTGGGAGAGGAGGATTTG 
Amplification of right split-marker fragment from pUD1035 
for deletion of GUT2 
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Table S5.4 (cont.) 

15884 GTACGGCCAGCTAAACGC 
Amplification of left split-marker fragment from pUD1036 
for deletion of NUBM 

15887 GTTCCGGTAACAAGAGGAC 
Amplification of right split-marker fragment from pUD1036 
for deletion of NUBM 

15885 GTGCTTGTAGCCGGCTG 

Amplification of left split-marker fragment from pUD1036 
for deletion of NUBM; amplification of left split-marker 
fragment from pUD1035 for deletion of GUT2; diagnostic 
PCR of ΔNUBM::pa  deletion; diagnostic PCR of ΔGUT2::pa  
deletion 

15886 TCTGCGACATCGTCAATC 

Amplification of right split-marker fragment from pUD1036 
for deletion of NUBM; amplification of right split-marker 
fragment from pUD1035 for deletion of GUT2; diagnostic 
PCR of ΔNUBM::pa  deletion; diagnostic PCR of ΔGUT2::pa  
deletion 

14465 TACGTCGACTAACAAGGAGC Diagnostic PCR of ΔNDH2-1::kanR deletion 

14466 GCGGTCTCGACAGCTTTC Diagnostic PCR of ΔNDH2-1::kanR deletion 

4047 AACTCACCGAGGCAGTTCCATAG Diagnostic PCR of ΔNDH2-1::kanR deletion 

2653 GGCAATCAGGTGCGACAATC Diagnostic PCR of ΔNDH2-1::kanR deletion 

14467 CTAGTGAAATTCCACTCTATAAATCGATCAT Diagnostic PCR of ΔNDH2-2::hph deletion 

14468 AAAGTCGGAGAGTGTTTTAGACC Diagnostic PCR of ΔNDH2-2::hph deletion 

7864 TCTGGGCAGATGATGTCGAG Diagnostic PCR of ΔNDH2-2::hph deletion 

8411 CGTTGAATTGTCCCCACG Diagnostic PCR of ΔNDH2-2::hph deletion 

14469 ATGTACAGGAATCTATATTTTTAAACAGTCAAG Diagnostic PCR of ΔNDH2-3::NatR deletion 

14470 AACTATGGATCTTTGAAAAAAAAAGCAAAC Diagnostic PCR of ΔNDH2-3::NatR deletion 

11197 ATGGGTTCCTGACTGACTAC Diagnostic PCR of ΔNDH2-3::NatR deletion 

11202 CACACCGGAAATCAAGGCAT Diagnostic PCR of ΔNDH2-3::NatR deletion 

15628 GACAAGAACGACGCGCTTTCGG Diagnostic PCR of ΔGUT2::pa  deletion 

15629 ACGGCCAATATACTGCACGACC Diagnostic PCR of ΔGUT2::pa  deletion 

15630 ACTTGAATATGCGGCCTGCAGC Diagnostic PCR of ΔNUBM::pa  deletion 

15631 CTGTCCGCCGTATCATCCTTCC Diagnostic PCR of ΔNUBM::pa  deletion 
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Outlook 
 

The research described in this thesis provides a framework for future projects to 

investigate and improve respiratory energy coupling in Ogataea yeasts for bioprocess 

applications. 

The research described in Chapter 2 demonstrates the potential of CRISPR-

Cas9-based genetic engineering in organisms in which homologous recombination (HR) 

is not the preferred DNA repair mechanism. The method developed in Chapter 2 was 

used in Chapters 4 and 5 to construct O. parapolymorpha strains with precise gene 

disruptions while leaving no scars in the genome, something that could not easily be 

achieved with conventional methods. Given the vast improvements of CRISPR-Cas9 

over classical methods, new and enhanced variants are constantly being developed. For 

example, use of the Cas12a/Cpf1 nuclease, which is smaller and cheaper to engineer for 

different (multiple) genomic targets, has already been described for use in non-

conventional yeasts (Yang et al. 2020). However, Cas9- and Cpf1-based DNA editing 

systems and similar approaches, such as argonaut nucleases, rely on creating a double 

strand break (DSB) and harnessing the innate DNA repair mechanisms of the targeted 

organism to integrate donor DNA. This drastically limits their potential in species with 

a low frequency of HR. Therefore, until entire genomes are routinely de novo 

synthesized to exact specifications, it might be more worthwhile for researchers to 

focus on increasing the frequency of HR in their species of choice rather than to 

exclusively focus on methods for generating the DSB. Alternatively, future research 

could focus on the development of novel genome editing approaches in these organisms 

that do not rely on DSBs and native DNA repair, such as prime editing (Anzalone et al. 

2019). 

The research described in Chapters 4 and 5 systematically characterizes the 

physiological importance of different electron entry points into the respiratory chain of 

O. parapolymorpha, and demonstrates how this yeast selectively uses different NADH 

dehydrogenases based on substrate availability. Understanding respiratory chain 

architecture and how energy coupling is modulated is important for rational design of 

strains and conditions for industrial bioprocesses and can help to minimize the loss of 

carbon and additional costs typically associated with aerobic production processes. 

Despite the apparent exclusive use of respiratory Complex I by O. parapolymorpha 

under glucose-limited growth conditions and the demonstrated energetic benefit of 

respiratory Complex I compared to alternative NADH dehydrogenases, wild-type 

O. parapolymorpha exhibited a biomass yield on glucose of 0.5 g/g, similar to that of 

yeasts without Complex I such as S. cerevisiae (van Dijken et al. 2000). Both yeasts 

exhibit a similar biomass protein content of about 40% under these conditions 
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(Diderich et al. 1999), and as a result are expected to exhibit a similar energetic 

requirement for biomass formation. Therefore, other metabolic processes and factors 

likely consume the additional energy conserved by Complex I in O. parapolymorpha, 

which will require further research to be identified. The use of proton-coupled 

substrate uptake by Ogataea yeasts under these conditions (Karp and Alamae 1998) 

could contribute (a small part) of the observed energy gap. Therefore, replacement of 

the endogenous high affinity glucose transporter by a transporter that mediates 

facilitated diffusion has the potential to conserve additional ATP, with the positive side 

effect of a higher robustness to substrate concentration fluctuations typically present 

in large-scale substrate-limited fermentations. Another energy sink might be the higher 

maintenance energy requirements, for example due to higher protein turnover (Canelas 

et al. 2010, Hong et al. 2012), which could be another future engineering target. 

Knowledge about the composition of the respiratory chain and the capacity of its 

components (Chapters 4 and 5) also offers opportunities for metabolic engineering of 

the respiratory chain itself in O. parapolymorpha. For example, inactivation of 

Complex I could be utilized to obtain strains with increased flux through central carbon 

metabolism under substrate-limited conditions while maintaining a fully respiratory 

phenotype. Alternatively, inactivation of the internal NADH dehydrogenase could make 

large amounts of redox equivalents for formation of reduced products available in the 

cytosol if overflow pathways such as alcoholic fermentation are removed. Finally, the 

use of strains with linearized respiratory chains that route all electrons through the 

efficient Complex I pathway, such as constructed in Chapter 5, might also provide 

benefits when co-feeding of cultures with auxiliary substrates is considered. A suitable 

substrate could be formate, which can be obtained with (green) electricity from carbon 

dioxide (Wang et al. 2015). Co-feeding aerobic yeast cultures with formate has the 

potential to significantly increase product yields on the main (plant-derived) carbon 

source, as cytosolic formate oxidation can provide NADH that can be respired to gain 

ATP. Respiration of this NADH by Complex I instead of external alternative NADH 

dehydrogenase would further increase the efficiency of this process by maximizing the 

ATP gain per NADH respired. 
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