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Summary

Nearly 200 parties signed and committed to the Paris agreement in 2017, which comprises
the long-term goal to keep the average global temperature increase well below 2 degrees
above pre-industrial levels. Virtually all possible scenarios drafted to reach this goal
include a strongly increased use of biofuels for transport by land, sea and air. Bioethanol,
whose production could, in principle and in contrast to fossil fuel production, involve a
closed carbon cycle, is generated by microbial fermentation of sugars from plant-derived
starch or agricultural waste. This liquid transport fuel provides a readily implementable
alternative to fossil fuels as it combines the advantages of sustainable fuel production
and compatibility with existing combustion engine technologies, without a requirement for
time-consuming and expensive changes in our current infrastructure.

To date, bioethanol is the largest volume product of industrial biotechnology. 99% of
this ethanol is generated via 1%t generation processes, largely derived by fermentation
of hydrolysed sugar cane or corn starch by bakers’ yeast (Saccharomyces cerevisiae).
So-called 2™ generation’ bioethanol, for which the first commercial-scale plants are now
starting up, is made by fermentation of sugars present in lignocellulosic biomass, typically
harvested from agricultural waste streams, such as wheat straw or sugar beet pulp. Whilst
such feedstocks enable a “food and fuel” scenario, their industrial implementation brings
along additional challenges for yeasts and biotechnologists. Hydrolysis of lignocellulosic
biomass, in particular the cellulose and hemicellulose fractions, releases a mixture of
different sugars as well as inhibiting compounds that impair growth and viability of S.
cerevisiae. Whilst glucose is the most abundant fermentable carbon source, the pentose
sugar p-xylose can cover up to 30% of the total sugar content. The fraction of the pentose
L-arabinose typically varies between 2 — 20%, depending on the feedstock used. Although
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pentose sugars cannot be fermented to ethanol by wild-type S. cerevisiae strains,
international research efforts over the past two decades yielded metabolic engineering
strategies to enable anaerobic conversion of p-xylose and L-arabinose to ethanol by S.
cerevisiae.

The expression of heterologous, p-xylose- and L-arabinose-isomerase based pathways
from fungi or bacteria, together with over-expression of genes of the non-oxidative pentose
phosphate pathway (PPP) and deletion of the unspecific aldose-reductase gene GRE3
within S. cerevisiae allows this yeast to aerobically metabolize both sugars. The recent
advances in metabolic engineering tools, such as CRISPR-Cas9-assisted genome editing,
greatly advanced the construction and characterization of metabolically engineered S.
cerevisiae strains with improved yields, kinetics and robustness in 2™ generation ethanol
production processes.

CHAPTER 1 of this thesis summarizes the history and recent advances in metabolic
engineering of S. cerevisiae for the production of bioethanol from an academic and
industrial perspective.

Cellular uptake of the native substrate glucose by S. cerevisiae is highly efficient and
involves complex regulation of the expression levels and in vivo activities of 20 hexose
transporters, which together offer an adaptable range of transport affinities and capacities
suited for various extracellular glucose levels. A similar system for the uptake of pentose
sugars has not evolved within S. cerevisiae. Whilst b-xylose can enter the cells via multiple
hexose transporters, L-arabinose transport depends on the single galactose transporter
Gal2, which however exhibits a low affinity for L-arabinose and whose expression is
strongly repressed by glucose, which is abundantly present in lignocellulosic hydrolysates.
Hence, glucose is a potent competitive inhibitor of L-arabinose transport via Gal2. The
combination of both characteristics delays the total fermentation time of a mix of glucose
and L-arabinose due to sequential uptake of those sugars and causes a prominent “tailing
effect”, reflected by very slowly decreasing L-arabinose concentrations towards the end
of the fermentation. A low ethanol productivity, impairs inhibitor tolerance of the cells and
negatively affects process economics.

The objective of CHAPTER 2 of this thesis was to increase the affinity of L-arabinose
transport in engineered, L-arabinose fermenting S. cerevisiae strains. To this end, the
analysis of chemostat-based transcriptome data of L-arabinose-grown Penicillium
chrysogenum cultures yielded a selection of candidate L-arabinose transporter genes.
Their separate expression in an engineered S. cerevisiae strain lacking GAL2, and growth
tests on L-arabinose led to the identification of one transporter that enabled growth within
the described setting. In contrast to Gal2, this protein, termed PcAraT, was shown to allow
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L-arabinose transport even in presence of glucose, theoretically enabling co-fermentation
of those two hydrolysate-borne carbon sources. Uptake experiments with radiolabelled
sugars revealed a very high L-arabinose affinity of this proton-symporter and the absence
of transport activity for both, glucose and xylose. Four hundred fifty-fold lower residual
L-arabinose concentrations in chemostat cultures with engineered strains expressing
PcAraT, as compared to similar strains expressing Gal2, corroborated those results
and confirmed the value of PcAraT as a promising addition to engineered, L-arabinose
fermenting S. cerevisiae strains.

PcAraT conferred glucose-insensitive, high-affinity L-arabinose uptake which is specifically
relevant for “mopping up” remaining L-arabinose towards the end of a fermentation.
However, the transport capacity of this transporter alone did not allow fast consumption
of high quantities of L-arabinose. The endogenous galactose transporter Gal2, confers
L-arabinose transport with a satisfying transport capacity, but suffers from severe glucose
repression.

The aim of CHAPTER 3 of this thesis was to improve L-arabinose transport capacity of
engineered, L-arabinose consuming S. cerevisiae in glucose-xylose-arabinose media in
order to allow co-fermentation and ultimately reduce total fermentation times of mixtures
of those sugars. To this end, a glucose-phosphorylation-negative, PcAraT expressing,
S. cerevisiae strain that could transport but not metabolize glucose, was generated
and subjected to adaptive laboratory evolution in sequential anaerobic batch reactors.
The latter contained glucose-xylose-arabinose media, thereby generating a selective
advantage for cells capable of taking-up L-arabinose in presence of high concentrations
of competing sugars. Whole- genome sequencing identified duplications of GAL2 as well
as mutations within this gene in multiple independently evolved single-colony isolates.
The relevance of individual mutations was assessed both via reversion to wild-type alleles
in evolved strains and by introduction of mutations into the native parental strain, as well
as by quantitative transport assays using radiolabeled sugars. Whilst the mutated GAL2
alleles revealed novel Gal2 characteristics in favour of L-arabinose transport, duplication
of GAL2 alone was shown to, in itself, not confer instantaneous anaerobic growth on
L-arabinose. However, transport assays with Gal2"¥76778 revealed glucose-insensitive
L-arabinose transport characteristics and showed that this transporter completely lost
its ability to transport glucose. The transporter encoded by a second evolved allele,
GAL2M76T showed high L-arabinose transport capacities at the cost of reduced glucose
transport abilities. Lastly, Gal2’ showed a decreased glucose affinity while increasing
overall L-arabinose affinity at the cost of transport capacity of both sugars. Restoring this
allele to wild-type within an evolved strain nearly doubled the total fermentation time of
20 g L' L-arabinose within a glucose-arabinose-xylose mixture from 25 to 45 h. Deletion
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of PcAraT within the same evolved strain reduced overall growth rate from 0.12 h™' to
0.1 h" and consequently increased the overall fermentation time. With the discovery and
functional expression of PcAraT in S. cerevisiae, and the selection for and characterization
of mutated Gal2 alleles with improved L-arabinose transport characteristics in presence of
glucose, valuable elements for improved L-arabinose fermentation were provided for the
generation of novel yeast strains for 2" generation bioethanol production.

With p-xylose accounting for up to 30% of the total sugar content of lignocellulosic
biomass, anaerobic fermentation of p-xylose is paramount to ensure an economically
viable process. Not surprisingly, a significant part of the research effort to engineer S.
cerevisiae for biofuel production has been dedicated to anaerobic p-xylose fermentation.
Remarkably, reports on metabolic engineering of b-xylose-fermenting, xylose-isomerase-
based S. cerevisiae strains disagree as to whether extensive laboratory evolution is
necessary to enable anaerobic growth on p-xylose or not. In particular, two previous
publications from the TU Delft’s industrial microbiology group, using the same laboratory
strain and a similar metabolic engineering strategy, in one case reported instantaneous
anaerobic xylose fermentation after targeted metabolic engineering while, in the second
case, anaerobic growth on this pentose required anaerobic evolution and an additional
mutation.

The objective of CHAPTER 4 of this thesis was to systematically reassess the genetic
requirements for anaerobic growth on b-xylose of engineered, CEN.PK-derived S.
cerevisiae strains. To this end, reconstruction of p-xylose-metabolizing strains allowed
for the identification of subtle differences in cultivation procedures that strongly affected
anaerobic growth. Inoculum density was found to be a particularly important factor.
Cultures of a particular engineered strain inoculated with 0.2 g biomass L readily picked
up anaerobic growth on p-xylose upon inoculation of the anaerobic bioreactor while, at an
inoculum density of 0.02 g biomass L™, the same strain required an anaerobic lag phase of
7-8 d prior to initiation of anaerobic growth. Mimicking the higher initial CO, concentrations
in high-inoculum density cultures by sparging low-inoculum-density cultures with CO,-
enriched nitrogen gas or by using L-aspartate instead of ammonium as nitrogen source,
reproduced the phenotype of the former. Finally, omission of over-expression cassettes of
the PPP paralogs NQM1 and TKL2 allowed the (re-)construction of a solely metabolically
engineered strain that instantaneously fermented xylose when inoculated at low inoculum
densities and sparged with pure nitrogen gas. Together, these observations resolved
apparent contradictions in the literature on metabolic engineering strategies required
for anaerobic growth of S. cerevisiae on p-xylose and expanded our knowledge on the
potential relevance of CO, availability and anaplerotic carboxylation reactions on anaerobic
p-xylose fermentation by metabolically engineered S. cerevisiae strains.
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To ensure standardization and reproducibility of scientific results, yeast growth media in
academia as well as industry are routinely supplemented with vitamins to prevent potential
vitamin limitations from affecting the studied phenotype. Careful investigation of the exact
vitamin requirements and prototrophies (i.e the ability to synthesize certain vitamins
intracellularly), has the potential to significantly reduce media costs. Previously, whole
genome sequencing of the laboratory strain S. cerevisiae CEN.PK113-7D revealed the
presence of all biosynthesis genes assumed to be required to synthesize biotin (vitamin
H/BT7). Nevertheless, this strain showed only barely detectable growth in biotin-free media.

CHAPTER 5 of this thesis was inspired by the academic interest in unravelling the as
yet unknown aspects of the biotin biosynthesis pathway in S. cerevisiae, and by the
attractivity of biotin prototrophic S. cerevisiae strains for industrial and academic use. To
this end, CEN.PK113-7D was selected in media lacking this expensive supplement. Using
parallel sequential batch cultures and accelerostat regimes yielded biotin prototrophic
strains, some of which grew as fast in the absence of biotin as in its presence. Whole-
genome sequencing and reverse-engineering studies identified a massive amplification
of BIO1 to be predominantly responsible for improved growth in biotin-free media. The
additional deletion of the genes encoding the transporters Tpo1 and/or Pdr12, which were
found to be inactivated in evolved prototrophic strains, further improved the growth rates
of a BIO1-overexpressing strain. The identification of metabolic engineering targets for
obtaining biotin prototrophic yeasts in CHAPTER 5 has the potential to improve process
economics of a possibly large number of biotechnological products and to inspire future
researchers to expand this method to other expensive growth factors.






Samenvatting

In 2017 tekenden bijna 200 partijen het klimaatakkoord in Parijs waarmee zij zich
committeerden aan het doel om de gemiddelde wereldwijde temperatuurstijging onder
de 2 graden te houden. Bijna alle mogelijke scenario’s die gebaseerd zijn op dit doel
omvatten een sterke toename in het gebruik van biobrandstof voor transport ter land, ter
zee en in lucht. In tegenstelling tot fossiele brandstof maken biobrandstoffen, in principe,
een gesloten koolstofcyclus mogelijk. De biobrandstof ethanol wordt gevormd door
microbiéle vergisting van plantaardig zetmeel, rietsuiker of reststromen uit de landbouw.
Deze vloeibare brandstof is een direct implementeerbaar alternatief voor fossiele
brandstof, omdat het de voordelen van duurzame brandstofproductie combineert met
toepasbaarheid in bestaande verbrandingsmotoren zonder dat hiervoor dure modificaties
van de huidige brandstofinfrastructuur nodig zijn.

Momenteel is bioethanol, binnen de industriéle biotechnologie, het product dat met
het grootste volume geproduceerd wordt. 99% van deze ethanol wordt geproduceerd
in zogenaamde “eerste generatie”’-processen waarin bakkersgist (Saccharomyces
cerevisiae) de koolhydraten uit suikerriet of mais fermenteert. “Tweede generatie”
bioethanol, waarvoor de eerste fabrieken op industriéle schaal nu worden gestart, wordt
gemaakt door vergisting van suikers die afkomstig zijn van lignocellulose-bevattende
plantaardige biomassa. Deze biomassa is afkomstig van landbouwafval zoals tarwestro
en suikerbietenpulp en maakt een “voedsel en brandstof” scenario mogelijk. De industriéle
implementatie van deze processen brengt echter wel uitdagingen met zich mee voor
de gist en voor biotechnologen. Hydrolyse van lignocellulose-bevattende biomassa
levert een mengsel van suikers afkomstig van cellulose en hemicellulose, maar ook
verbindingen die de groei en levensvatbaarheid van S. cerevisiae negatief beinvloeden.
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Qua suikersamenstelling bevat de gehydrolyseerde lignocellulose, naast glucose, ook 30%
p-xylose en 2 — 20% L-arabinose. Wildtype stammen van S. cerevisiae zijn niet in staat de
pentoses D-xylose en L-arabinose te fermenteren. Daarom heeft internationaal onderzoek
zich in de afgelopen twee decennia gericht op strategieén waarbij de stofwisseling van
S. cerevisiae zo wordt aangepast dat de anaérobe omzetting van p-xylose en L-arabinose
naar ethanol mogelijk wordt.

Een combinatie van genetische aanpassingen van S. cerevisiae geeft deze gist het
vermogen de genoemde pentoses om te zetten. Hiervoor moeten stofwisselingsroutes
gebaseerd op bp-xylose- en L-arabinose-isomerase, afkomstig uit andere schimmels
en bacterién, gecombineerd worden met het tot overexpressie brengen van het niet-
oxidatieve gedeelte van de pentosefosfaatroute en deletie van het niet-specifieke aldose-
reductasegen GRE3. Ontwikkelingen in methoden om de stofwisseling van gist aan te
passen, zoals het aanpassen van het genoom met behulp van CRISPR-Cas9, hebben
de constructie en het karakteriseren van S. cerevisiae stammen waarin de kinetiek,
robuustheid en ethanolopbrengst in tweede-generatie processen zijn verbeterd, mogelijk
gemaakt.

HOOFSTUK 1 van dit proefschrift vat de geschiedenis en recente vooruitgang in het
aanpassen van de stofwisseling van S. cerevisiae van productie van ethanol samen vanuit
een academisch en industrieel perspectief.

Opname van glucose door S. cerevisiae is efficiént en omvat een complexe regulatie van
genen en de in vivo activiteit van 20 hexose-transporteiwitten. Deze transporteiwitten
hebben een brede reikwijdte in affiniteit voor glucose en het vermogen om op verschillende
concentraties van glucose te reageren. Hoewel een vergelijkbaar systeem voor de opname
van pentoses niet is geévolueerd in S. cerevisiae, hebben verschillende hexosetransport-
eiwitten ook affiniteit voor p-xylose en maken transport van deze pentose mogelijk.
L-arabinose transport is daarentegen vooral afhankelijk van één galactose-transport eiwit,
Gal2. Dit transporteiwit heeft een lage affiniteit voor L-arabinose en de expressie van GAL2
wordt sterk onderdrukt door glucose, dat veel voorkomt in gehydrolyseerd lignocellulose.
Glucose is hierdoor een sterke en industrieel relevante remmer van L-arabinose opname
door Gal2. De combinatie van lage affiniteit en repressie door glucose leidt tot een langere
fermentatietijd, omdat hierdoor eerst glucose en dan pas L-arabinose opgenomen wordt.
Dit wordt met name aan het einde van fermentatieprocessen duidelijk door een “naijleffect”
dat zichtbaar een langzame afname van de L-arabinoseconcentratie. Dit naijleffect heeft
negatieve gevolgen voor de productiviteit van de ethanol productie.

De doelsteling van HOOFDSTUK 2 van dit proefschrift was het verbeteren van de
affiniteit van L-arabinose transport in genetisch aangepaste, L-arabinosefermenterende
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S. cerevisiae -stammen. Door het analyseren van transcriptoomdata van Penicillium
chrysogenum, gekweekt in een chemostaat met L-arabinose als limiterend substraat,
konden kandidaat-transporteiwitten voor deze suiker geidentificeerd worden. De op deze
manier geidentificeerde genen werden elk tot expressie gebracht in een S. cerevisiae-stam
waarin GAL2 was verwijderd, waardoor onderzocht kon worden welke van de genen groei
op L-arabinose mogelijk maakten. In tegenstelling tot Gal2 gaf het Penicillium-transporteiwit
PcAraT, de mogelijkheid om L-arabinose op te nemen in de aanwezigheid van glucose.
Hierdoor konden, in theorie, deze twee suikers gelijktijdig gefermenteerd worden. Opname-
experimenten met radioactief gemerkte suikers toonden aan dat PcAraT een zeer hoge
affiniteit voor L-arabinose had en dat dit eiwit geen glucose of p-xylose transporteerde.
De residuele L-arabinoseconcentratie in chemostaatcultures was vierhonderdvijftig keer
lager voor stammen die PcAraT tot expressie brachten dan voor vergelijkbare stammen
die L-arabinose alleen konden transporteren via Gal2. Deze waarneming ondersteunde
de experimenten met radioactieve suikers en bevestigde dat PcAraT een bijdrage kan
leveren aan de constructie van nieuwe L-arabinose-fermenterende S. cerevisiae stammen.

De introductie van PcAraT in S. cerevisiae zorgde voor een glucose-ongevoelige L-arabi-
nose-opname met een hoge affiniteit, die vooral relevant is om de residuele L-arabinose
aan het einde van een fermentatie op te nemen. Echter, expressie van PcAraT maakte
geen snel transport van L-arabinose mogelijk. Het endogene galactosetransporteiwit Gal2
kan L-arabinose wel snel transporteren, maar de expressie van Gal2 wordt onderdrukt
door glucose.

Het doel van HOOFDSTUK 3 van dit proefschrift was het verbeteren van de capaciteit
van genetisch aangepaste, L-arabinose consumerende, S. cerevisiae om L-arabinose
te transporteren. Hierbij werd gebruik gemaakt van glucose-xylose-arabinose medium
om gelijktijdige fermentatie van deze suikers en, uiteindelijk, een afname van de totale
fermentatietijd mogelijk te maken. Hiervoor werd S. cerevisiae stam gemaakt die PcAraT
tot expressie bracht maar geen glucose kon fosforyleren, waardoor deze stam glucose
kon opnemen maar niet verder kon omzetten. Door evolutie in het laboratorium, waarbij
gebruik werd gemaakt van een sequentiéle anaérobe batchcultures op glucose-xylose-
arabinose medium, kon geselecteerd worden op cellen die L-arabinose konden opnemen
in de aanwezigheid van een hoge concentratie van de andere suikers. Na ‘whole genome
sequencing’ werden duplicaties van het gen voor de GAL2 transporteiwit en verschillende
mutaties binnen dit gen aangetroffen in onafhankelijk geévolueerde cellijnen. De relevantie
vanindividuele mutaties werd onderzocht door deze ongedaan te maken in de verschillende
geévolueerde stammen en door deze mutaties in de wildtype stam te introduceren.
Daarnaast werd transport kwantitatief bestudeerd met radioactief gemerkte suikers.
Alleen Duplicatie van Gal2 was niet voldoende om directe anaérobe groei op L-arabinose

13
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mogelijk te maken, maar een aantal mutaties resulteerde in Gal2 varianten met verbeterd
L-arabinosetransport. Het allel GAL2V7'T 189 codeerde voor een glucose-onafhankelijk
L-arabinose transport en leidde tot verlies van glucosetransport. Een tweede geévolueerd
allel, GAL2"376T had een verhoogde L-arabinosetransportcapaciteit, die ten koste ging van
de capaciteit om glucose te transporteren. Een derde allel, GAL2™, had een verlaagde
affiniteit voor glucose terwijl de algehele affiniteit voor L-arabinose groter geworden was.
Deze veranderingen gingen ten koste van de capaciteit om beide suikers te transporteren.
Toen dit allel werd vervangen door een wildtype allel, verdubbelde de fermentatietijd
van 20 g L' L-arabinose in het glucose-arabinose-xylose medium (van 25 naar 45 uur).
Deletie van PcAraT in dezelfde stam verlaagde de groeisnelheid van 0.12 uur’ tot 0.1 uur
', waardoor de totale fermentatietijd toenam. Met de ontdekking en functionele expressie
van PcAraT in S. cerevisiae en de selectie voor en karakterisering van de gemuteerde
Gal2-allelen met —verbeterde L-arabinose- transport in de aanwezigheid van glucose, zijn
belangrijke elementen geleverd voor een verbeterde fermentatie van L-arabinose en de
productie van nieuwe giststammen voor 2% generatie bioethanolproductie.

Omdat de suikers uit lignocellulose biomassa voor 30% bestaan uit b-xylose, is de anaérobe
vergisting van deze suiker essentieel voor een productief economisch proces. Het is
daarom niet verrassend dat een significant gedeelte van het onderzoek naar het gebruik
van S. cerevisiae in de bioethanolproductie zich heeft gericht op anaérobe fermentatie
van p-xylose. Publicaties over p-xylosefermenterende S. cerevisiae-stammen die xylose-
isomerase tot expressie brengen, komen tot tegenstrijdige conclusies over de noodzaak
van evolutie in het laboratorium om anaérobe groei op p-xylose mogelijk te maken. Twee
publicaties van de Industriéle Microbiologie-groep van de TU Delft, die dezelfde stam
en vergelijkbare genetische modificaties gebruikten, rapporteerde in een studie directe
anaérobe groei op xylose terwijl in de andere studie evolutie en een additionele mutatie
nodig waren om anaérobe groei op deze pentose mogelijk te maken.

In HOOFDSTUK 4 van dit proefschrift zijn de vereisten voor anaérobe groei op p-xylose
van gemodificeerde S. cerevisiae-stammen met een CEN.PK achtergrond, opnieuw onder
de loep genomen. De reconstructie van de stammen met het vermogen tot vergisting
van b-xylose resulteerde in de identificatie van subtiele verschillen in de gebruikte
kweekmethoden, die grote gevolgen hadden voor anaérobe groei. Vooral de dichtheid
waarmee een culture geént bleek hierbij van groot belang. Als een entdichtheid van 0.2 g
biomassa L' gebruikt werd, begon de cultuur direct te groeien terwijl het 7-8 dagen durende
voordat een cultuur met een entdichtheid van 0.02 g biomassa L' begon te groeien. Door
het doorleiden van met CO, verrijkt stikstofgas door cultures met een lage entdichtheid
culture kon de initiéle, hogere, CO, concentratie in cultures met een hoge entdichtheid
gesimuleerd worden. In deze cultures, en ook in cultures waarin L-aspartaat in plaats van
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ammonium als stikstofbron werd gebruikt, begon anaérobe groei vrijwel meteen Ook kon
door het weglaten van overexpressiecassettes voor NQM1 en TKL2, twee paralogen van
pentosefosfaatroutegenen, kon een genetisch aangepaste stam geconstrueerd worden
die direct p-xylose begon te fermenteren bij een lage entdichtheid, zelfs wanneer de
reactor met puur stikstofgas doorborreld werd. Deze waarnemingen losten de schijnbare
tegenstellingen in de literatuur op over strategieén om met genetische aanpassingen S.
cerevisiae anaeroob p-xylose te laten fermenteren. Daarnaast vergrootten deze resultaten
de kennis over de mogelijke relevantie van de beschikbaarheid van CO, en anaplerotische
carboxyleringsreacties op anaerobe p-xylose-fermentatie door genetisch gemodificeerde
S. cerevisiae-stammen.

Om de standaardisering en reproduceerbaarheid van wetenschappelijke resultaten
te bewaken, worden in zowel academische als industriéle context, vitamines aan
kweekmedia toegevoegd. Hiermee wordt limitatie van deze componenten tijdens de
kweek van gist voorkomen. Onderzoek naar de precieze behoefte aan vitamines en
prototrophieén (het vermogen van de cel bepaalde vitamines te maken), kan de kosten
van medium mogelijk significant verminderen. In het genoom van de laboratoriumstam
S. cerevisiae CEN.PK113-7D kon de complete biosynthetische route voor de vitamine
biotine synthese geidentificeerd worden. Desondanks groeide deze stam heel slecht, met
een bijna onmeetbaar lage snelheid, in medium zonder biotine.

HOOFDSTUK 5 van dit proefschrift was geinspireerd door een academische interesse om
de nog onbekende aspecten van biotinesynthese in S. cerevisiae te ontrafelen. Daarnaast is
een biotine-prototrofe stam vanuit zowel industrieel als academisch perspectief interessant.
Door gebruik van parallelle sequentiéle batchcultures en een accelerostaatregime in media
zonder dit dure supplement, konden variantie van de CEN.PK113-7D-stam geselecteerd
worden die snel groeiden in de afwezigheid van biotine. In de geévolueerde stammen
werd met behulp van ‘whole-genome-sequencing’ en ‘reverse metabolic engineering’ een
amplificatie van het gen BIO1 geidentificeerd, die de verbeterde groei in medium zonder
biotine grotendeels verklaarde. Deletie van genen die codeerden voor de transporteiwitten
Tpo1 en/of Pdr12, die geinactiveerd waren in geévolueerde stammen, zorgde voor een
verdere verbetering van de groei van stammen die BIO7 tot overexpressie brachten.
De identificatie van kandidaat genen voor het maken van biotineprototrofe stammen in
HOOFDSTUK 5 kan de kosten van veel biotechnologische producten positief beinvioeden
en toekomstige onderzoekers inspireren de gebruikte methoden in te zetten voor andere
dure mediumsupplementen.
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Introduction

General introduction

Alcoholic fermentation is a key catabolic process in most yeasts and in many fermentative
bacteria, which concentrates the heat of combustion of carbohydrates into two thirds of
their carbon atoms ((CH,0), - %n C,H,O + %n CO,). Its product, ethanol, has been used
as an automotive fuel for over a century (Bernton et al. 1982).

With an estimated global production of 100 Mton (Renewable Fuels Association 2017),
ethanol is the largest-volume product in industrial biotechnology. Its production is,
currently, mainly based on fermentation of cane sugar or hydrolysed corn starch with
the yeast Saccharomyces cerevisiae. Such ‘first generation’ bioethanol processes are
characterized by high ethanol yields on fermentable sugars (> 90% of the theoretical
maximum yield of 0.51 g ethanol-(g hexose sugar)™), ethanol titers of up to 21% (w/w) and
volumetric productivities of 2 to 3 kg-m=-h-' (Thomas and Ingledew 1992, Della-Bianca et
al. 2013, Lopes et al. 2016).

Over the past two decades, a large international effort, involving researchers in academia,
research institutes and industry, aimed to access abundantly available agricultural and
forestry residues, as well as fast-growing energy crops, as alternative feedstocks for fuel
ethanol production (Rude and Schirmer 2009). Incentives for this effort, whose relative
impact depends on geographical location and varies over time, include reduction of the
carbon footprint of ethanol production (Otero et al. 2007), prevention of competition with
food production for arable land (Nordhoff 2007, Tenenbaum 2008), energy security in
fossil-fuel importing countries (Farrell et al. 2006) and development of rural economies
(Kleinschmidt 2007). Techno-economic forecasts of low-carbon scenarios for global
energy supply almost invariably include liquid biofuels as a significant contributor (Yan
et al. 2010). Moreover, successful implementation of economically and environmentally
sustainable ‘second generation’ bioethanol processes can pave the way for similar
processes to produce other biofuels and commodity chemicals (Pereira et al. 2015).

In contrast to starch, a plant storage carbohydrate that can be easily hydrolysed, the
major carbohydrate polymers in lignocellulosic plant biomass (cellulose, hemicellulose
and, in some cases, pectin) contribute to the structure and durability of stalks, leaves and
roots (Hahn-Hagerdal et al. 2006). Consistent with these natural functions and with their
chemical diversity and complexity, mobilization of these polymers by naturally occurring
cellulose-degrading microorganisms requires complex arrays of hydrolytic enzymes (Lynd
et al. 2002, Van den Brink and de Vries 2011).

The second-generation ethanol processes that are now coming on line at demonstration
and full commercial scale (Table 1) are mostly based on fermentation of lignocellulosic
biomass hydrolysates by engineered strains of S. cerevisiae. While this yeast has a strong
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Table 1. Overview of operational commercial-scale (demonstration) plants for second-generation
bioethanol production. Data for US and Canada reflect status in May 2017 (source: (UNCTAD 2016, Ethanol
Producer Magazine 2017), data for other countries (source: (UNCTAD 2016, Ethanol Producer Magazine 2017)
reflect status in 2016.

Company/Plant Country Feedstock fAT_F.);?Ity

DuPont Cellulosic Ethanol LLC - Nevada USA (IA) Corn stover 113.6

Poet-DSM Advanced Biofuels LLC - Project USA (IA) Corn cobs/corn stover 75.7

Liberty’

Quad County Cellulosic Ethanol Plant USA (IA) Corn fiber 7.6

Fiberight Demonstration Plant US (VA) Waste stream 1.9

ICM Inc. Pilot integrated Cellulosic Biorefinery Us (MO) Biomass crops 1.2

American Process Inc. — Thomaston Biorefinery USA (GA) Other 1.1

ZeaChem Inc. — Demonstration plant US (OR) Biomass crops 1.0

Enerkem Alberta Biofuels LP Canada (AB)  Sorted municipal solid 38
waste

Enerkem Inc.-Westbury Canada (QC) Woody biomass 5.0

logen Corporation Canada (ON)  Crop residue 2.0

Woodlands Biofuels Inc. — Demonstration plant Canada (ON)  Woody biomass 2.0

GranBio Brazil Bagasse 82.4

Raizen Brazil Sugarcane bagasse/ 40.3
straw

Longlive Bio-technology Co. Ltd. - Commercial China Corn cobs 63.4

demo

Mussi Chemtex / Beta Renewables Italy Arundo donax, rice & 75
wheat straw

Borregaard Industries AS — ChemCell Ethanol Norway Wood pulping residues 20

T With expansion capacity to 94.6 ML per year

track record in first-generation bioethanol production and its amenability to genetic
modification is excellent, S. cerevisiae cannot hydrolyse cellulose or hemicellulose.
Therefore, in conventional process configurations for second-generation bioethanol
production, the fermentation step is preceded by chemical/physical pretreatment and
enzyme-catalysed hydrolysis by cocktails of fungal hydrolases, which can either be
produced on- or off site (Figure 1, (Sims-Borre 2010). Alternative process configurations,
including simultaneous saccharification and fermentation (SSF) and consolidated
bioprocessing (CBP) by yeast cells expressing heterologous hydrolases are intensively
investigated (Olson et al. 2012, Den Haan et al. 2015). However, the high temperature
optima of fungal enzymes and low productivity of heterologously expressed hydrolases
in S. cerevisiae have so far precluded large-scale implementation of these alternative
strategies for lignocellulosic ethanol production (Vohra et al. 2014, Den Haan et al. 2015).

Over the past decade, academic and industrial research efforts have enabled the develop-
ment of metabolic engineering strategies for fermentation of lignocellulosic hydrolysates
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enzyme yeast
production propagation

hydrolysate

el

fermentation recovery product

biomass enzymatic
pre-treatment hydrolysis

feedstock

Figure 1. Schematic process-flow diagram for ethanol production from lignocellulose, based on physically
separated processes for pretreatment, hydrolysis and fermentation, combined with on-site cultivation of
filamentous fungi for production of cellulolytic enzymes and on-site propagation of engineered pentose-
fermenting yeast strains.

with engineered S. cerevisiae strains and in implementing these in advanced industrial strain
platforms (Table 1). This chapter discusses challenges and progress in metabolic engineering
of S. cerevisiae for fermentation of lignocellulosic biomass, as well as developments in
the industrial implementation of such ‘second generation’ ethanol production processes.
Furthermore, the concept and potential of engineered, vitamin prototrophic yeast strains
to improve biotechnological process economics is discussed.

Fermenting lignocellulosic hydrolysates: challenges for yeast strain development
A wide range of agricultural and forestry residues, as well as energy crops, are being
considered as feedstocks for bioethanol production (Khoo 2015). Full-scale and
demonstration plants using raw materials such as corn stover, sugar-cane bagasse, wheat
straw and switchgrass are now in operation (Table 1). These lignocellulosic feedstocks
have different chemical compositions, which further depend on factors such as seasonal
variation, weather and climate, crop maturity and storage conditions (Kenney et al.
2013). Despite this variability, common features of feedstock composition and biomass-
deconstruction methods generate several generic challenges that have to be addressed in
the development of yeast strains for second-generation bioethanol production.

Pentose fermentation

For large-volume products such as ethanol, maximizing the product yield on feedstock
and, therefore, efficient conversion of all potentially available substrate molecules in the
feedstock is of paramount economic importance (Lin and Tanaka 2006). In addition to
readily fermentable hexoses such as glucose and mannose, lignocellulosic biomass
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contains substantial amounts of b-xylose and L-arabinose. These pentoses, derived from
hemicellulose and pectin polymers in plant biomass, cannot be fermented by wild-type
S. cerevisiae strains. p-xylose and L-arabinose typically account for 10 to 25% and 2 to
3%, respectively, of the carbohydrate content of lignocellulosic feedstocks (Lynd 1996).
However, in some feedstocks, such as corn fiber hydrolysates and sugar beet pulp, the
L-arabinose content can be up to ten-fold higher (Grohmann and Bothast 1994, Grohmann
and Bothast 1997). Early studies already identified metabolic engineering of S. cerevisiae
for efficient, complete pentose fermentation as key prerequisite for its application in
second-generation ethanol production (Bruinenberg et al. 1983, Kétter et al. 1990, Hahn-
Hagerdal et al. 2001, Sedlak and Ho 2001).

Acetic acid inhibition

Since hemicellulose is acetylated (Van Hazendonk et al. 1996), its complete hydrolysis
inevitably results in the release of acetic acid. Bacterial contamination during biomass
storage, pretreatment and/or fermentation may further increase the acetic acid
concentrations to which yeasts are exposed in the fermentation process. First-generation
bioethanol processes are typically run at pH values of 4 to 5 to counter contamination with
lactic acid bacteria (Beckner et al. 2011). At these low pH values, undissociated acetic
acid (pKa = 4.76) easily diffuses across the yeast plasma membrane. In the near-neutral
pH environment of the yeast cytosol, the acid readily dissociates and releases a proton,
which forces cells to expend ATP for proton export via the plasma-membrane ATPase to
prevent cytosolic acidification (Verduyn et al. 1992, Axe and Bailey 1995, Pampulha and
Loureiro-Dias 2000). The accompanying accumulation of the acetate anion in the cytosol
can cause additional toxicity effects (Russel 1992, Paimqvist and Hahn-H&gerdal 2000b,
Ullah et al. 2013). Acetic acid concentrations in some lignocellulosic hydrolysates exceed
5 g L, which can cause strong inhibition of anaerobic growth and sugar fermentation by
S. cerevisiae (Taherzadeh et al. 1997). Acetic acid tolerance at low culture pH is therefore
a key target in yeast strain development for second-generation ethanol production.

Inhibitors formed during biomass deconstruction

In biomass deconstruction, a trade-off exists between the key objective to release all
fermentable sugars at minimal process costs and the need to minimize generation and
release of compounds that compromise yeast performance. Biomass deconstruction
generally encompasses three steps: (i) size reduction to increase surface area and reduce
degree of polymerization, (i) thermal pretreatment, often at low pH and high pressure, to
disrupt the crystalline structure of cellulose while already (partly) solubilizing hemicellulose
and/or lignin and (jii) hydrolysis with cocktails of fungal cellulases and hemicellulases to
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release fermentable sugars (Hendriks and Zeeman 2009, Silveira et al. 2015, Narron et al.
2016). Several inhibitors of yeast performance are generated in chemical reactions that
occur during biomass deconstruction and, especially, in high-temperature pretreatment.
5-Hydroxymethyl-2-furaldehyde (HMF) and 2-furaldehyde (furfural) are formed when
hexoses and pentoses, respectively, are exposed to high temperature and low pH (Dunlop
1948, Ulbricht et al. 1984, Palmqvist and Hahn-Hagerdal 2000b). These furan derivatives
inhibit yeast glycolysis, alcoholic fermentation and TCA cycle (Banerjee et al. 1981, Modig
et al. 2002, Sarvari Horvath et al. 2003) while, additionally, depleting intracellular pools
of NAD(P)H and ATP (Almeida et al. 2007). Their further degradation, during biomass
deconstruction, yields formic acid and levulinic acid (Dunlop 1948, Ulbricht et al. 1984),
whose inhibitory effects overlap with those of acetic acid (Palmqvist and Hahn-Hé&gerdal
2000b).

Inhibitor profiles of hydrolysates depend on biomass structure and composition as well
as on the type and intensity of the biomass deconstruction method used (Almeida et al.
2007, Kumar et al. 2009). During pressurized pretreatment at temperatures above 160
°C, phenolic inhibitors are generated by partial degradation of lignin. This diverse class
of inhibitors includes aldehydes, ketones, alcohols and aromatic acids (Almeida et al.
2007). Ferulic acid, a phenolic compound that is an integral part of the lignin fraction
of herbaceous plants (Lawther et al. 1996, Klinke et al. 2002) is a potent inhibitor of
S. cerevisiae fermentations (Larsson et al. 2000). The impact of phenolic inhibitors on
membrane integrity and other cellular functions depends on the identity and position of
functional groups and carbon-carbon double bonds (Adeboye et al. 2014).

Concentrations of inorganic salts in hydrolysates vary depending on the feedstock used
(Klinke et al. 2004). Moreover, high salt concentrations in hydrolysates can originate from
pH adjustments during pretreatment (Jonsson et al. 2013). Salt- and osmotolerance can
therefore be important additional requirements in yeast strain development (Casey et al.
2013).

The inhibitors in lignocellulosic hydrolysates do not always act independently but can
exhibit complex synergistic effects, both with each other and with ethanol (Taherzadeh et al.
1999, Palmqvist and Hahn-Hé&gerdal 2000b, Liu et al. 2004), while their impact can also be
modulated by the presence of water-insoluble solids (Koppram et al. 2016). Furthermore,
their absolute and relative impact can change over time due to variations in feedstock
composition, process modifications, or malfunctions in biomass deconstruction. While
process adaptations to detoxify hydrolysates have been intensively studied (Sivers et al.
1994, Palmqvist and Hahn-Hagerdal 2000a, Canilha et al. 2012, Jénsson et al. 2013), the
required additional unit operations typically result in a loss of fermentable sugar and are
generally considered to be too expensive and complicated. Therefore, as research on
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optimization of biomass deconstruction processes continues, tolerance to the chemical
environments generated by current methods is a key design criterion for yeast strain
development.

Yeast strain development for second-generation ethanol production:
key concepts

For almost three decades, yeast metabolic engineers have vigorously explored strategies
to address the challenges outlined above. This quest benefited from rapid technological
development in genomics, genome editing, evolutionary engineering and protein
engineering. Box 1 lists key technologies and examples of their application in research on
yeast strain development for second-generation ethanol production.

Xylose fermentation

Efficiently linking p-xylose metabolism to glycolysis requires two key modifications of
the S. cerevisiae metabolic network (Figure 2) (Jeffries and Jin 2004, Van Maris et al.
2007): introduction of a heterologous pathway that converts p-xylose into p-xylulose and,
simultaneously, alleviation of the limited capacity of the native S. cerevisiae xylulokinase and
non-oxidative pentose-phosphate pathway (PPP). Two strategies for converting p-xylose
into p-xylulose have been implemented in S. cerevisiae: (i) simultaneous expression of

Box 1. Overview of key technologies used for development of Saccharomyces cerevisiae strains for
second-generation bioethanol production (left column) and examples of their application (right column).

Metabolic engineering Metabolic engineering of pentose-fermenting strains
Application of recombinant-DNA commenced with the functional expression of pathways for
techniques for the improvement of XR/XDH- (Kotter and Ciriacy 1993, Tantirungkij et al. 1993) or
catalytic and regulatory processes in Xl-based (Kuyper et al. 2003) xylose utilization and pathways
living cells, to improve and extend their for isomerase-based arabinose utilization (Becker and Boles
applications in industry (Bailey 1991). 2003, Wisselink et al. 2007). Further research focused on

improvement of pathway capacity (Kuyper et al. 2005a,
Wiedemann and Boles 2008), engineering of sugar transport
(Fonseca et al. 2011, Subtil and Boles 2011, Nijland et al.
2014, Nijland et al. 2016), redox engineering to decrease
byproduct formation and increase ethanol yield (Roca et al.
2003, Sonderegger and Sauer 2003, Watanabe et al. 2005,
Guadalupe-Medina et al. 2010, Yu et al. 2010, Wei et al. 2013,
Henningsen et al. 2015, Papapetridis et al. 2016, Zhang et
al. 2016a) and expression of alternative pathway enzymes
(Brat et al. 2009, Ota et al. 2013). Expression of heterologous
hydrolases provided the first steps towards consolidated
bioprocessing (Ha et al. 2011a, llmén et al. 2011, Sadie et al.
2011, Den Haan et al. 2015).

Box 1 continues on next page.
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Box 1 - Continued

Evolutionary engineering
Application of laboratory evolution to
select for industrially relevant traits
(Sauer 2001). Also known as adaptive
laboratory evolution (ALE).

Evolutionary engineering in repeated-batch and chemostat
cultures has been intensively utilized to improve growth and
fermentation kinetics on pentoses (e.g., (Sonderegger and
Sauer 2003, Kuyper et al. 2005b, Wisselink et al. 2009, Garcia
Sanchez et al. 2010, Zhou et al. 2012, Demeke et al. 2013a,
Kim et al. 2013, Lee et al. 2014) and inhibitor tolerance (Wright
et al. 2011, Koppram et al. 2012, Almario et al. 2013, Smith et
al. 2014, Gonzalez-Ramos et al. 2016).

Whole genome (re)sequencing
Determination of the entire DNA
sequence of an organism.

Availability of a high-quality reference genome sequence is
essential for experimental design in metabolic engineering.
When genomes of strains that have been obtained by
non-targeted approaches (e.g. evolutionary engineering or
mutagenesis) are (re)sequenced, the relevance of identified
mutations can subsequently be tested by their reintroduction
in naive strains, non-evolved strains and/or by classical
genetics (reverse engineering; (Oud et al. 2012)). This
approach has been successfully applied to identify mutations
contributing to fast pentose fermentation (Nijland et al.

2014, dos Santos et al. 2016, Hou et al. 2016a) and inhibitor
tolerance (e.g., (Pinel et al. 2015, Gonzalez-Ramos et al. 2016).

Quantitative trait loci (QTL) analysis
QTL identifies alleles that contribute to
(complex) phenotypes based on their
meiotic co-segregation with a trait of
interest (Liti and Louis 2012, Wilkening
et al. 2014). In contrast to whole-
genome sequencing alone, QTL analysis
can identify epistatic interactions.

QTL analysis currently enables resolution to gene or even
nucleotide level (Swinnen et al. 2012). QTL analysis has been
used to identify alleles contributing to high-temperature
tolerance (Sinha et al. 2006), ethanol tolerance (Swinnen et
al. 2012) and improved ethanol-to-glycerol product ratios
(Hubmann et al. 2013). The requirement of QTL analysis for
mating limits its applicability in aneuploidy and/or poorly
sporulating industrial S. cerevisiae strains.

Protein engineering

Modification of the amino acid
sequences of proteins with the aim
to improve their catalytic properties,
regulation and/or stability in industrial
contexts (Marcheschi et al. 2013).

Protein engineering has been used to improve the pentose-
uptake kinetics, reduce the glucose sensitivity and improve
the stability of yeast hexose transporters (e.g., (Farwick et

al. 2014, Wang et al. 2015, Li et al. 2016b, Young et al. 2014,
Reznicek et al. 2015, Shin et al. 2015, Nijland et al. 2016)).
The approach has been utilized to improve the redox cofactor
specificity of XR and/or XDH to decrease xylitol formation
(Petschacher et al. 2005, Watanabe et al. 2005, Watanabe

et al. 2007, Petschacher and Nidetzky 2008, Krahulec et

al. 2009). Directed evolution of xylose isomerase yielded XI
variants with increased enzymatic activity (Lee et al. 2012).
Directed evolution of native yeast dehydrogenases has yielded
strains with increased HMF tolerance (Moon and Liu 2012).

Genome editing

Where ‘classical’ genetic engineering
encompass iterative, one-by-one
introduction of genetic modifications,
genome editing techniques enable
simultaneous introduction of multiple
(types of) modifications at different
genomic loci (Sander and Joung 2014).

The combination of CRISPR-Cas9-based genome editing
(DiCarlo et al. 2013, Mans et al. 2015) with in vivo assembly
of DNA fragments has enabled the one-step introduction of
all genetic modifications needed to enable S. cerevisiae to
ferment xylose (Tsai et al. 2015, Shi et al. 2016, Verhoeven et
al. 2017). Recent developments have enabled the application
of the system in industrial backgrounds (Stovicek et al. 2015).
CRISPR-Cas9 has been used in reverse engineering studies
to rapidly introduce multiple single-nucleotide mutations
observed in evolutionary engineering experiments in naive
strains (e.g., (van Rossum et al. 2016)).

24



Yeast strain development for second-generation ethanol production: key concepts

D-xylose

L., .
D-Q\ucose rabinose

Hxt, _— -
— Gal2 — Gaj2
Hxt Sy,
D-xylose

NAD(P)H L-arabinose

[ D-glucose

ATP { Xl XR I AraA
XDH ’ .
F6P D-xylulose — xylitol L-ribulose
ATP ATP NAD(P)H ATP
Ol e
— D-xylulose-5-P L-ribulose-5-P
DHAP ~— GAP | AraD
NADH NADH
ATP
glycerol
ATP  co, NADH
pyruvate N acetaldehyde N, ethanol
NADH /{ A-ALD
acetyl-CoA
2 ATP /i
S — acetate
glyce’_OI — . —— —
acetate ethanol

Figure 2. Key strategies for engineering carbon and redox metabolism in S. cerevisiae strains for alcoholic
fermentation of lignocellulosic feedstocks. Colours indicate the following pathways and processes: Black: native
S. cerevisiae enzymes of glycolysis and alcoholic fermentation; Magenta: native enzymes of the non-oxidative
pentose-phosphate pathway (PPP), overexpressed in pentose-fermenting strains; Red: conversion of p-xylose
into p-xylulose-5-phosphate by heterologous expression of a xylose isomerase (XI) or combined expression
of heterologous xylose reductase (XR) and xylitol dehydrogenase (XDH), together with the overexpression of
(native) xylulokinase (Xks1); Green: conversion of L-arabinose into p-xylulose-5-phosphate by heterologous
expression of a bacteria AraA/AraB/AraD pathway; Blue: expression of a heterologous acetylating acetaldehyde
dehydrogenase (A-ALD) for reduction of acetic acid to ethanol; Grey: native glycerol pathway.

heterologous xylose reductase (XR) and xylitol dehydrogenase (XDH) and (ii) expression of
a heterologous xylose isomerase (XI).

The first S. cerevisiae strains engineered for xylose utilization were based on expression
of XR and XDH from the xylose-metabolising yeast Scheffersomyces stipitis (Kdtter and
Ciriacy 1993). Due to the non-matching redox-cofactor preferences of these enzymes,
these strains produced large amounts of the by-product p-xylitol (Kétter and Ciriacy 1993,
Hahn-Hagerdal et al. 2001, Jeffries 2006). Modification of these cofactor preferences
by protein engineering resulted in reduced xylitol formation under laboratory conditions
(Watanabe et al. 2007, Runquist et al. 2010a). A much lower xylitol formation by XR/XDH-
based strains in lignocellulosic hydrolysates was attributed to NADH-dependent reduction
of furfural, which may contribute to in situ detoxification of this inhibitor (Moniruzzaman et
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al. 1997, Wahlbom and Hahn-Hagerdal 2002, Sedlak and Ho 2003, Katahira et al. 2006,
Karhumaa et al. 2007). A potential drawback of XR/XDH-based strains for application in
large-scale anaerobic processes is that, even after prolonged laboratory evolution, their
anaerobic growth rates are very low (Sonderegger and Sauer 2003).

Combined expression of a fungal Xl (Harhangi et al. 2003) and overexpression of the
native S. cerevisiae genes encoding xylulokinase and non-oxidative PPP enzymes
enabled anaerobic growth of a laboratory strain on p-xylose. In anaerobic cultures of
this strain, in which the aldose-reductase encoding GRES3 gene was deleted to eliminate
xylitol formation, ethanol yields on p-xylose were the same as on glucose (Kuyper et al.
2005a). This metabolic engineering strategy has been successfully applied in different S.
cerevisiae genetic backgrounds and/or with different Xl genes enabling aerobic xylose
consumption (Brat et al. 2009, Madhavan et al. 2009, Ha et al. 2011b, Dun 2012, Hector
et al. 2013, Hou et al. 2016b).

Most studies, except for Kuyper et al. (2005), using a strategy similar to the above-
mentioned one, report that anaerobic growth on xylose requires subsequent evolutionary
engineering under anaerobic or oxygen-limited conditions (Kuyper et al. 2005a, Brat et
al. 2009, Parachin et al. 2011, Zhou et al. 2012, Demeke et al. 2013b, Hector et al. 2013,
Parreiras et al. 2014, Verhoeven et al. 2017). A reassessment of the requirements for
anaerobic p-xylose fermentation of CEN.PK-based S. cerevisiae strains concerning strain
design and cultivation conditions, is presented in Chapter 4 of this thesis.

Laboratory evolution (Box 1) for faster p-xylose fermentation and analysis of evolved
strains identified high-level expression of Xl as a major contributing factor (Zhou et al.
2012, Demeke et al. 2015, Hou et al. 2016a). Multi-copy introduction of Xl expression
cassettes, optimization of their codon usage, and mutagenesis of their coding sequences
have contributed to higher p-xylose fermentation rates (Brat et al. 2009, Lee et al. 2012,
Crook et al. 2016). Whole-genome sequencing of evolved p-xylose-fast-fermenting strains
expressing Piromyces Xl identified mutations affecting intracellular homeostasis of Mn?*,
a preferred metal ion for this Xl (Verhoeven et al. 2017). Other mutations affected stress-
response regulators and, thereby, increased expression of yeast chaperonins that assisted
functional expression of XlI (Hou et al. 2016a). Consistent with this observation, co-
expression of the Escherichia coli GroEL and GroES chaperonins enabled in vivo activity
of E. coli Xl in S. cerevisiae (Xia et al. 2016). A positive effect of mutations in the PHO13
phosphatase gene on xylose fermentation rates in XI- and XR/XDH-based strains has
been attributed to transcriptional upregulation of PPP-related genes by an as yet unknown
mechanism (Ni et al. 2007, Van Vleet et al. 2008, Bamba et al. 2016, Xu et al. 2016).
Additionally, Pho13 has been implicated in dephosphorylation of the PPP intermediate
sedoheptulose-7-phosphate (Xu et al. 2016). For other mutations in evolved strains, e.g.
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in genes involved in iron-sulfur cluster assembly and in the MAP-kinase signaling pathway
(dos Santos et al. 2016, Sato et al. 2016), the mechanisms by which they affect p-xylose
metabolism remain to be identified.

Arabinose fermentation

The metabolic engineering strategy for constructing L-arabinose-fermenting S. cerevisiae
is based on heterologous expression of a bacterial pathway for conversion of L-arabinose
into xylulose-5-phosphate, involving L-arabinose isomerase (AraA), L-ribulokinase (AraB)
and L-ribulose-5-phosphate-4-epimerase (AraD) (Lee et al. 1986). Together with the non-
oxidative PPP and glycolysis, these reactions enable redox-cofactor-balanced alcoholic
fermentation of L-arabinose (Figure 2).

Combined expression of Bacillus subtilis or B. licheniformis araA and E. coli araBD (Becker
and Boles 2003, Bettiga et al. 2008, Wiedemann and Boles 2008) allowed aerobic growth
of S. cerevisiae on L-arabinose. Anaerobic growth of S. cerevisiae on arabinose was first
achieved by expressing the Lactobacillus plantarum araA, B and D genes in an Xl-based
xylose-fermenting strain that already overexpressed the enzymes of the non-oxidative PPP
(Figure 2), followed by evolutionary engineering under anaerobic conditions (Wisselink et
al. 2007). Increased expression levels of GAL2, which encodes a galactose transporter that
also transports L-arabinose (Kou et al. 1970), was essential for L-arabinose fermentation
(Becker and Boles 2003, Wisselink et al. 2010, Subtil and Boles 2011, Subtil and Boles
2012). Increased expression of the transaldolase and transketolase isoenzymes Ngm1 and
TkI2 contributed to an increased rate of arabinose fermentation in strains evolved for fast
arabinose fermentation (Wisselink et al. 2010). The set of arabinose isomerase genes that
can be functionally expressed in S. cerevisiae was recently expanded by coexpression of
E. coli araA with the groEL and groES chaperonins (Xia et al. 2016).

Engineering of sugar transport and mixed-substrate fermentation

In early S. cerevisiae strains engineered for pentose fermentation, uptake of p-xylose and
L-arabinose exclusively relied on their native hexose transporters. While several of the 18
S. cerevisiae Hxt transporters (Hxt1-17 and Gal2) transport p-xylose, their K values for
this pentose are one to two orders of magnitude higher than for glucose (Reifenberger et
al. 1997, Hamacher et al. 2002, Lee et al. 2002, Saloheimo et al. 2007, Farwick et al. 2014).
High-affinity glucose transporters, which are only expressed at low glucose concentrations
(Diderich et al. 1999), display a lower K for b-xylose than low-affinity glucose transporters
(Hamacher et al. 2002, Lee et al. 2002).
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The galactose transporter Gal2, which also catalyses high-affinity glucose transport
(Reifenberger et al. 1997) also has a much higher K for L-arabinose than for glucose
(Subtil and Boles 2011, Subtil and Boles 2012). Consequently, strains depending on Gal2
for L-arabinose import fail to grow at low L-arabinose concentrations (Subtil and Boles
2011). Furthermore, kinetic competition in presence of glucose has been shown to persist
in strains in which glucose-induced transcriptional repression of GAL2 has been prevented
(Horak and Wolf 1997, Ozcan and Johnston 1999, Horak et al. 2002).

The higher affinities of Hxt transporters for glucose, combined with the transcriptional
repression of Gal2 (Horak and Wolf 1997, Horak et al. 2002) and other high-affinity Hxt
transporters (Diderich et al. 1999, Sedlak and Ho 2004) at high glucose concentrations,
contribute to a sequential use of glucose and pentoses during mixed-substrate cultivation
of engineered strains that depend on Hxt-mediated pentose uptake. Furthermore, the high
K values of Hxt transporters for pentoses cause a deceleration of sugar fermentation
during the pentose-fermentation phase. This ‘tailing’ effect is augmented by accumulation
of ethanol and by the reduced inhibitor tolerance of S. cerevisiae at low sugar fermentation
rates (Bellissimi et al. 2009, Ask et al. 2013, Demeke et al. 2013b). Intensive efforts have
been made to generate yeast strains that can either co-consume hexoses and pentose
sugars or sequentially consume all sugars in hydrolysates in an economically acceptable
time frame (Kim et al. 2012, Moysés et al. 2016).

Recently constructed glucose-phosphorylation-negative, pentose-fermenting S. cerevisiae
strains enabled evolutionary engineering experiments for in vivo directed evolution of Hxt
variants that supported growth on p-xylose or L-arabinose in the presence of high glucose
concentrations (Farwick et al. 2014, Nijland et al. 2014, Shin et al. 2015, Wisselink et al.
2015). Several of the evolved HXT alleles were confirmed to encode transporters whose
p-xylose-transport kinetics were substantially less sensitive to glucose inhibition (Farwick
et al. 2014, Nijland et al. 2014, Shin et al. 2015, Wisselink et al. 2015). Remarkably,
independent evolutionary engineering studies aimed at selecting glucose-insensitive
p-xylose and L-arabinose Hxt transporters yielded single-amino-acid substitutions at the
exact corresponding positions in Hxt7(N370), Gal2 (N376), and in a chimera of Hxt3 and
Hxt6 (N367) (Farwick et al. 2014, Nijland et al. 2014, Wisselink et al. 2015).

Additionally, replacing N-terminal lysine residues with arginine residues in low-affinity
hexose transporters, such as Hxt1 and Hxt36, to prevent ubiquitination-driven degradation
at low levels or absence of glucose, improved xylose fermentation when glucose levels
decline in mixed sugar fermentations (Nijland et al. 2016). Additional Hxt- and Gal2
variants with improved relative affinities for pentoses and glucose were obtained by in
vitro directed evolution, HXT-gene shuffling, and knowledge-based protein engineering
(Farwick et al. 2014, Reznicek et al. 2015, Wang et al. 2017, Nijland et al. 2018) (Box 1).
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Chapter 3 of this thesis discusses adaptive laboratory evolution of a glucose-
phosphorylation negative, L-arabinose consuming S. cerevisiae strain for improved
L-arabinose uptake under anaerobic conditions in presence of glucose and p-xylose, and
the investigation and characterization of the resulting genetic adaptations within Gal2.

So far, only few low-, moderate- and high-affinity pentose transporters from pentose-
metabolizing filamentous fungi or non-Saccharomyces yeasts, have been functionally
expressed in S. cerevisiae (Weierstall et al. 1999, Leandro et al. 2006, Katahira et al. 2008,
Du et al. 2010, Runquist et al. 2010b, Subtil and Boles 2011, Young et al. 2012, Ferreira
et al. 2013, Colabardini et al. 2014, Knoshaug et al. 2015, Li et al. 2015, Reis et al. 2016).
Expression and/or activity of several of these transporters were further improved by directed
evolution (Young et al. 2012, Li et al. 2015, Li et al. 2016b) or evolutionary engineering
(Moysés et al. 2016, Wang et al. 2016). Such high-affinity transporters may be suited to
‘mop up’ low concentrations of pentoses towards the end of a fermentation process. Since
high-affinity sugar transporters are typically proton symporters, care should be taken to
avoid scenarios in which their simultaneous expression with Hxt-like transporters, which
mediate facilitated diffusion, causes futile cycles and negatively affects inhibitor tolerance.

Chapter 2 of this thesis presents the identification of a Penicillium chrysogenum L-arabinose
transporter that had been functionally expressed and characterized in S. cerevisiae. This
high-affinity L-arabinose specific transporter added a valuable accessory to the S. cerevisiae
engineering toolbox for improved pentose fermentation (Bracher et al. 2018).

Evolutionary engineering experiments played a major role in accelerating mixed-sugar
utilization by engineered pentose-fermenting strains (Sonderegger and Sauer 2003, Kuyper
et al. 2005b, Wisselink et al. 2009, Sanchez et al. 2010, Zhou et al. 2012). Repeated batch
cultivation on a sugar mixture can favour selection of mutants that rapidly ferment one of the
sugars, while showing deteriorated fermentation kinetics with other sugars in the mixture.
In practice, such trade-off scenarios can increase rather than decrease the time required
for complete conversion of sugar mixtures (Wisselink et al. 2009). A modified strategy for
repeated batch cultivation, designed to equally distribute the number of generations of
selective growth on each of the individual substrates in a mixture, enabled acceleration
of the anaerobic conversion of glucose-xylose-arabinose mixtures by an engineered S.
cerevisiae strain (Wisselink et al. 2009). A recent study explored an interesting alternative to
using a single, glucose-xylose-arabinose co-fermenting S. cerevisiae strain, by analyzing
growth of a consortium of three specialized strains, each with the ability to ferment only
one of the three sugars (Caballero and Ramos 2017, Verhoeven et al. 2018). While this
study indicated clear advantages in terms of strain stability during long-term cultivation
on sugar mixtures, it remains to be seen whether this approach can contribute to faster
overall conversion of lignocellulosic hydrolysates.
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Recently, an elegant evolutionary engineering experiment with an Xl-based strain harbouring
a forced glucose-xylose co-consumption pathway, via deletion of PGIT and RPET1 and
altering the cofactor specificity of 6-phosphogluconate dehydrogenase, enabled the
identification and characterization of relevant mutations that, when reverse-engineered in
a strain without the restriction for a forced co-consumption, led to a significantly improved
co-consumption phenotype which dramatically reduced total fermentation time of a mix
of 20 g L' glucose and 10 g L' xylose (Papapetridis et al. 2018).

Inhibitor tolerance

Yeast enzymes involved in detoxification of specific inhibitors provide logical targets for
metabolic engineering. For example, overexpression of native NAD(P)*-dependent alcohol
dehydrogenases stimulates conversion of furfural and HMF to the less toxic alcohols
furanmethanol and furan-2,5-dimethanol, respectively (Jeppsson et al. 2003, Lewis Liu
et al. 2008, Almeida et al. 2009). Similarly, combined overexpression of the aldehyde
dehydrogenase Ald5, the decarboxylase Pad1 and the alcohol acetyltransferases Atf1
and Atf2 increased resistance to several phenolic inhibitors (Adeboye et al. 2017).

Genome-wide expression studies have revealed intricate, strain- and context-dependent
stress-response networks as major key contributors to inhibitor tolerance (Abbott et al.
2007, Almeida et al. 2007, Li and Yuan 2010, Mira et al. 2010, Liu 2011, Ullah et al. 2013,
Guo and Olsson 2014). An in-depth transcriptome analysis implicated SFP1 and ACE2,
which encode transcriptional regulators involved in ribosomal biogenesis and septum
destruction after cytokinesis, respectively, in the phenotype of an acetic-acid and furfural-
tolerant strain. Indeed, overexpression of these transcriptional regulators significantly
enhanced ethanol productivity in the presence of these inhibitors (Chen et al. 2016).

Whole-genome resequencing of tolerant strains derived from evolutionary engineering,
mutagenesis and/or genome shuffling has yielded strains with increased tolerance whose
causal mutations could be identified (Almario et al. 2013, Demeke et al. 2013a, Pinel et al.
2015, Gonzalez-Ramos et al. 2016, Thompson et al. 2016). Physiological and evolutionary
engineering experiments demonstrated the importance of high sugar fermentation rates
for acetic acid tolerance (Bellissimi et al. 2009, Wright et al. 2011). When the acetic-acid
concentration in anaerobic, xylose-grown continuous cultures was continually increased
over time, evolving cultures acquired the ability to grow at acetic-acid concentrations that
prevented growth of the non-evolved S. cerevisiae strain. However, after growth in the
absence of acetic acid, full expression of their increased tolerance required pre-exposure
to a lower acetic-acid concentration. This observation indicated that the acquired
tolerance was inducible rather than constitutive (Wright et al. 2011). Constitutive tolerance
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to acetic acid was shown to reflect the fraction of yeast populations able to initiate growth
upon exposure to acetic acid stress (Swinnen et al. 2014). Based on this observation, an
evolutionary engineering strategy that involved alternating batch cultivation cycles in the
presence and absence of acetic acid was successfully applied to select for constitutive
acetic acid tolerance (Gonzalez-Ramos et al. 2016).

Exploration of the natural diversity of inhibitor tolerance among S. cerevisiae strains
(Favaro et al. 2013, Wimalasena et al. 2014, Field et al. 2015) is increasingly used to identify
genes and alleles that contribute to tolerance. In particular, combination of whole genome
sequencing and classical genetics is a powerful approach to identify relevant genomic loci,
genes and even nucleotides (Liti and Louis 2012) (Quantitative Trait Loci (QTL) analysis,
see Box 1). For example, Meijnen et al. (2016) used whole-genome sequencing of pooled
tolerant and sensitive segregants from crosses between a highly acetic-acid tolerant S.
cerevisiae strain and a reference strain to identify mutations in five genes that contributed
to tolerance.

Reduction of acetic acid to ethanol: converting an inhibitor into a co-substrate

Even small improvements of the product yield on feedstock can substantially improve
the economics of biotechnological processes for manufacturing large-volume products
such as ethanol (Van Maris et al. 2006, Nielsen et al. 2013). In industrial, anaerobic ethanol
production processes, a significant amount of sugar is converted into the byproduct
glycerol (Nissen et al. 2000). Glycerol formation, catalyzed by the two isoforms of glycerol-
3-phosphate dehydrogenase (Gpd1 and Gpd2) and of glycerol-3-phosphate phosphatase
(Gpp1 and Gpp2), is required during anaerobic growth of S. cerevisiae for reoxidation
of NADH generated in biosynthetic reactions (Van Dijken and Scheffers 1986, Bjorkqvist
et al. 1997). Metabolic engineering strategies to diminish glycerol formation focused on
modification of intracellular redox reactions (Nissenetal. 2000, Guoetal. 2011) or modulation
of GPD1 and GPD2 expression (Hubmann et al. 2011). Replacement of GPD1 and GPD2
with a heterologous gene encoding an acetylating acetaldehyde dehydrogenase (A-ALD)
and supplementation of acetic acid eliminated glycerol formation in anaerobic S. cerevisiae
cultures (Guadalupe-Medina et al. 2010). By enabling NADH-dependent reduction of acetic
acid to ethanol (Figure 2), this strategy resulted in a significant increase in the final ethanol
yield, while consuming acetic acid. This engineering strategy has recently been extended
by altering the redox-cofactor specificities of alcohol dehydrogenase (Henningsen et al.
2015) and 6-phosphogluconate dehydrogenase (Papapetridis et al. 2016). These further
interventions increased the availability of cytosolic NADH for acetate reduction and should,
upon implementation in industrial strains, further improve in situ detoxification of acetic
acid. The A-ALD strategy was also shown to decrease xylitol formation in XR/XDH-based
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xylose-fermenting engineered strains by reoxidation of excess NADH formed in the XDH
reaction (Wei et al. 2013, Zhang et al. 2016a).

Development of industrial yeast strains and processes

Much of the research discussed in the preceding paragraphs was based on laboratory
yeast strains, grown in synthetic media whose composition can be different from that of
industrial lignocellulosic hydrolysates. Table 2 provides examples of ethanol yields and
biomass-specific conversion rates that have been obtained with engineered S. cerevisiae
strains in synthetic media.

While data on the performance of current industrial strains on industrial feedstocks are
proprietary, many scientific publications describe the fermentation of hydrolysates by
p-xylose-fermenting strains (either XI or XR-XDH-based, but so far without arabinose
pathways). These studies cover a wide variety of feedstocks, biomass deconstruction
and fermentation strategies (batch, fed-batch, SSF), aeration regimes and nutritional
supplementations (e.g. yeast extract, peptone, low-cost industrial supplements, trace
elements, nitrogen sources). However, with few exceptions, these data are restricted to
final ethanol yields and titers, and do not include quantitative information of the biomass-

specific conversion rates (q expressed in g-(g biomass)'-h"") that are essential

xylose’ qethanol’
for strain comparison and process design. Table 3 summarizes results of studies on
fermentation of biomass hydrolysates that include or enable calculation of biomass-

specific conversion rates and ethanol yields.

Despite the heterogeneity of the studies included in Tables 2 and 3, the available data
clearly illustrate that, while even ‘academic’ strain platforms can exhibit high ethanol yields
in hydrolysates, conversion rates under these conditions are much lower than in synthetic
media. Improving kinetics and robustness in industrial hydrolysates is therefore the single
most important objective in industrial yeast strain development platforms.

Aspects such as spatial and temporal heterogeneity, hydrostatic pressure and CO,
concentrations, which are highly important for down-scaling aerobic industrial fermentation
processes (Noorman 2011), do not represent substantial challenges in down-scaling
second-generation ethanol processes (Jansen et al. 2017). Provided that anaerobic
conditions can be maintained, strain performance can therefore be adequately assessed
in small-scale systems. Access to hydrolysates whose composition and concentration
are fully representative for the target industrial substrate(s) may be necessary for strain
development. This requirement is not a trivial one due to feedstock variability, the plethora
of pretreatment options and the limited scalability and continuous innovation in biomass
deconstruction (Knoll et al. 2013, Li et al. 2016a).
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Introduction

Due to the complex, multigene nature of inhibitor tolerance, screening of natural and
industrial S. cerevisiae strains is a logical first step in the development of industrial
strain platforms. The power of this approach is illustrated by the Brazilian first-
generation bioethanol strain PE-2. Stable maintenance of this strain in non-aseptically
operated industrial reactors, over many production campaigns (Basso et al. 2008), was
attributed to its innate tolerance to the sulfuric-acid washing steps that are employed
between fermentation cycles to combat bacterial contamination (Della-Bianca et al.
2014). In contrast to most laboratory strains, robust industrial strains of S. cerevisiae are
heterozygous diploids or polyploids which, additionally, are prone to whole-chromosome
or segmental aneuploidy (Zhang et al. 2016b, Gorter De Vries et al. 2017).

Acquiring high-quality, well annotated genome sequences (Box 1) of these complex
genomes is an important prerequisite for interpreting the results of strain improvement
campaigns and for targeted genetic modification.

Episomal expression vectors carrying auxotrophic marker genes, which are commonly
used in academic research, do not allow for stable replication and selection, respectively,
in complex industrial media (Pronk 2002, Hahn-Hé&gerdal et al. 2007, Karim et al. 2013).
Instead, industrial strain development requires chromosomal integration of expression
cassettes. Even basic academic designs of xylose- and arabinose-fermenting strains
encompass the introduction of 10-12 different expression cassettes (Wisselink et al. 2007,
Wisselink et al. 2010), some of which need to be present in multiple copies (e.g. for high-
level expression of XI genes (Verhoeven et al. 2017, Zhou et al. 2012, Wang et al. 2014,
Demeke et al. 2015)). Additional genetic modifications, on multiple chromosomes in the
case of diploid or polyploid strains, are required to reduce by-product formation, improve
inhibitor tolerance and/or improve product yields.

Genetic modification of complex industrial yeast genomes has now been strongly
accelerated by novel, CRISPR-based genome editing tools (Box 1). Non-targeted
strategies for strain improvement (Box 1) including mutagenesis with chemical mutagens
or irradiation, evolutionary engineering, recursive breeding and/or genome shuffling remain
essential for industrial strain improvement. Down-scaling, automation and integration with
high-throughput screening of the resulting strains in hydrolysates strongly increases the
success rates of these approaches (e.g. for ethanol tolerance (Snoek et al. 2015)). In non-
targeted strain improvement campaigns, it is important to maintain selective pressure
on all relevant aspects of strain performance, to avoid trade-offs between, for example,
fermentation kinetics with different sugars (glucose, xylose and arabinose), and/or inhibitor
tolerance (Wisselink et al. 2009, Demeke et al. 2013a, Smith et al. 2014).
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Even when kinetics of yeast growth and fermentation in hydrolysates are suboptimal (Table
2) due to the impact of inhibitors and/or strain characteristics, industrial fermentation
processes need to achieve complete sugar conversion within acceptable time limits
(typically 72 h or less). This can be accomplished by increasing the initial yeast biomass
densities, which, in second generation processes, are typically 2- to 8-fold higher than
the initial concentrations of 0.125-0.25 g-L™" that are used in first-generation processes
without biomass recycling (Jacques et al. 2003). Several second-generation bioethanol
plants therefore include on-site bioreactors for cost-effective generation of the required
yeast biomass. Precultivation in the presence of mild concentrations of inhibitors can
prime yeast cells for improved performance upon exposure to stressful conditions
(Alkasrawi et al. 2006, Sanchez i Nogué et al. 2013, Nielsen et al. 2015). Especially when
biomass propagation uses non-lignocellulosic feedstocks (Steiner 2008, Narendranath
and Lewis 2013) and/or is operated aerobically to maximize biomass yields, yeast strain
development must take into account the need to maintain pentose- fermentation kinetics
and inhibitor tolerance during biomass propagation.

The potential of vitamin prototrophic strains for optimization of industrial process
economics

The harsh pretreatment procedures in lignocellulosic hydrolysates as well as feedstock
variability can potentially impact the concentrations of key growth factors during
fermentation. To ensure standardization and reproducibility of scientific results, the use of
synthetic media is widespread in academic and industrial research (Verduyn et al. 1992).
Furthermore, media compositions for the production of high-value compounds need to
be standardized to improve the predictability of the production process and for successful
scale-up studies.

Many quantitative studies on yeast physiology use a vitamin solution developed by
Verduyn et al. (1992). Inclusion of this or a similar vitamin solution is meant to create an
environment with an excess of vitamins to prevent limitations that would interfere with
cell physiology and perturb experimental data analysis and interpretation (Verduyn et al.
1992). Reductions in vitamin concentrations or the complete omission of potentially non-
essential vitamins from media ultimately results in a reduction of media costs for research
and production and may contribute to the stability of yeast-based processes that use
feedstocks with a variable composition.

While the latter could, alternatively, be supplemented with Corn Steep Liquor (CSL), a
cheap byproduct of corn starch processing and a source of amino acids, vitamins, trace
elements, and minerals (Amartey and Jeffries 1994), such complex medium ingredients may
increase the risk of contamination with undesirable microbes. It is therefore of academic
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and industrial interest to re-assess the minimal vitamin requirements of laboratory- and
industrial yeast strains. Most yeast strains, including S. cerevisiae are auxotrophic for
several essential vitamins due to incomplete genetic information for synthesis of certain
vitamins (Burkholder et al. 1944). In nature, vitamin uptake from the environment versus
de novo synthesis provides an energetic advantage, which probably contributed to the
widespread occurrence of vitamin auxotrophies amongst yeast strains that reside in vitamin-
rich environments, such as fruits (Helliwell et al. 2013). The study of vitamin synthesis in S.
cerevisiae is (i) essential to discover potential existing prototrophies resulting in immediate
cost reductions by adaptation of medium recipes, (ii) of academic interest, as some vitamin
biosynthetic routes and precursor origins are not fully unravelled yet, and (ji) has the
potential to, once deciphered, serve as a straight-forward metabolic engineering strategy
to engineer prototrophic strains for widespread applications in academia and industry.

It has recently been shown that the widely used laboratory S. cerevisiae strain CEN.
PK113-7D harbours the genes required to synthesise vitamin B7, also known as vitamin H
or biotin (Nijkamp et al. 2012). CEN.PK-derived strains have also been used to construct
the pentose fermenting strain lineage discussed above, starting with strain RWB217 and
ultimately resulting in strain IMS0010 which ferments glucose, xylose and arabinose
(Kuyper et al. 2003, Kuyper et al. 2004, Kuyper et al. 2005a, Kuyper et al. 2005b, Wisselink
et al. 2007, Wisselink et al. 2009, Wisselink et al. 2010). However, attempts to grow CEN.
PK113-7D in synthetic media lacking biotin yielded extremely slow growing cultures (u =
0.01 h). Interestingly, biotin biosynthesis in yeast and the origin of its pathway precursor,
pimelic acid, are not fully understood yet. Attempts to engineer the biotin auxotrophic yeast
Pichia pastoris for biotin prototrophy by heterologous expression of genes of the biotin
biosynthesis pathway resulted in a reduction of medium costs in fed-batch based production
processes, even though the resulting strain grew slower than the reference strain (Gasser
et al. 2010). Furthermore, enhancing biotin synthesis in solventogenic Clostridia has been
shown to improve production titres of acetone, butanol, and ethanol, predominantly by
increasing cellular viability and performance (Yang et al. 2016). Indeed, exponential feeding
of extra vitamins and biotin in aerobic fed-batch cultures of S. cerevisiae has been shown
to increase ethanol productivities and -tolerance (Alfenore et al. 2002). Chapter 5 of this
thesis presents an adaptive laboratory evolution study for full biotin prototrophy of CEN.
PK113-7D and the identification of targets for engineering biotin prototrophy for laboratory
and industrial yeast strains (Bracher et al. 2017).
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Full-scale implementation of cellulosic ethanol production

Vigorous lab-scale optimization of each of the unit operations in yeast-based ethanol
production from lignocellulosic feedstocks enabled the design, construction and operation
of processes at pilot scale. Recently, several industrial parties started or announced
the first commercial-scale cellulosic ethanol plants, most of which rely on yeast for the
fermentation step (Table 1). Actual cellulosic ethanol production volumes in the United
States of America, derived from registered RIN (Renewable Identification Numbers) credits
(United States Environmental Protection Agency 2017), indicate an increase in recent
years (Figure 3). However, based on these numbers and estimates for plants elsewhere
in the world, the global production volume of cellulosic ethanol is still below 1% of that
of first-generation processes. This places actual production volumes years behind earlier
projections (Lane 2015) and indicates that currently installed commercial-scale plants still
operate below their nominal capacity.

Second-generation bioethanol plants are complex, multi-step biorefineries for conversion
of crude and variable feedstocks. Just as high-efficiency petrochemical refineries did not
appear overnight, optimizing the performance of the current frontrunner plants requires
significant process engineering efforts. As remaining challenges in biomass processing
and deconstruction are conquered, yeast-based processes for second-generation
biofuels should soon leave the demonstration phase, become fully economically viable,
and expand production volume. Such an expansion will generate new incentives for
improving conversion yields, while reducing carbon footprints and overall costs.
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Figure 3. Annual production volumes of cellulosic ethanol in the USA from 2010 until April 2018. Numbers
are based on RIN D code 3 RIN (Renewable Identification Number) credits generated (accounted as cellulosic
ethanol, (United States Environmental Protection Agency 2017). *Production volume from January — April 2018.
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The yeast technology developed for conversion of second-generation feedstocks can
also be applied to improve ethanol yields of first-generation bioethanol production
processes and plants. For example, in current first-generation ethanol processes, corn
fiber is separated from whole stillage and eventually sold as animal feed (Jacques et al.
2003, Kim et al. 2008). Processes that enable conversion of this fiber-based side stream,
which is more easily hydrolysed than other cellulosic feedstocks, in the context of existing
first-generation bioethanol facilities, are referred to as ‘Gen 1.5’ technology. Several Gen
1.5 processes are currently being implemented commercially and have the potential to
increase the ethanol yield per bushel of corn by approximately 10% (ICM 2012, Lane
2016, DBMAX 2017).

Scope of this thesis

The main intent of this thesis was to test metabolic engineering strategies for developing S.
cerevisiae strains for the fermentation of p-xylose and L-arabinose, present in lignocellulosic
biomass, to ultimately improve the economic viability of cellulosic ethanol production.

Whilst metabolic engineering of S. cerevisiae successfully enables the conversion of
L-arabinose to ethanol, the transport of this non-native substrate poses a remaining
bottleneck. L-arabinose transport via the endogenous galactose transporter Gal2 suffers
from severe glucose inhibition and low L-arabinose transport affinity. The objective of
Chapter 2 of this thesis was to increase the affinity of L-arabinose transport in engineered,
L-arabinose fermenting S. cerevisiae strains to ameliorate the time-consuming “tailing-
effect” observed when, during a batch fermentation, L-arabinose concentrations become
low. Candidate transporter genes in the filamentous fungus Penicillium chrysogenum were
identified by chemostat-based transcriptome analysis. Subsequently, these candidate
genes were functionally analysed in an engineered S. cerevisiae strain lacking GAL2. The
most promising transporter, called PcAraT, was further studied by uptake experiments with
radiolabelled sugars and by analysing residual L-arabinose concentrations in chemostat
cultures of L-arabinose fermenting S. cerevisiae strains expressing either PcAraT or Gal2.

Gal2 has the ability to transport L-arabinose with a satisfying transport capacity but suffers
from severe glucose repression. Consequently, sequential transport and conversion of
glucose and arabinose extend the total fermentation time of lignocellulosic hydrolysates,
affecting process economics. The goal of Chaper 3 of this thesis was to modify the Gal2
protein such to enable uninhibited L-arabinose transport in presence of glucose whilst
maintaining high transport capacities to allow co-fermentation of both substrates to
ultimately reduce total fermentation times of glucose-arabinose mixtures. To this end, a
glucose-phosphorylation-negative S. cerevisiae strain was exposed to adaptive laboratory
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evolution in sequential anaerobic batch cultures containing glucose-xylose-arabinose
media posing selective pressure for L-arabinose transport. Evolved strains were subjected
to whole genome sequencing and the impact of the identified mutations was studied
by reverse-engineering studies in non-evolved backgrounds and by analysing transport
kinetics with radiolabelled sugars.

With the discovery and functional expression of PcAraT in S. cereivisiae, and the
selection and characterization of mutated Gal2 alleles with improved L-arabinose
transport characteristics in presence of glucose, valuable elements for improved pentose
fermentation were added to the engineering “plug-and-play” toolbox for the generation of
yeast strains for 2" generation bioethanol production.

Anaerobic fermentation of b-xylose is a key element of lignocellulosic ethanol production.
Yet, reports on metabolic engineering of p-xylose-fermenting, Xl-based S. cerevisiae
strains differ where it concerns the necessity for extensive laboratory evolution to enable
anaerobic growth on p-xylose. Chapter 4 of this thesis was inspired by the initial inability
to reproduce work from our own group on this matter. Its objective was to reassess
the genetic requirements for anaerobic growth on p-xylose of engineered S. cerevisiae
strains. To this end, the impact of subtle differences in strain construction and cultivation
conditions between different published studies were quantitatively analysed.

The laboratory strain CEN.PK113-7D was previously found to harbour all biotin
biosynthesis genes known to be required to synthesise this vitamin. Nevertheless, in
academia and industry, this strain is cultured in media containing this costly vitamin.
The biotin biosynthesis pathway in yeast has not yet been fully elucidated and vitamin
prototrophies are an attractive trait for industrial strains from an economic perspective.
The goal of Chapter 5 of this thesis was to gain more insight into the molecular basis of
biotin prototrophy in S. cerevisiae and to provide a basis for rational reduction of biotin
requirements in this yeast. To this end, fast-growing, biotin prototrophic strains were
selected via adaptive laboratory evolution. After whole genome sequencing, acquired
mutations were reverse engineered in a non-evolved strain background to identify
potentially interesting engineering targets for the generation of prototrophic strains.
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Abstract

L-Arabinose occurs at economically relevant levels in lignocellulosic hydrolysates. Its low-
affinity uptake via the Saccharomyces cerevisiae Gal2 galactose transporter is inhibited by
p-glucose. Especially at low concentrations of L-arabinose, uptake is an important, rate-
controlling step in the complete conversion of these feedstocks by engineered, pentose-
metabolizing S. cerevisiae strains. Chemostat-based transcriptome analysis yielded 16
putative sugar transporter genes in the filamentous fungus Penicillium chrysogenum
whose transcript levels were at least three-fold higher in L-arabinose-limited cultures than
in p-glucose-limited and ethanol-limited cultures. Of five genes, that encoded putative
transport proteins and showed an over 30-fold higher transcript level in L-arabinose-grown
cultures compared to b-glucose-grown cultures, only one (Pc20g01790) restored growth on
L-arabinose upon expression in an engineered L-arabinose-fermenting S. cerevisiae strainin
which the endogenous L-arabinose transporter, GAL2, had been deleted. Sugar-transport
assays indicated that this fungal transporter, designated as PcAraT, is a high-affinity (K_ =
0.13 mM), high-specificity L-arabinose-proton symporter that does not transport pb-xylose
or b-glucose. An L-arabinose-metabolizing S. cerevisiae strain in which GAL2 was replaced
by PcaraT showed 450-fold lower residual substrate concentrations in L-arabinose-limited
chemostat cultures than a congenic strain in which L-arabinose import depended on
Gal2 (4.2-10° g L' and 1.8 g L, respectively). Inhibition of L-arabinose transport by the
most abundant sugars in hydrolysates, p-glucose and p-xylose, was far less pronounced
than observed with Gal2. Expression of PcAraT in a hexose-phosphorylation-deficient,
L-arabinose-metabolizing S. cerevisiae strain enabled growth in media supplemented with
both 20 g L' L-arabinose and 20 g L' p-glucose, which completely inhibited growth of a
congenic strain in the same condition that depended on L-arabinose transport via Gal2. Its
high affinity and specificity for L-arabinose, combined with limited sensitivity to inhibition
by p-glucose and p-xylose make PcAraT a valuable transporter for application in metabolic
engineering strategies aimed at engineering S. cerevisiae strains for efficient conversion of
lignocellulosic hydrolysates.



Introduction

Introduction

At an annual production of 100 Mton (Renewable Fuels Association 2017), bioethanol
produced by the yeast Saccharomyces cerevisiae is by volume the largest fermentation
product in industrial biotechnology. Cane sugar and corn starch, which are still the
predominant feedstocks for bioethanol production, almost exclusively yield sucrose and
p-glucose as fermentable sugars. Alternative lignocellulosic feedstocks, derived from
agricultural residues or energy crops, contain cellulose, hemicellulose and, in some cases,
pectin (Hahn-Hagerdal et al. 2006). The pentoses p-xylose and L-arabinose typically
represent 10 to 25% and 2 to 3%, respectively, of the monomeric sugars in lignocellulosic
hydrolysates (Lynd 1996). Some industrially relevant hydrolysates, however, contain higher
L-arabinose concentrations. For instance, in hydrolysates of corn fibre and sugar beet pulp,
L-arabinose represents 16 and 26% of the total sugar content, respectively (Micard et al.
1996, Grohmann and Bothast 1997).

While pentose sugars are not natural substrates of S. cerevisiae, their efficient conversion
to ethanol and, ultimately, other bulk products, is essential to ensure economically viable
processes (Lin and Tanaka 2006). Extensive metabolic and evolutionary engineering
has been applied to enable efficient xylose fermentation, based on expression of either
a heterologous xylose reductase and xylitol dehydrogenase, or a heterologous xylose
isomerase (reviewed by (Moysés et al. 2016) and (Jansen et al. 2017)). Construction of yeast
strains capable of L-arabinose fermentation involved functional expression of bacterial genes
encoding L-arabinose isomerase (AraA), L-ribulokinase (AraB), and L-ribulose-5-phosphate-
4-epimerase (AraD) (Becker and Boles 2003, Wisselink et al. 2007, Bettiga et al. 2008,
Wiedemann and Boles 2008, Xia et al. 2016). Additional overexpression of S. cerevisiae
genes encoding enzymes of the non-oxidative pentose-phosphate pathway (RPE1, RKI1,
TAL1, and TKL1) strongly improved rates of b-xylose and L-arabinose fermentation (Kuyper et
al. 2005, Wisselink et al. 2007). In S. cerevisiae strains whose metabolic pathways have been
intensively optimized for pentose fermentation by metabolic and evolutionary engineering,
uptake of L-arabinose and p-xylose is an important rate-controlling step (Richard et al. 2003,
Leandro et al. 2009, Young et al. 2010).

Several S. cerevisiae plasma-membrane hexose-transporter proteins are able to transport
p-xylose and/or L-arabinose but invariably exhibit a high K for these pentoses (Kou et al.
1970, Reifenberger et al. 1997, Hamacher et al. 2002, Lee et al. 2002, Saloheimo et al. 2007,
Subtil and Boles 2011, Subtil and Boles 2012, Farwick et al. 2014). This low affinity causes
sluggish pentose conversion (‘tailing’) towards the end of anaerobic batch cultures. Amongst
the set of 18 S. cerevisiae hexose transporters (Hxt1-17 and Gal2), only the galactose
transporter Gal2 and, with much lower activities, Hxt9 and Hxt10 support L-arabinose
import (Kou et al. 1970, Subtil and Boles 2011). Gal2 has a high affinity for p-glucose and
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galactose but its affinity for L-arabinose is low (K = 57 — 371 mM) (Subtil and Boles 2011,
Knoshaug et al. 2015). Consequently, engineered strains in which L-arabinose transport
depends on Gal2 fail to grow at low L-arabinose concentrations (Subtil and Boles 2011).
Moreover, even when p-glucose-induced transcriptional repression of GAL2 (Horak and
Wolf 1997, Ozcan and Johnston 1999, Horak et al. 2002) is prevented, kinetic competition
prevents L-arabinose consumption by such strains in the presence of p-glucose.

So far, few heterologous L-arabinose transporters have been functionally expressed
and characterized in S. cerevisiae (Subtil and Boles 2011, Knoshaug et al. 2015, Li et al.
2015). In these previous studies, S. cerevisiae strains harbouring a functional L-arabinose
fermentation pathway but no native hexose transporters proved to be excellent platforms for
characterization of heterologous L-arabinose transporters. In such experiments, transporters
from the yeasts Scheffersomyces stipitis (SsAraT), Pichia guilliermondii (PgAxt1) and from
the plant Arabidopsis thaliana (AtStp2) were shown to support L-arabinose transport in
S. cerevisiae. These transporters exhibited K values of 0.13 — 4.5 mM but low transport
capacities, while also exhibiting severe p-glucose inhibition (Subtil and Boles 2011,
Knoshaug et al. 2015). Inhibition by p-xylose was only studied for PgAxt1, where it completely
blocked L-arabinose uptake (Knoshaug et al. 2015). Conversely, L-arabinose transporters
from the fungi Neurospora crassa (Lat-1) and Myceliophthora thermophilum (MtLat-1)
supported high-capacity, low-affinity (K =58 and 29 mM, respectively) L-arabinose uptake
and were also strongly affected by p-glucose inhibition (Li et al. 2015). The strong inhibition
of these transporters by p-glucose and/or p-xylose precludes the simultaneous utilization
of b-glucose and L-arabinose in S. cerevisiae strains depending on these transporters for
L-arabinose uptake.

The filamentous fungus P. chrysogenum and its genome have been intensively studied in
relation to its role in the production of B-lactam antibiotics (Van Den Berg et al. 2008, Van
den Berg 2011). P. chrysogenum is able to hydrolyse arabinoxylan to L-arabinose by its Axs5
extracellular arabinofuranohydrolase, followed by uptake and metabolism of L-arabinose as
a carbon and energy source (Chiang and Knight 1960, Chiang and Knight 1961, Sakamoto
etal. 2011). This ability implies the presence of one or more membrane transporters capable
of importing L-arabinose across the plasma membrane of this fungus.

The goal of this study was to explore the P. chrysogenum genome for L-arabinose
transporters that can be functionally expressed in S. cerevisiae and support p-glucose-
and p-xylose insensitive, high-affinity transport of L-arabinose. To this end, transcriptomes
of L-arabinose-, ethanol- and p-glucose-limited chemostat cultures of P. chrysogenum
were compared, and putative L-arabinose transporter genes were tested for their ability
to support L-arabinose transport upon expression in an S. cerevisiae strain engineered for
L-arabinose fermentation in which GAL2 had been deleted. A P. chrysogenum transporter
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identified in this screen, PcAraT, was subjected to more detailed analysis, including kinetic
sugar-uptake studies with radiolabelled substrates, in vivo studies on uptake inhibition, and
physiological studies with engineered S. cerevisiae strains in L-arabinose-limited chemostat
cultures.

Materials and Methods

Microbial strains, growth media and maintenance

All S. cerevisiae strains constructed and used in this study (Table 1) are derived from the
CEN.PK lineage (Entian and Kétter 2007). Yeast strains were grown on synthetic medium
(SM) (Verduyn et al. 1992) or on YP medium (10 g L' Bacto yeast extract, 20 g L' Bacto
peptone). For shake-flask cultures on synthetic medium, ammonium sulfate was replaced
with urea as nitrogen source to minimize acidification. The resulting SM-urea contained 38
mmol L' urea and 38 mmol L' K,SO, instead of (NH,),SO,.

SM and YP media were autoclaved at 121°C for 20 min, or filter sterilized using 0.2-um
bottle-top filters (Thermo Scientific, Waltham MA). Subsequently, synthetic media were
supplemented with 1 ml L' of a sterile-filtered vitamin solution (Verduyn et al. 1992).

SM, SM-urea and YP media were further supplemented with 20 g L' p-glucose or
L-arabinose, by adding concentrated solutions autoclaved at 110°C for 20 min, yielding
SMD or SMA, SMD-urea or SMA-urea and YPD or YPA, respectively. Yeast cultures
were grown in 100 mL medium in 500-mL shake flasks at 30 °C and at 200 rpm in an
Innova Incubator (New Brunswick Scientific, Edison NJ). Solid SMD, SMA, YPD and
YPA contained 1.5% Bacto agar and when indicated, 200 mg L' G418 (Invivogen, San
Diego CA). Solid medium with ethanol and glycerol as carbon source (YPEG, SMEG,
YPEG-G418) contained 2% ethanol and 3% glycerol. Selection and counter selection of
the amdSYM marker cassette were performed as described previously (Solis-Escalante
et al. 2013).

Escherichia coli strains were grown in 5 ml Lysogeny Broth (10 g L' Bacto tryptone, 5 g
L' Bacto yeast extract, 5 g L' NaCl) supplemented with 100 mg L' ampicillin in 25 ml
shake flasks at 37 °C and 200 rpm in an Innova 4000 shaker (New Brunswick Scientific).
Before storage at -80 °C, yeast and E. coli cultures were mixed with glycerol (30% v/v).
Penicillium chrysogenum DS17690 was kindly provided by DSM Anti-infectives (Delft, The
Netherlands) and grown in mineral medium (pH 5.5), containing 3.5 g (NH,),SO,, 0.8 g
KH,PO,, 0.5 g MgSO,-7H,0 and 10 ml of trace element solution (15 g L~ Na,EDTA-2H,0,
0.5 g L' Cu,SO,-5H,0,2 g L' ZnSO,-7H,0, 2 g L' MnSO,-H,0, 4 g L' FeSO,-7H,0,
and 0.5 g L' CaCl,-2H,0) per liter of demineralised water. The mineral medium was
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Table 1. Saccharomyces cerevisiae strains used in this study.

Strain Relevant genotype Reference
CEN.PK 113-7D  MATa URA3 HIS3 LEU2 TRP1 MAL2-8c SUC2 (Entian and Kotter
2007)
CEN.PK 113-5D  MATa ura3-52 HIS3 LEU2 TRP1 MAL2-8c SUC2 (Entian and Kotter
2007)
CEN.PK102-12A  MATa ura3-52 his3-D1 leu2-3,112 TRP1 MAL2-8c SUC2 (Entian and Kotter
2007)
IMX080 CEN.PK102-12A glk1::SpHis5, hxk1::KILEU2 (Solis-Escalante et al.
2015)
IMX581 CEN.PK113-5D can1::cas9-natNT2 (Mans et al. 2015)
IMX486 IMX080 gal1::cas9-AMDS This study
IMX604 IMX486 ura3-52 gre3::pTDH3-RPE1, pPGK1-TKL1, pTEF1- This study
TAL1, pPGIT-NQM1, pTPI1-RKI1, pPYK1-TKL2
IMX658 IMX604 ura3-52 gal80::(pTPI-AraA-tCYC1c)*9, pPYK-AraB- This study
tPGI1, pPGK-AraD-tTDH3
IMX660 IMX658 hxk2::KIURA3 This study
IMX728 IMX658 hxk2::PcaraT This study
IMX844 IMX660 gal2::KANMX This study
IMX869 IMX728 gal2::KanMX This study
IMX918 IMX581 gre3::pTDH3-RPE1, pPGK1-TKL1, pTEF1-TAL1, This study
pPPGI1-NQMT1, pTPI1-RKI1, pPYK1-TKL2
IMX928 IMX918 gal80::(pTPI-AraA-tCYC1)*9, pPYK-AraB-tPGl1, This study
PPGK-AraD-tTDH3
IMX929 IMX918 gal80::(pTPI-AraA-tCYC1)*9, pPYK-AraB-tPGlI1, This study
pPPGK-AraD-tTDH3, pUDE348
IMX1504 IMX928, gal2/, pUDR245 This study
IMX1505 IMX928 gal2::Pc13904640 (from pPWT111), pUDR245 This study
IMX1506 IMX928 gal2::Pc13908230 (from pPWT113), pUDR245 This study
IMX1507 IMX928 gal2::Pc16905670 (from pPWT116), pUDR245 This study
IMX1508 IMX928 gal2::pc20g0179 (PcaraT) (from pPWT118), pUDR246  This study
IMX1509 IMX928 gal2::Pc22914520 (from pPWT123), pUDR245 This study
DS68616 MATa, ura3-52, leu2-112, gre3::loxP, loxP-pTPI-TAL1, loxP- DSM, The
pTPI-RKI1, loxP-pTPI-TKL1, loxP-pTPI-RPE1, leu2::pADH1- Netherlands
XKS1-tCYC1-LEU2, ura3::URA3-pTPI1-XylA-tCYC1
DS68625 DS68616 his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- (Nijland et al. 2014)
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-
loxP
DS68625-PcaraT  DS68625, pRS313-PcaraT This study
DS68625-GAL2 DS68625, pRS313-GAL2 This study
DS68625-mcs DS68625, pRS313-mcs (empty) This study

supplemented with 7.5 g L' b-glucose. Precultivation for chemostat cultures was carried
out on mineral medium with 7.5 g L' p-glucose, 7.5 g L' L-arabinose, or 5.8 g L' ethanol
as carbon source.
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Molecular biology techniques

DNA fragments were amplified by PCR amplification with Phusion Hot Start Il High Fidelity
Polymerase (Thermo Scientific) and desalted or PAGE-purified oligonucleotide primers
(Sigma-Aldrich, St. Louis, MO) performed according to the manufacturers’ instructions.
Diagnostic PCR reactions were run with DreamTaq polymerase (Thermo Scientific).
Oligonucleotide primers used in this study can be found in Additional Table 1 that can
be found at https://doi.org/10.1186/s13068-018-1047-6. PCR products were separated
by electrophoresis on 1% (w/v) agarose gels (Thermo Scientific) in TAE buffer (Thermo
Scientific) and, if required, purified with a Zymoclean Gel DNA Recovery kit (Zymo
Research, Irvine, CA) or a GenElute PCR Clean-Up Kit (Sigma-Aldrich). Yeast or E. coli
plasmids were isolated with a Zymoprep Yeast Plasmid Miniprep Il kit (Zymo Research),
or a Sigma GenElute Plasmid kit (Sigma-Aldrich), respectively. A YeaStar Genomic DNA
kit (Zymo Research) or an SDS/lithium acetate protocol (Looke et al. 2011) was used to

isolate yeast genomic DNA. Yeast strains were transformed using the lithium acetate/
polyethylene glycol method (Gietz and Woods 2002). Single-colony isolates were
obtained from three consecutive re-streaks on selective solid agar plates, followed by
analytical PCR analysis of the relevant genotype. E. coli DH5a cultures were transformed
by chemical transformation (Inoue et al. 1990). After isolation, plasmids were verified by
restriction analysis and analytical PCR.

Plasmid construction

Plasmids used in this study are shown in Table 2. All synthesized gene expression cassettes
were constructed by GeneArt (Regensburg, Germany). Genes encoding the five putative
transporters Pc13g04640 [Genbank: CAP91533.1] Pc13g08230 [Genbank: CAP91892.1],
Pc16g05670 [Genbank: CAP93237.1], Pc20g01790 (PcaraT)Genbank: CAP85508.1],
Pc22g14520 [Genbank: CAP98740.1] were codon-pair optimized (Roubos and Van Peij
2008) for expression in S. cerevisiae and cloned into the plasmid pPWTO007 (Klaassen et
al. 2013) resulting in pPWT111, 113, 116, 118 and 123 respectively, harbouring each an
expression cassette consisting of the ADH1 promoter, the codon-optimized open-reading
frame of a putative transporter gene, and the PMAT terminator. Expression cassettes for
the coding regions of L. plantarum L-arabinose isomerase araA [Genbank: OD0O63149.1],
L-ribulose kinase araB [Genbank: ODO63147.1] and L-ribulose-5P epimerase araD
[Genbank: ODO63148.1] were codon optimized according to the glycolytic codon
preference in S. cerevisiae (Wiedemann and Boles 2008) and provided by GeneArt in
pMK-RQ based cloning vectors named, pUDE354, pUDE355 and pUDES356, respectively.
The episomal plasmids used to express guide RNAs (gRNAs) were constructed from PCR
amplified fragments that were ligated using the Gibson Assembly Cloning Kit (New England
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Table 2. Plasmids used in this study.

Plasmid Characteristic Source
p414-TEF1p- CEN6/ARS4 ampR pTEF1-cas9-tCYC1 (DiCarlo et al. 2013)
Cas9-CYC1t
pUG- Template for amdSYM marker (Solis-Escalante et al.
amdSYM 2013)
pUG-72 Template for KIURA3 marker (Gueldener et al. 2002)
pUG6 Template for KanMX marker (Guldener et al. 1996)
pUDE327 2 pm, KIURA3, pSNR52-gRNA.HXK2.Y (Kuijpers et al. 2016)
pUDE335 2 uym, KIURAS, pSNR52-gRNA.GRE3.Y (Verhoeven et al. 2017)
pUDE348 2 um, KIURA3, pSNR52-gRNA.GALS80.Y This study
pUDR246 2 pm, KIURA3, pSNR52-gRNA.GAL2.Y pSNR52-gRNA. This study
GAL2.Y
pUDR245 2 pm, KIURA3, pSNR52-gRNA.GAL2.Y pSNR52-gRNA. This study
GAL2.Y
pMEL10 PSNR52-gRNA.CAN1.Y-tSUP4 (Mans et al. 2015)
pROS10 2 pm, KIURA3, pSNR52-gRNA.CAN1.Y pSNR52-gRNA. (Mans et al. 2015)
ADE2.Y
pUD344 pJET1.2Blunt TagA-pPGI1-NQM1-TagB (Verhoeven et al. 2017)
pUD345 pJET1.2Blunt TagB-pTPI1-RKI1-TagC (Verhoeven et al. 2017)
pUD346 pJET1.2Blunt TagC-pPYK1-TKL2-TagF (Verhoeven et al. 2017)
pUD347 pJET1.2BluntTagG-pTDH3-RPE1-TagH (Verhoeven et al. 2017)
pUD348 pJET1.2Blunt TagH-pPGK1-TKL1-Tagl| (Verhoeven et al. 2017)
pUD349 pJET1.2Blunt Tagl-pTEF1-TAL1-TagA (Verhoeven et al. 2017)
pUD405 pJET1.2Blunt Gal2-flanked KanMX This study
pPWT111 ampR KanMX, amdSYM, pADH1-Pc13g04640-tPMA1 This study
pPWT113 ampR KanMX, amdSYM, pADH1-Pc13g08230-tPMAT This study
pPWT116 ampR KanMX, amdSYM, pADH1-Pc16g05670-tPMAT This study
pPWT118 ampR KanMX, amdSYM, pADH1-Pc20g01790 (PcaraT)- This study
tPMA1
pPWT123 ampR KanMX, amdSYM, pADH1-Pc22g14520-tPMAT This study
pUD354 pMK-RQ-pTPI1-araA-tADH3 This study
pUD355 pMK-RQ-pPYK1-araB-tPGI1 This study
pUD356 pMK-RQ-pPGK1-araD-tTDH3 This study
pRS313-mcs CEN6, ARSH4, HIS3-pHXT7, tHXT7 (Nijland et al. 2014)
pRS313- CENS6, ARSH4, HIS3, ampR, pHXT7-PcaraT-tHXT7 This study
PcaraT
pRS313-GAL2  CENG6, ARSH4, HIS3, ampR, pHXT7-GAL2-tHXT7 This study

Biolabs, Ipswich, MA). gRNA plasmids pUDR246 and pUDR245 were constructed using
pROS10 as a template (Mans et al. 2015), with oligonucleotide primers listed in Additional
Table 1 that can be found at: https://doi.org/10.1186/s13068-018-1047-6. pUDE348 was
derived from pMEL10 by first PCR amplifying the plasmid backbone using primers 5792-

5980.

The gRNA sequence was introduced in the gRNA expression cassette with primers 6631-
5979 using pMEL10 (Mans et al. 2015) as a template. Subsequently, both fragments were
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combined using the Gibson Assembly Cloning kit. pUD405 was obtained by integration of
a Gal2-flanked KanMX cassette obtained from pUG6 with primers 944 & 945 into a pJET1.2
blunt vector according to the manufacturers’ instructions. Construction of the low-copy-
number centromeric plasmid pRS313-mcs was described previously (Nijland et al. 2014).
GAL2 was amplified from genomic DNA of S. cerevisiae DS68616 (Nijland et al. 2014) and
PcaraT was amplified from plasmid pPWT118 using primers F GAL2 Xbai & R GAL2 Cfr9i
and primers F PcaraT Xbai & R PcaraT Cfr9i, respectively and cloned into pRS313-mcs,
resulting in plasmids pRS313-PcaraT & pRS313-GAL2.

Strain construction

Gene expression cassettes were PCR amplified with oligonucleotide primers listed in
Additional Table 1 (https://doi.org/10.1186/s13068-018-1047-6) and genomic DNA
of CEN.PK113-7D or plasmids described in Table 2. Gene knock-outs and construct
integrations were introduced with a chimeric CRISPR/Cas9 editing system (Mans et al.
2015). To enable CRISPR/Cas9 mediated editing in strain IMX080, the SpCas9 expression
cassette was amplified from p414-pTEF1-cas9-tCYC1 (Addgene plasmd # 43802) and
integrated into the GAL1 locus via in-vivo assembly, together with the amdSYM marker,
yielding strain IMX486.

For overexpression of the non-oxidative pentose-phosphate pathway (PPP), IMX486
and IMX581 were co-transformed with gRNA plasmid pUDE335 and repair fragments
flanked with either 60 bp homologous to GRE3 or with synthetic tags (Kuijpers et al. 2013)
assisting homologous recombination of the PPP expression cassettes (gre3,, ,-pTDH3-
RPE1- TagH, TagH-pPGK1-TKL1-Tagl, Tagl-pTEF1-TAL1-TagA, TagA-pPGI1-NQM1-
TagB, TagB-pTPI1-RKI1-TagC, TagC-pPYK1-TKL2-gre3,, ). After counter selection of the
URA3-based plasmid pUDES35, the resulting strains, IMX604 and IMX918, respectively,
were co-transformed with pUDE348 and repair fragments flanked with either 60 bp
homologous to GAL80 or with synthetic tags (Kuijpers et al. 2013) (GAL80,, ,-pTPI1-araA-
TagG, TagG-pTPl1-araA-TagA, TagA- pTPl1-araA-TagB, TagB-pTPI1-araA-TagC, TagC-
pTPI1-araA-TagD, TagD-pTPl1-araA-TagM, TagM-pTPI1-araA-TagN, TagN-pTPI1-araA-
TagO, TagO-pTPI1-araA-Tagl, Tagl-pPYK1-araB-TagK, TagK-pPGK1-araD-GAL80,, )
resulting in nine copies of araA and a single copy of araB and araD integrated in the GAL80
locus. After verification of the resulting strains IMX929 and IMX658, respectively, plasmid
pUDE348 was counter selected in IMX929 to yield strain IMX928. Disruption of HXK2 in
IMX658 was done by PCR-amplification and transformation of the KIURA3-based deletion
cassette from pUG-72 (Gueldener et al. 2002) to obtain strain IMX660 upon transformation
and plating in solid SMA. GAL2 was disrupted in IMX660 by transformation with a KanMX
cassette amplified from pUD405 with primers 944 & 945 flanked with 60 bp homologous
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to GAL2. Transformants were incubated for 2 h in YPE before plating on YPEG-G418,
yielding strain IMX844.

Expression of PcaraT in IMX658 was achieved by transforming IMX658 with the gRNA
plasmid pUDES327 together with an expression cassette of PcaraT (pADH1-PcaraT-tPMA1)
with flanking regions homologous to the HXK2 locus amplified with the primer pair 7660 &
7676. Counter selection of the pUDE327 and subsequent transformation of a DNA fragment
derived from CEN.PK113-7D using primers 2641-1522 repaired uracil auxotrophy and
resulted in strain IMX728. GAL2 was disrupted in IMX728 by transformation with a KanMX
cassette amplified from pUD405 with primers 944 & 945 flanked with 60 bp homologous
to GAL2. Transformants were incubated for 2 h in YPE before plating on YPEG-G418,
yielding strain IMX869. Strains IMX1505-1509 were constructed by co-transforming
pUDR245 or pUDR246 and a GAL2-flanked expression cassette (pADH1-ORF-tPMAT1)
amplified from pPWT111, 113, 116, 118 or 123, respectively, amplified with the primer
pair 10585 & 10584. IMX1504, harbouring a knockout of GAL2, was constructed by co-
transforming pUDR245 and a repair fragment based on the annealed primers 9563 and
9564. Transformation of GAL2 and PcaraT plasmids, and the pRS313-mcs plasmid (as
an empty plasmid/control) into the hexose transporter deletion strain DS68625 yielded
strains DS68625-GAL2, DS68625-PcaraT, and DS68625-mcs.

Growth experiments in shake flasks

Thawed 1 ml aliquots from frozen stock cultures were used to inoculate shake-flask
precultures on SM-urea supplemented with either p-glucose (20 g L), L-arabinose (20
g L"), or both sugars (both 20 g L"). These precultures were used to inoculate a second
culture, which was subsequently used to inoculate a third culture, which was inoculated
at an initial OD,, of 0.1 and used to monitor growth. Optical densities at 660 nm were
measured with a Libra S11 spectrophotometer (Biochrom, Cambridge, United Kingdom).

Maximum specific growth rates (u__) were derived from at least four consecutive data

I'T'IaX)

points derived from samples taken during the exponential growth phase of each culture.

Spot plates

L-arabinose metabolising S. cerevisiae strains expressing putative P. chrysogenum
L-arabinose transporter genes (IMX1504-1509) were grown on SMD medium and a total
number of approximately 104, 108, 102, and 10" cells were spotted on duplicate agar plates
as described previously (Van Rossum et al. 2016, Bracher et al. 2017) containing either 20
g L' L-arabinose or p-glucose as carbon source (pH 6). Cell numbers were estimated from
calibration curves of OD,, versus cell counts determined with an Accuri flow cytometer
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(Becton Dickinson B.V., Breda, The Netherlands), derived from exponentially growing
shake-flask cultures of S. cerevisiae CEN.PK113-7D on SMD medium. SMA and SMD
plates were incubated at 30 °C for 97 and 41 h, respectively.

Chemostat cultivation

Aerobic carbon-limited chemostat cultures of P. chrysogenum were grown at 25 °C in 3-L
turbine-stirred bioreactors (Applikon, Schiedam, The Netherlands) with a working volume
of 1.8 L and a dilution rate of 0.03 h' as described previously (Harris et al. 2009), with the
exception that, in addition to cultures grown on 7.5 g L' p-glucose, chemostat cultures
were also grown on either 7.5 g L' L-arabinose or 5.8 g L' ethanol. Aerobic, L-arabinose-
limited chemostat cultures of S. cerevisiae were grown at 30 °C in 2-L Applikon bioreactors
with a working volume of 1 L and at a dilution rate of 0.05 h''. SMA (7.5 g L' L-arabinose)
supplemented with 0.15 g L' antifoam Pluronic PE 6100 was used as culture medium
for the initial batch phase and for chemostat cultivation, with the exception of the initial
batch phase of strain IMX929 which was grown on 20 g L' L-arabinose. Cultures were
stirred at 800 rpm, kept at pH 5.0 by automatic addition of 2 M KOH, and sparged with
0.5 L min~"air. Upon completion of the batch phase, chemostat cultivation was initiated,
ensuring a constant culture volume with an electric level sensor. When after at least five
volume changes, biomass dry weight and CO, production varied by less than 2% over
two consecutive volume changes, the culture was considered to be in steady state.

Analytical methods

P. chrysogenum biomass dry weight was determined in duplicate by filtration of 10
mL culture sample over pre-weighed glass fibre filters (Type A/E, Pall Life Sciences,
Hoegaarden, Belgium). After filtration, filters were washed with demineralised water
and dried for 10 min at 600 W in a microwave oven (Bosch, Stuttgart, Germany) prior to
reweighing. Biomass dry weight in S. cerevisiae culture samples was determined with a
similar procedure using nitrocellulose filters (0.45 pm pore size; Gelman Laboratory, Ann
Arbor, MI) and drying for 20 min in a microwave oven at 360 W output. Optical density
(OD) of the cultures was determined at 660 nm with a Libra S11 spectrophotometer
(Biochrom, Cambridge, United Kingdom). Determination of CO, and O, concentrations
in the bioreactor exhaust gas and HPLC analysis of metabolite concentrations in culture
supernatant samples were performed as described previously (Verhoeven et al. 2017).
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Sampling, RNA extraction, microarrays analysis, and data analysis

Samples (60 mL) from P. chrysogenum chemostat cultures were rapidly filtered over a glass
fibre filter (Type A/E, Pall Life Sciences) and further processed for total RNA extraction by
phenol-chloroform extraction (Harris et al. 2009). The cRNA sample preparation (CDNA
synthesis, purification, in vitro transcription, labelling, purification, fragmentation and
biotinylation) was performed according to Affymetrix recommendations (Van Den Berg et
al. 2008). Eventually cRNA samples were hybridized onto custom-made P. chrysogenum
GeneChip microarrays (array code DSM_PENa520255F). Data Acquisition, hybridization,
quantification of processed array images, and data filtering were performed using the
Affymetrix GeneChip Operating Software (GCOS version 1.2).

Global array normalization was performed by scaling the global fluorescence intensity
of each microarray to 100. The scaling factors of the individual arrays were highly similar
and ranged from 0.21 to 0.35. Subsequently, significant variations in expression were
statistically estimated by comparing replicate array experiments using the Significance
Analysis of Microarray software (SAM version 2.0) (Tusher et al. 2001) with the multiclass
setting. A false discovery rate of 1% was applied to minimize the chance of false positive
hits. Genes with an over 3-fold higher transcript level in arabinose-grown cultures than
in p-glucose-grown cultures and a less than 3-fold difference in ethanol- and p-glucose-
grown cultures were deemed to show arabinose-specific expression. Transcriptome
data of strain DS17690 grown on Dp-glucose, ethanol or arabinose are accessible at
NCBI Genome Omnibus database [https://www.ncbi.nim.nih.gov/geo/] under accession
number GSE12632, GSE24212, and GSE10449, respectively (Harris et al. 2009).

Analysis of sugar uptake kinetics

Uptake experiments with ['“C] L-arabinose, ['“C] p-xylose, or ['*C] p-glucose, labelled at
the first carbon atom (50-60 mCi/mmol) (ARC St. Louis, MO), were performed with S.
cerevisiae hexose transporter deletion strains (DS68625) harbouring a low copy plasmid
with constitutively expressed PcaraT (pRS313-PcaraT) or GAL2 (pRS313-GAL2). The
experimental workflow was carried out as described previously (Nijland et al. 2014) with
[“C] L-arabinose concentrations of 0.5 to 2000 mmol L, [*C] p-xylose concentrations
of 0.5 to 500 mM, or ['“C] p-glucose concentrations of 0.1 to 500 mmol L. Transport
competition experiments were carried out in the presence of 50 mmol L' ["*C] L-arabinose
and 0 to 500 mmol L' p-glucose or p-xylose, and at ['“C] L-arabinose concentration of 2
mmol L' together with increasing p-glucose and xylose concentrations of 0 to 20 mM.
Maximum biomass-specific transport rates (‘V__ ') calculated from transport assays were
expressed as nmol sugar transported per mg biomass dry weight per minute [nmol (mg
biomass)™ min"]. AsthisV__ isinfluenced by the expression level of the relevant transporter,
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it is not solely dependent on intrinsic transporter kinetics. The impact of proton-gradient
uncoupling on transport activity was determined in 200 pl synthetic medium at a [*“C]-
L-arabinose concentration of 2 mmol L, by comparing transport rates upon addition of
either 10 pmol L' CCCP (0.5 pl of a stock solution dissolved in 100% DMSO), 0.5 pL
DMSO (control), or 0.5 L water.

Phylogenetic methods
Protein sequences used for generation of a phylogenetic tree were derived from NCBI

(https://www.ncbi.nim.nih.gov/) and the Saccharomyces Genome Database (https://
www.yeastgenome.org/). Mafft was used to generate a CLUSTAL format alignment of
all sequences, using the L-INS-i method default settings (https://mafft.cbrc.jp/alignment/
server/) (Katoh et al. 2005, Katoh et al. 2017). Alignments were further processed using
neighbour-joing and a 500-times bootstrap. The resulting Newick tree file was visualized
and midpoint rooted in iTOL (https://itol.embl.de/) (Letunic and Bork 2016). Gene
accession numbers were: SCGAL2: P13181, PcaraT: CAP85508, SsaraT: XP_001382755,
Atstp2: OAP13698, Kmaxt1: GZ791039, Pgaxt1: GZ791040, Amlat1: AY923868, Amlat2:
AY923869, Nclat-1: EAA30346, Mtlat-1: XP_003663698.

Results

Chemostat-based transcriptome analysis of Penicillium chrysogenum for identifica-
tion of possible L-arabinose transporter genes

Filamentous fungi exhibit a much broader range of carbon source utilization than S.
cerevisiae and, similar to many other ascomycetous fungi, P. chrysogenum can grow
on L-arabinose as sole carbon source (Chiang and Knight 1961, Sakamoto et al. 2003).
To identify candidate structural genes for L-arabinose transporters in P. chrysogenum,
carbon-limited chemostat cultures of strain DS17690 were grown at a dilution rate of 0.03
h'on different carbon sources. To discriminate between alleviation of carbon repression
and L-arabinose induction, duplicate b-glucose-, L-arabinose-, and ethanol- limited
chemostat cultures were performed. RNA was extracted from steady-state cultures and
gene expression levels were obtained using Affymetrix DNA-arrays (Harris et al. 2009).
A total of 540 genes were differentially expressed over the three conditions. Of these
differentially expressed genes, 137 exhibited an over 3-fold higher transcript level in
L-arabinose-limited cultures than in p-glucose-limited cultures, as well as a less than
three-fold difference in transcript level between ethanol- and p-glucose-limited cultures
(Additional Figure 5). Genes whose transcript levels in L-arabinose- and ethanol-limited
cultures were both at least 2-fold higher than in p-glucose-grown cultures were not
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Table 3. Putative transporter genes that showed higher relative transcript levels in aerobic, L-arabinose-
limited chemostat cultures of Penicillium chrysogenum than in corresponding p-glucose- and ethanol-
limited cultures. P. chrysogenum DS1769 was grown in L-arabinose-, b-glucose-, or ethanol-limited chemostat
cultures (dilution rate = 0.03 h™', pH 6.5, T = 25 °C). Genes indicated in bold were selected for further analysis,
based fold higher transcript level in L-arabinose-limited cultures than in p-glucose-limited cultures. Data
represent average + mean deviation of globally scaled (target 100) Affymetrix microarrays for independent

duplicate chemostat cultures.

Relative transcript levels under different nutrient

limitations
Ethanol L-Arabinose
Gene Strong similarity to Glucose L-Arabinose Ethanol / /
glucose glucose

Pc13g08230 S. cerevisiae maltose 13 +1 664 + 3 17 £1 1.4 53
transport protein Mal31

Pc169g05670  Neurospora crassa 63 + 28 3176 + 40 69 +1 1.1 51
glucose transporter
rco-3

Pc20g01790  Kluyveromyces lactis 32+6 1415 + 42 46+ 3 1.4 44

(PcaraT) high-affinity glucose
transporter HGT1

Pc22g14520  S. cerevisiae allantoate 19+2 770 = 104 28 +1 15 41
permease Dal5

Pc139g04640 K. lactis high-affinity 29+5 971 + 32 53+7 1.8 34
glucose transporter
HGTA

Pc21g10190 K. lactis high-affinity 12 +1 167 + 26 12 +1 1.0 14
glucose transporter
HGTA

Pc12g00190 Candida albicans ABC 13+2 164 + 24 29+2 2.2 12
transporter CDR4

Pc14g01680 Escherichia coli .-fucose 106 + 14 1269 +172 68 +1 0.64 12.0
permease fucP

Pc21g12210 Aspergillus nidulans 12+0 118 + 1 12 +1 1 9.8
quinate transport protein
qutD

Pc06g01480 S. cerevisiae maltose 459 +85 3551 +102 226+3 05 7.7
transport protein Mal31

Pc13g10030 S. cerevisiae high- 125+25 827 +33 2163 1.7 6.6
affinity nicotinic acid
permease Tnal

Pc21g09830 K. lactis high-affinity 185+ 9 842 +1 126 +3 0.68 4.6
glucose transporter
HGTA

Pc16g02680 S. cerevisiae allantoate 80 +29 360 + 14 113+6 14 4.5
permease Dal5

Pc12g05440 S. cerevisiae maltose 596 + 2633 + 64 104+8 0.17 4.4
transport protein Mal31 201

Pc13g15590 S. cerevisiae glucose 12 +1 48.0+1.0 12 +1 1 4.0
permease Rgt2

Pc13g06440 S. cerevisiae high- 66 + 23 225 + 11 48 +5 0.73 3.4

affinity nicotinic acid
permease Tnal
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considered for further analysis as their regulation could have reflected unspecific p-glucose
(de)repression.

An annotation screen indicated that 16 of the identified ‘arabinose-induced’ genes encoded
putative transporters, whose transcript levels were 3.4 to 52-fold higher in the L-arabinose-
limited cultures than in the p-glucose-limited cultures (Table 3). Five of these genes,
whose transcript levels were at least 30-fold higher in L-arabinose-limited cultures than
in p-glucose-limited cultures, shared similarity with the S. cerevisiae maltose transporter
Mal31, the Neurospora crassa p-glucose transporter Rco-3, the Kluyveromyces lactis
high-affinity p-glucose transporter Hgt1 and the S. cerevisiae allantoate transporter Dal5.
These five transporter genes (Pc13g08230, Pc16g05670, Pc20g01790, Pc22g14520, and
Pc13g04640, respectively) were selected for further functional analysis.

PcAraT: A P. chrysogenum L-arabinose transporter that can be functionally expressed
in S. cerevisiae

S. cerevisiae strains in which HXT transporter genes have been deleted and which
express heterologous pathways for pentose metabolism have proven to be powerful
platforms for screening and characterization of heterologous pentose transporter genes
(Subtil and Boles 2011, Knoshaug et al. 2015, Sloothaak et al. 2016). To enable screening
for P. chrysogenum L-arabinose transporters, S. cerevisiae strains were first engineered
for L-arabinose consumption. Using CRISPR/Cas9-mediated in-vivo assembly (Mans
et al. 2015), the overexpression cassettes for all structural genes involved in the non-
oxidative pentose-phosphate pathway (TAL1, NQM1, TKL1, TKL2, RKI1, RPET) were
stably integrated into the GRES locus, thereby inactivating synthesis of the Gre3 aldose
reductase. Subsequently, nine copies of an expression cassette for overexpression of
codon-optimized Lactobacillus plantarum L-arabinose isomerase AraA and single copies
of L. plantarum AraB (L-ribulokinase) and AraD (L-ribulose-5-phosphate-4-epimerase)
expression cassettes were integrated into the GAL80 locus, using a strain-construction
strategy previously described for expression of a p-xylose pathway into S. cerevisiae
(Verhoeven et al. 2017). This integration inactivated GAL80 and thereby alleviated
transcriptional repression by p-glucose of GAL2, which encodes the major L-arabinose
transporter in S. cerevisiae (Torchia et al. 1984, Tani et al. 2016). The resulting strain
IMX929 was able to grow in liquid media supplemented with L-arabinose as sole carbon
source and was used as a platform strain to test if any of the five selected putative P.
chrysogenum transporter genes, placed under the control of the constitutive ADH1
promoter, could support L-arabinose transport in S. cerevisiae.

To this end, single copies of codon-optimized expression cassettes were integrated into the
GAL2 locus of the L-arabinose metabolizing S. cerevisiae strain IMX928, a uracil auxotrophic
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daughter strain of IMX929, thereby inactivating the GAL2 gene. Consistent with previous
studies (Subtil and Boles 2011, Knoshaug et al. 2015), inactivation of GAL2 in strain IMX928
yielded a strain (IMX1504) that was unable to grow on SMA plates (Figure 1). All five
strains in which GAL2 had been replaced by putative P. chrysogenum transporter genes
(IMX1505-1509) showed vigorous growth on SMD plates. However, only strain IMX1508,
which expressed the P. chrysogenum gene Pc20g01790, showed growth on L-arabinose
(Figure 1). Based on this observation, Pc20g01790 was designated PcaraT (P. chrysogenum
Arabinose Transporter). A Blast-p search revealed strong homology of Pc20g01790 with
the K. lactis gene HGT1, which encodes a high-affinity p-glucose and galactose transporter
(Billard et al. 1996, Baruffini et al. 2006).

PcaraT encodes a high-affinity, high-specificity L-arabinose transporter

Sugar transport kinetics of PcAraT were analysed using '“C-labelled L-arabinose, p-xylose
and p-glucose. To dissect transporter kinetics of PcAraT and Gal2, their structural genes
were separately expressed in S. cerevisiae DS68625 (Nijland et al. 2014). Each gene was
introduced on a centromeric plasmid and expressed from the HXT7 promoter. In strain
DS68625, the major hexose transporter genes (HXT7-7 and GAL2) are deleted, while its
inability to metabolize L-arabinose enables the specific analysis of sugar uptake rather than
the combination of radioactive sugar uptake and metabolism. The negative control strain
DS68625-mcs (DS68625 transformed with the ‘empty’ centromeric plasmid pRS313-

SMD

CEN.PK113-7D

IMX 1504 (gal24)

IMX1505 (Pc13g04640)

IMX1506 (Pc13g08230)

IMX1507 (Pc16g05670)

IMX1508 (Pc20g01790 /
PcAraT)

IMX 1509 (Pc22914520)

Figure 1. Impact of the expression of putative P. chrysogenum sugar transporter genes in an L-arabinose
metabolizing S. cerevisiae strain in which GAL2 was deleted. Strains were pregrown on liquid SMD and
spotted on plates containing 20 g L' b-glucose (SMD, left) or L-arabinose (SMA, right) as carbon source. Codes
on left hand side indicate S. cerevisiae strain names and, in brackets, the systematic name of the corresponding
over-expressed P. chrysogenum gene. CEN.PK113-7D is a control strain that was not engineered for L-arabinose
metabolism. SMD and SMA plates were incubated at 30 °C for 47 and 91 h, respectively. The experiment was
performed in duplicate, data shown are from a single representative experiment.
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mcs) did not show significant [“C] L-arabinose uptake, while expression of either Gal2 or
PcAraT (strains DS68625-GAL2 and DS68625-PcaraT, respectively) restored L-arabinose
transport (Table 4).

In kinetic analyses, the K of PcAraT for L-arabinose (0.13 mmol L"), was found to be three
orders of magnitude lower than that of Gal2 (335 mmol L"), while its transport capacity (V. )
was 14-fold lower than that of Gal2 (5.3 and 75 nmol (mg biomass)*' min-', respectively)
(Table 4). PcAraT was found to be highly L-arabinose specific, as its expression in strain
DS68625 did not support transport of either ['“C] b-glucose or ['C] p-xylose. Consistent with
earlier reports (Subtil and Boles 2011, Knoshaug et al. 2015), expression of Gal2 in strain
DS68625 enabled transport of b-glucose (K_=1.9mmol L', V__ =26 nmol (mg biomass)"
min™', while Gal2 has previously been shown to enable low-affinity b-xylose transport (K
=226 mmol L'; (Farwick et al. 2014)).

The impact of the presence of p-glucose and p-xylose on L-arabinose transport by Gal2
and PcAraT was investigated in transport assays with 50 mmol L' ["*C] L-arabinose and
increasing concentrations of non-radioactive p-glucose or p-xylose. In these assays,
both transporters exhibited a reduced L-arabinose transport capacity in the presence of
p-glucose or p-xylose (Table 4, Additional Figure 1). At a concentration of 100 mmol L'
(i.e., twice the concentration of L-arabinose), b-xylose and p-glucose inhibited L-arabinose
uptake rate via Gal2 by 29 and 85%, respectively. In contrast, L-arabinose transport via
PcAraT was less impaired at this concentration of p-xylose and, especially, p-glucose
(22 and 63% inhibition, respectively). To study the transport mechanism of PcAraT, the
impact of the protonophore uncoupler CCCP on transport kinetics was tested. Transport

Table 4. Kinetic data for the S. cerevisiae transporter Gal2 and P. chrysogenum PcAraT derived from
uptake studies with “C-labelled L-arabinose, p-glucose, and p-xylose. Sugar transport kinetics were
measured by uptake of “C-radiolabelled sugars by S. cerevisiae DS68625, an engineered strain lacking the
Hxt1-7 and Gal2 transporters, expressing either GAL2 or PcaraT. Transport inhibition was determined at 50
mmol L [*“C] L-arabinose and 100 mmol L of either p-glucose or p-xylose and expressed relative to the
transport rate observed in the absence of p-xylose or p-glucose. Values are represented as average + mean
deviation of duplicate experiments. Graphs used to calculate kinetic parameters are shown in Additional
Figures 3-6. ARA = L-arabinose; GLC = p-glucose; XYL = p-xylose.

Gal2 PcAraT
Ko, ara [Mmol L] 335 =+ 21 0.13+0.03
Vmax, ARA [anI (mg biomass)" minr1] 75 +5.2 5.3+0.2
K. Lo [mmol L] 1.9 _
V. ax. oo [NMoOl (Mg biomass)™ min”] 26 -
L-arabinose transport inhibition by glucose 85% 63%
K., xv [mmol L] 226 (Farwick et al. 2014) -
Ve, s [NMoOl (Mg biomass)™ min-J* 91 (Farwick et al. 2014) -
L-arabinose transport inhibition by p-xylose 29% 22%
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of L-arabinose via Gal2, which mediates facilitated diffusion of sugars (Maier et al. 2002),
was not affected by CCCP, while this uncoupler completely abolished transport via PcAraT
(Additional Figure 5). These results indicate that PcAraT mediates proton-coupled import
of L-arabinose.

Functional expression of PcaraT in an L-arabinose-fermenting S. cerevisiae strain
enables L-arabinose consumption in the presence of p-glucose

The ability to transport L-arabinose in the presence of p-glucose is a highly relevant
characteristic in the construction of platform S. cerevisiae strains for conversion of
lignocellulosic hydrolysates (Jansen et al. 2017). To investigate whether expression of
PcaraT can confer this ability, a set of three strains was constructed that (i) could not
metabolize p-glucose due to the deletion of HXK1, HXK2, GLK1 and GALT [20, 62] (i)
(over)expressed non-oxidative PPP enzymes and the L. plantarum AraA, AraB and AraD
genes to enable L-arabinose metabolism, and (jii) had different genotypes with respect
to L-arabinose transport (GAL2, PcaraT/gal2A and gal2A in strains IMX660, IMX869
and IMX844, respectively). Since these ‘arabinose specialist strains’ cannot grow on
p-glucose, the impact of the presence of b-glucose on L-arabinose metabolism can be
directly measured via its effect on growth.

As anticipated, strain IMX844 (gal2/\) was unable to grow on synthetic medium supplemented
with either 20 g-L~" L-arabinose or a mix of 20 g-L~" of each, L-arabinose and p-glucose. In
contrast, the L-arabinose specialist strains IMX660 (GAL2) and IMX869 (PcaraT/gal2A) grew
on synthetic medium with L-arabinose as the sole carbon source at specific growth rates
of 0.240 + 0.001 h''and 0.099 + 0.001 h™, respectively (Figure 2A). However, when 20 g
L' p-glucose was added to the L-arabinose medium, strain IMX660 (GAL2) did not show
growth during a 120 h batch cultivation experiment (Figure 2B), while strain IMX869 (PcaraT/
gal2A) grew at 60% of the specific growth rate observed in the absence of p-glucose (u =
0.057 £ 0.003 h" versus 0.099 + 0.001 h™', Figure 2B). This result indicated that expression
of PcAraT in strain IMX869 enabled uptake of L-arabinose in the presence of p-glucose.

Low residual substrate concentrations in chemostat cultures confirm high-affinity
L-arabinose transport kinetics of PcAraT

To further evaluate the in vivo impact of L-arabinose transport via PcAraT, biomass-specific
L-arabinose consumption rates and residual substrate concentrations were analysed in
L-arabinose-limited, aerobic chemostat cultures, grown at a dilution rate of 0.05 h-'.

Under these conditions, the L-arabinose-metabolizing strain IMX1508 (PcaraT/gal2A)
exhibited a residual L-arabinose concentration of only 4.2:10°g L', compared to 1.8 g L™
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p=0.1h"

0 25 50 75 100 0 25 50 75 100

Time [h] Time [h]

Figure 2. Growth curves of S. cerevisiae L-arabinose specialist strains, engineered for L-arabinose
consumption and disabled for p-glucose consumption by deletion of the hexose kinase genes HXK1,
HXK2, GLK1 and GAL1, and expressing either GAL2 (IMX660, filled circles) or the P. chrysogenum
transporter PcAraT (IMX869, open circles) as the sole L-arabinose transporter. To assess the ability of
Gal2 and PcAraT to support import of L-arabinose by growing cultures in absence (A) and presence (B) of
p-glucose, specific growth rates were estimated from shake-flask cultures on synthetic media supplied with 20
g L' L-arabinose (A) and on synthetic media supplied with L-arabinose and d-glucose (20 g L' each, (B)).

in cultures of strain IMX929 (GAL2) (Table 5). In these growth experiments, different
promoters were used for expression of PcaraT and GAL2 (pADH1 and derepressed
pGAL2, respectively). However, while this may moderately affect expression levels of the
two transporters, this cannot explain the over 1000-fold difference in residual L-arabinose
concentration. This difference was entirely consistent with the conclusion from the kinetic
analyses of “C-L-arabinose uptake, in which both transporter genes were expressed from
the same promoter (pHXT7) and which also indicated that PcaraT encodes an L-arabinose
transporter with a much higher affinity for L-arabinose than Gal2. In shake-flask batch
cultures grown on an initial L-arabinose concentration of 7.5 g L, these strains exhibited
initial specific growth rates of 0.085 h' and 0.13 h', respectively. Based on this observation
and on the high K  of Gal2 for L-arabinose (Subtil and Boles 2011, Subtil and Boles 2012),

Table 5. Physiological data derived from steady-state chemostat cultures of engineered, L-arabinose-
metabolizing S. cerevisiae strains. Strains expressing either GAL2 (IMX929) or PcaraT (IMX1508) as sole
functional L-arabinose transporter were grown in aerobic, L-arabinose-limited chemostat cultures (7.5 g L™
L-arabinose, dilution rate = 0.05 h™', pH 5, T = 30 °C). Data are derived from independent triplicate experiments
and presented as average + mean deviation.

IMX929 (GAL2) IMX1508 (PcaraT)
Residual L-arabinose [g L] 1.77 £ 0.19 0.004 + 0.002
Y, [0 biomass (g L-arabinose)~'] 0.48 + 0.06 0.40 + 0.01
9 Laravinose [MMol g7 b7 0.70 £ 0.10 0.80 + 0.08
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this study), the in vivo activity of PcAraT can be expected to exceed that of Gal2 when
L-arabinose concentrations are below ca. 4 g L.

In duplicate steady-state chemostat cultures, the biomass-specific L-arabinose consumption
rate of strain IMX1508 (PcaraT) was approximately 14% higher than the one of strain IMX929
(GAL2; 0.8 £ 0.1 and 0.7 = 0.1 mmol g h*"), reflecting the slightly lower biomass yield of
the former strain. This difference in biomass yield is close to the difference of 8.1% that,
based on published estimates of the P/O ratio and proton stoichiometry of the plasma-
membrane ATPase in aerobic S. cerevisiae cultures (both close to 1.0, (Verduyn et al. 1990,
Weusthuis et al. 1993)), would be expected if L-arabinose uptake via PcAraT occurred via
symport with a single proton.

Discussion

Chemostat-based transcriptome analysis of Penicillium chrysogenum proved to be an
efficient method to identify candidate genes for L-arabinose transporters in this fungus.
In comparison with similar studies in batch cultures, use of chemostat cultures offered
several advantages. First, chemostat cultivation at a fixed dilution rate eliminated the
impact of specific growth rate on transcriptional regulation (Daran-Lapujade et al. 2008).
Furthermore, use of L-arabinose-limited chemostat cultures of P. chrysogenum, in which
residual concentrations of this pentose were very low, enabled a focus on the identification
of high-affinity transporters. Finally, the use of both b-glucose- and ethanol-limited
cultures as references helped to eliminate transcriptional responses of P. chrysogenum
that were specific to either of these two carbon sources, e.g. as a result of CreA-mediated
p-glucose repression of relevant transporter genes (Cubero and Scazzocchio 1994,
Cepeda-Garcia et al. 2014). Although this study was focused on L-arabinose transport,
the P. chrysogenum transcriptome dataset from p-glucose, ethanol and arabinose grown
cultures generated in this study (available via GEO, [https://www.ncbi.nim.nih.gov/geo/]
under accession numbers GSE12632, GSE24212, and GSE104491, respectively) may
contribute to studies on other aspects on metabolism and metabolic regulation in this

industrially relevant fungus.

Of five putative transporter genes that showed an over 30-fold higher transcript level
in L-arabinose-limited chemostat cultures of P. chrysogenum than in p-glucose-limited
cultures, only PcaraT was shown to encode an L-arabinose transporter that is functional
in S. cerevisiae. While the low K of this transporter observed upon its expression in
S. cerevisiae is consistent with its upregulation in L-arabinose-limited cultures of P,
chrysogenum, this observation does not necessarily imply that PcAraT is the only or even
the most important L-arabinose transporter active in these cultures. Problems in protein
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folding, plasma-membrane (mis)targeting, post-translational modification and/or protein
turnover (Hamacher et al. 2002, Jahn et al. 2002) may have affected expression of the other
candidate genes. Indeed, in screening of cDNA libraries encoding putative heterologous
transporters, typically only few of the candidate genes are found to enable transport of the
substrate upon expression in S. cerevisiae (Du et al. 2010, Verho et al. 2011).

Several studies have used gal2A strains of S. cerevisiae to analyse transport kinetics of
heterologous L-arabinose transporters (Table 6, Figure 3). Two studies that estimated K
and V__ of Gal2 upon its reintroduction in such a strain found different results (Table 6)
(Subtil and Boles 2011, Knoshaug et al. 2015). At L-arabinose concentrations of about 10
mmol L' these studies reported Gal2-mediated transport rates of 0.3 and 8.9 nmol (mg
biomass)' min, respectively, as compared to a value of 2.5 nmol (mg biomass)” min™
observed in the present study. One of the previous studies (Knoshaug et al. 2015) used

Table 6. Comparison of key characteristics of Gal2, PcAraT and heterologous L-arabinose transporters
that were previously expressed in S. cerevisiae. n.d = not determined; GLC = p-glucose; XYL = p-xylose.

Vi GLC XYL
. . [nmol (mg .
Protein  Origin K, [mM] biomass)" trans- trans- Mechanism References
min-] port port
ScGal2  S. cerevisiae 335 + 75+ 52 v v facilitated aThis study
21.02 22+03° diffusion >(Subtil and
57 +11° 18 +0.8° Boles 2011)
371 +£19¢ °(Knoshaug et
al. 2015)
PcAraT  P. chrysogenum 0.13 + 53+0.2 x x H*symport  This study
0.03
SsAraT  Scheffersomyces 3.8+1.7 0.4 +0.1 v x n.d (Subtil and
stipitis Boles 2011)
AtStp2 Arabidopsis 45+22 06=+0.1 x x H* symport  (Subtil and
thaliana Boles 2011)
KmAxt1  Kluyveromyces 263+57 57+6 x v facilitated (Knoshaug et al.
marxianus diffusion 2015)
PgAxt1 Pichia 0.13 + 18+ 0.8 x v H* symport  (Knoshaug et al.
guilliermondii 0.04 2015)
AmlLatl  Ambrosiozyma 0.03* 0.2+0.0 x x n.d (Verho et
monospora al. 2011,
Londesborough
etal. 2014)
AmlLat2  A. monospora n.d 4+0 x x n.d (Verho et
al. 2011,
Londesborough
etal. 2014)
NcLat-1  Neurospora- 58 +4 1945 + 50 v n.d H* symport  (Li et al. 2015)
crassa
MtlLat-1  Myceliophthora. 29+4 172+ 6 x n.d H* symport  (Li et al. 2015)
thermophila

K, of AmLat1 was determined as a GFP-fusion protein(Londesborough et al. 2014)
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AmLat2

AtStp2
ScHxt10
100 ScHxt9
5’+: ScGal2
KmAXxt1
100 SsAraT
w+:PgAxn
PcAraT
79— AmLat1

38 E NclLat-1
Tree scale: 0.1 1001 pmeat-1

Figure 3. Phylogenetic tree of S. cerevisiae Gal2, PcAraT, and other heterologous L-arabinose transporters
that have previously been functionally expressed in S. cerevisiae. Species names are added in two-letter
code in front of protein names. Numbers are derived from a 500-times bootstrap iteration. Characteristics
and literature references for each transporter are provided in Table 6. Accession numbers: ScGal2: P13181,
PcAraT: CAP85508, SsAraT: A3LQQ5-1, AtStp2: OAP13698, KmAxt1: GZ791039, PgAxt1: GZ791040, AmLat1:
AY923868, AmLat2: AY923869, NclLat-1: EAA30346, MtLat-1: G2QFT5-1.

95

a strain that also expressed a functional bacterial L-arabinose pathway, thereby raising
the possibility that apparent uptake rates were enhanced by subsequent metabolism of
L-arabinose. Moreover, in different studies, GAL2 was expressed from different promoters
(pTDH3, pADH1, and pHXT7) and either high-copy number (2u) (Subtil and Boles 2011,
Knoshaug et al. 2015) or low-copy number centromeric (this study) expression plasmids.
p-Glucose transport kinetics via Gal2 determined in this study (K =1.9 mmol L, V__ =

26 nmol (mg biomass)' min-') were similar to previously reported values (1.5 mmol L™ and
27 nmol (mg biomass)' min-' (Farwick et al. 2014).

L-Arabinose transport rates in L-arabinose-limited chemostat cultures of both Gal2- and
PcAraT-dependent strains were higher than the V__ values calculated from transporter
assays with radioactively labelled L-arabinose. A similar difference between transport
assays and rates of L-arabinose uptake in growing cultures was reported by Knoshaug et
al. (Knoshaug et al. 2015). These discrepancies suggest that either the transport assays
did not accurately reflect zero-trans-influx kinetics (Teusink et al. 1998) or that differences
in experimental conditions and/or cellular energy status between transport assays and
chemostat cultures influenced L-arabinose uptake.

Assuming that PcAraT mediates symport of L-arabinose with a single proton, the
L-arabinose consumption rate in aerobic, L-arabinose-limited chemostat cultures of the
strain IMX1508 (PcAraT gal2A) (0.8 mmol (g biomass) h-'; Table 5) would, under anaerobic
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conditions, correspond to an ATP production rate of ca. 0.3 mmol ATP (g biomass)"' h-'.
This rate of ATP production is well below the reported ATP requirement of anaerobic S.
cerevisiae cultures for cellular maintenance (ca. 1 mmol ATP (g biomass)' h' (Boender
et al. 2009). Consistent with this observation, no growth on L-arabinose as sole carbon
source was observed in anaerobic shake flask cultures of the L-arabinose specialist strain
IMX869 strain (PcAraT gal2A) (data not shown).

Differences in experimental protocols for strain-construction and sugar-uptake studies, as
well as the different kinetics observed in transport assays and growing cultures, complicate
quantitative comparisons between different studies. Nevertheless, some important
differences can be discerned between the heterologous L-arabinose transporters that have
hitherto been expressed in S. cerevisiae (Table 6, Figure 3). Protein sequence alignment of
PcAraT and transporters that were previously shown to mediate L-arabinose import in S.
cerevisiae showed that PcAraT clusters with Ambriosozyma monospora AmLat1 (Figure 3).

Interms of its low K_, PcAraT most closely resembled AmLat1 and the Pichia guillermondii
PgAxt1 transporter. However, expression in S. cerevisiae of AmLat1 (Verho et al. 2011,
Londesborough et al. 2014) led to ~25-fold lower reported V__ of L-arabinose uptake than
found in the present study for PcAraT. In contrast to PcAraT, PgAxt was able to transport
p-glucose, which might contribute to the strong inhibition of the latter transporter by
p-glucose (Knoshaug et al. 2015). Although PcAraT resembled A. thaliana Stp2 (Subtil and
Boles 2011) in being partially inhibited by p-glucose despite an inability to transport this
sugar, PcAraT enabled consumption of L-arabinose in batch cultures containing 20 g L'
p-glucose. In common with other high-affinity sugar transporters in yeasts (Knoshaug et
al. 2015) and the observation that PcAraT mediates L-arabinose-proton symport should
be taken into account in future strain designs, since simultaneous activity of proton
symport and facilitated diffusion, e.g. via Gal2, may result in energy-consuming futile
cycles (Jansen et al. 2017).

In the lignocellulosic hydrolysates now used in the first industrial-scale plants for ‘second
generation’ bioethanol production, L-arabinose generally represents between 2 and 3%
of the total sugars (Jansen et al. 2017). At the resulting low concentrations of L-arabinose
in the industrial processes, Gal2 operates far from substrate saturation and is, moreover,
strongly inhibited by p-glucose. Based on its kinetic characteristics, as analysed in
transport assays and growing cultures, PcAraT represents an interesting candidate
transporter for evaluation of L-arabinose co-consumption under industrial conditions.
If the characteristics of PcAraT determined in the present study can be reproduced in
industrial strains and under industrial conditions, this transporter can contribute to a timely
and efficient conversion of L-arabinose and, thereby to the overall process economics.
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Conclusion

Transcriptome analyses of L-arabinose-limited Penicillium chrysogenum chemostat
cultures proved valuable for identification of the high-affinity L-arabinose transporter
PcAraT. Functional expression and characterization in Saccharomyces cerevisiae
revealed a high affinity and specificity of this transporter for L-arabinose (K = 0.13 mmol
L"), combined with a limited sensitivity to inhibition by p-glucose and b-xylose, which
are present at high concentrations in lignocellulosic hydrolysates. These characteristics
differentiate PcAraT from the endogenous S. cerevisiae transporter capable of L-arabinose
transport (Gal2) and qualify it as a potentially valuable additional element in metabolic
engineering strategies towards efficient and complete conversion of L-arabinose present
in second generation feedstocks for yeast-based production of fuels and chemicals.
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Additional material

Additional Table 1. Primers used in this study. File can be downloaded at: https://doi.org/10.1186/s13068-
018-1047-6

Additional Table 2. Differentially expressed genes in P. chrysogenum chemostat cultures over three
different conditions (p-glucose-, L-arabinose, and ethanol-limited). The table includes 540 genes that
were differentially expressed amongst p-glucose-, L-arabinose, and ethanol-limited chemostat cultures of P.
chrysogenum (7.5gL", 7.5gL", 5.8gL", respectively, D = 0.03 h"', T = 30 °C). 137 transcripts exhibited a fold-
change higher than three on L-arabinose and lower than three on ethanol relative to the p-glucose condition (the
top 137 genes presented in the table). Shown are averages from triplicate (p-glucose) or duplicate chemostat
cultures (L-arabinose, ethanol), the respective standard deviation and the ratio of gene expression levels in the
presence of L-arabinose over p-glucose (Ara vs. Glc), as well as ethanol over p-glucose (EtOH vs. Gic). Excel file
can be downloaded at: https://doi.org/10.1186/s13068-018-1047-6
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Additional Figure 1. Effect of p-glucose (A) and p-xylose (B) on the specific rate of L-arabinose uptake
by PcAraT (filled triangles) and Gal2 (filled squares). Uptake experiments were performed with 50 mmol
L ['*C-] I-arabinose in the presence of increasing concentrations of p-glucose (A) or p-xylose (B). Symbols
indicate uptake rates observed with the Hxt1-7 and Gal2 deletion strain S. cerevisiae DS68625-PcaraT (closed
triangles) and DS68625-GAL2, expressing either PcAraT or Gal2, respectively. Data are derived from duplicate
experiments and shown as the average + mean deviation.

79




L-Arabinose transport: Expression of P. chrysogenum PcAraT
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Additional Figure 2. Specific rate of L-arabinose uptake by PcAraT. Uptake experiments were performed
with increasing concentrations of ['“C-] L-arabinose with the Hxt1-7 and Gal2 deletion strain S. cerevisiae
DS68625-PcaraT expressing PcaraT on a centromeric plasmid. No ['“C-] p-glucose uptake was observed for
this strain. Data are derived from duplicate experiments and shown as the average + mean deviation.
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Additional Figure 3. Specific rate of p-glucose uptake by Gal2. Uptake experiments were performed with
increasing concentrations of ['“C-] D-glucose with the Hxt1-7 and Gal2 deletion strain S. cerevisiae DS68625-
GAL2 expressing GAL2 on a centromeric plasmid. Data are derived from duplicate experiments and shown as

the average + mean deviation.
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Additional Figure 4. Specific rate of L-arabinose uptake by Gal2. Uptake experiments were performed with
increasing concentrations of ['“C-] L-arabinose with the Hxt1-7 and Gal2 deletion strain S. cerevisiae DS68625-
GAL2 expressing GAL2 on a centromeric plasmid. Data are derived from duplicate experiments and shown as
the average + mean deviation.
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Additional Figure 5. Impact of proton-gradient uncoupling on transport activity. Transport rates of [“C]-
L-arabinose of the Hxt1-7 and Gal2 deletion strains DS68625-PcaraT and DS68625-GAL2 expressing either
PcAraT (DS68625-PcaraT, white bars) or Gal2 (DS68625-GAL2, grey bars) on a centromeric plasmid. Transport
rates were determined in 200 pl synthetic medium at a [“C]- L-arabinose concentration of 2 mmol L' upon
addition of either 0.5 pL water, 0.5 yL DMSO, or 10 uM CCCP (0.5 pl of a stock solution dissolved in 100%
DMSO) (A). Panel (B) shows the uptake capacity in % relative to the control (H,0). Data are derived from
duplicate experiments and shown as the average + mean deviation.
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Abstract

Cas9-assisted genome editing was used to construct an engineered glucose-
phosphorylation-negative S. cerevisiae strain, expressing the Lactobacillus plantarum
L-arabinose pathway and the Penicillium chrysogenum transporter PcAraT. This strain,
which showed a growth rate of 0.26 h-' on L-arabinose in aerobic batch cultures, was
subsequently evolved for anaerobic growth on L-arabinose in the presence of b-glucose
and p-xylose. In four strains isolated from two independent evolution experiments the
galactose-transporter gene GAL2 had been duplicated, with all alleles encoding Gal2N376"
or Gal2V¥"8 substitutions. In one strain, a single GAL2 allele additionally encoded a Gal2™*'
substitution, which was subsequently also detected in the independently evolved strain
IMS0010. In “C-sugar-transport assays, Gal2V¥s, Gal2N*"eT and Gal2"¥"® substitutions
showed a much lower glucose sensitivity of L-arabinose transport and a much higher
K for p-glucose transport than wild-type Gal2. Introduction of the Gal2"¥® substitution
in a non-evolved strain enabled growth on L-arabinose in the presence of p-glucose.
Gal2"e7en. T8 and Gal2™' variants showed a lower K _ for L-arabinose and a higher K_ for
p-glucose than wild-type Gal2, while reverting Gal2N376T. 7% to Gal2N%7¢ in an evolved strain
negatively affected anaerobic growth on arabinose. This study indicates that optimal
conversion of mixed-sugar feedstocks may require complex ‘transporter landscapes’,
consisting of sugar transporters with complementary kinetic and regulatory properties.



Introduction

Introduction

Saccharomyces cerevisiae is used on a massive scale for industrial production of ethanol
from cane sugar and hydrolysed corn starch, in which fermentable sugars predominantly
occur as hexoses or hexose dimers (Renewable Fuels Association 2017). In contrast,
hydrolysis of lignocellulosic feedstocks such as the agricultural residues corn stover, corn
cobs and wheat straw, yields mixtures of pentose and hexose sugars (Lynd 1996, Van
Maris et al. 2006). Industrial ethanol production from lignocellulosic feedstocks therefore
requires efficient conversion of pentose and hexose sugars into ethanol (Lynd 1996).
In most lignocellulosic hydrolysates, p-xylose represents up to 25% of the total sugar
monomers while another pentose, L-arabinose, typically accounts for up to 3% of the
sugar content. In some industrially relevant hydrolysates, such as those derived from
corn-fibre hydrolysates and sugar-beet pulp, L-arabinose can account for up to 26% of
the sugar content (Grohmann and Bothast 1994, Grohmann and Bothast 1997, Van Maris
et al. 2006).

Since wild-type S. cerevisiae strains cannot ferment pentoses, metabolic engineering is
required to enable utilization of these substrates. Strategies to engineer S. cerevisiae for
p-xylose fermentation are either based on heterologous expression of a fungal p-xylose
reductase and xylitol dehydrogenase or on expression of a heterologous p-xylose isomerase
(Jeffries 1983, Kuyper et al. 2003, Kuyper et al. 2005). Current L-arabinose-fermenting S.
cerevisiae strains are based on functional expression of genes encoding L-arabinose
isomerase (AraA), L-ribulokinase (AraB), and L-ribulose-5-phosphate-4-epimerase (AraD) from
bacteria such as Escherichia coli, Bacillus subtilis or Lactobacillus plantarum (Sedlak and Ho
2001, Becker and Boles 2003, Wisselink et al. 2007). Unlike the fungal L-arabinose pathway
(Richard et al. 2002), the bacterial pathway enables conversion of L-arabinose to b-xylulose-
5-phosphate via redox-cofactor-independent reactions (Becker and Boles 2003, Wisselink
et al. 2007). As previously shown for engineered p-xylose-consuming strains (Kuyper et al.
2005), overexpression of the S. cerevisiae genes encoding xylulokinase (Xks1, EC 2.7.1.17),
ribulose 5-phosphate epimerase (Rpe1, EC 5.3.1.1), ribulose 5-phosphate isomerase (Rki1,
EC 5.3.1.6), transketolase (Tkl1, EC 2.2.1.1) and transaldolase (Tal1, EC 2.2.1.2) enabled
efficient coupling of the heterologously expressed L-arabinose pathway to glycolysis and
alcoholic fermentation (Wisselink et al. 2007). Subsequent laboratory evolution yielded an
efficient L-arabinose fermenting strain, which combined a high ethanol yield (0.43 g g)
with an ethanol production rate of 0.29 g h' [g biomass] ' and an arabinose consumption
rate of 0.70 g h™' [g biomass] ") (Wisselink et al. 2007). Transcriptome studies identified that
increased expression of the genes encoding ‘secondary’ isoenzymes of transaldolase
(NQMT) and transketolase (TKL2) contributed to improved L-arabinose fermentation of this
laboratory-evolved strain (Wisselink et al. 2010). Improvements in L-arabinose fermentation
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were also achieved by codon optimization of bacterial L-arabinose genes to match the
codon preference of highly expressed glycolytic yeast genes (Wiedemann and Boles 2008).

Transport of pentose sugars in S. cerevisiae occurs by facilitated diffusion, mediated by
native HXT hexose transporters (Hamacher et al. 2002, Becker and Boles 2003). Transport
of L-arabinose predominantly occurs via the hexose transporter Gal2 which, however,
exhibits a much lower affinity for L-arabinose than for p-glucose or galactose (Kou et al.
1970, Becker and Boles 2003, Subtil and Boles 2011, Subtil and Boles 2012). Of the other
S. cerevisiae HXT transporters, only Hxt9p and Hxt10p show low rates of L-arabinose
transport (Subtil and Boles 2011). In practice, expression of GAL2 has been found to
be essential for L-arabinose fermentation by strains that do not express heterologous
transporters (Becker and Boles 2003, Wisselink et al. 2010, Subtil and Boles 2011, Wang et
al. 2017). Recently, an in silico model of the three-dimensional structure of Gal2, based on
the crystal structure of the E. coli xylose permease XylEp, was used to predict mutations in
GAL2 that improve L-arabinose docking in Gal2. Based on this theoretical analysis, single-
amino-acid substitutions were introduced at position 85 of Gal2 and shown to significantly
increase L-arabinose transport activity (Wang et al. 2017).

Since transcription of GAL2 is both induced by p-galactose and repressed by p-glucose,
design of L-arabinose-fermenting S. cerevisiae strains often includes expression of GAL2
behind a strong constitutive promoter (Tani et al. 2016, Wang et al. 2017). Alternatively,
laboratory evolution can result in upregulation of GAL2 (Wisselink et al. 2009, Wisselink
et al. 2010). However, L-arabinose transport by Gal2 is also subject to strong competitive
inhibition by p-glucose (Subtil and Boles 2012, Knoshaug et al. 2015), which precludes
simultaneous utilization of L-arabinose and p-glucose in batch cultures grown on sugar
mixtures (Wisselink et al. 2009, Wisselink et al. 2010).

To improve the kinetics of L-arabinose transport, transporter genes from other yeasts,
filamentous fungi and plants have been functionally expressed in L-arabinose-metabolizing
S. cerevisiae strains (Subtil and Boles 2011, Verho et al. 2011, Knoshaug et al. 2015, Li et
al. 2015, Bracher et al. 2018). K values of these heterologous transporters for L-arabinose
ranged from 0.13 to 263 mM, while reported V__ values ranged from 0.4 to 171 [nmol
L-arabinose (mg biomass)' min-']. Several heterologous transporters, including the high-
affinity L-arabinose proton symporter PcAraT from P. chrysogenum (Bracher et al. 2018)
allowed for L-arabinose uptake in the presence of p-glucose (Subtil and Boles 2011,
Knoshaug et al. 2015, Li et al. 2015, Bracher et al. 2018).

Laboratory evolution of pentose-fermenting S. cerevisiae strains in which b-glucose
phosphorylation was abolished has been successfully used to select strains in which
L-arabinose or p-xylose uptake is less sensitive to p-glucose inhibition (Farwick et al.
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2014, Nijland et al. 2014, Wisselink et al. 2015). Single-amino-acid substitutions, found at
corresponding positions in the hexose transporters Hxt7 (N370) and Gal2 (N376), as well
as in a chimera of Hxt3 and Hxt6 (N367), were shown to substantially decrease inhibition
of p-xylose transport by p-glucose (Farwick et al. 2014, Nijland et al. 2014).

The aim of the present study was to identify mutations that enable anaerobic growth of
engineered, L-arabinose-fermenting S. cerevisiae strains on L-arabinose in the presence
of p-glucose and p-xylose, with a focus on mutations that affect uptake of L-arabinose.
To this end, we constructed a glucose-phosphorylation-negative, L-arabinose-fermenting
S. cerevisiae strain by Cas9-assisted genome editing. This strain was then subjected to
prolonged laboratory evolution in sequential batch bioreactor cultures, grown on mixtures of
L-arabinose, b-xylose and p-glucose. Subsequently, causal mutations for glucose-insensitive
growth on L-arabinose were identified by whole-genome sequencing and functional analysis
of mutant alleles in non-evolved strain backgrounds.

Materials and Methods

Strains and maintenance

The S. cerevisiae strains used and constructed in this study (Table 1) were derived from
the CEN.PK lineage (Entian and Kotter 2007, Nijkamp et al. 2012a). All stock cultures were
grown in shake flasks on synthetic medium (SM, see below) or, in case of auxotrophic
strains, on yeast-extract/peptone (YP) medium (10 g L' Bacto yeast extract (Becton
Dickinson, Franklin Lakes, NJ) and 20 g L' Bacto Peptone (Becton Dickinson)) (Verduyn et
al. 1992). These media were either supplemented with 20 g L* b-glucose or, in case of the
constructed glucose-phosphorylation-negative strains, 20 g L' L-arabinose. For storage
and in pre-cultures, single-colony isolates obtained after laboratory evolution were grown
in medium containing 20 g L' of each p-glucose, p-xylose and L-arabinose. After adding
glycerol (30% vol/vol) to these cultures, 1 mL aliquots were stored at -80 °C.

Cultivation and media

All strain characterisation studies were performed in synthetic medium (SM) prepared as
described previously (Verduyn et al. 1992). Carbon source and vitamin solutions were
added after autoclaving the medium for 20 min at 121 °C. Concentrated solutions (50%
w/w) of p-glucose, p-xylose and L-arabinose were autoclaved separately at 110°C for 20
min. Prior to inoculation 20 g L' L-arabinose (SMA), 20 g L' p-glucose (SMG), 20 g L™
L-arabinose and 20 g L p-glucose (SMAG) or 20 g L' L-arabinose, 20 g L' p-glucose
and 20 g L' p-xylose (SMAGX) were added to SM as carbon sources. Aerobic shake-
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Table 1. Saccharomyces cerevisiae strains used in this study.

Strain Relevant genotype Reference
CEN.PK 113-7D MATa MAL2-8c SUC2 (Entian and
Kotter 2007)
IMX080 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, (Solis-
hxk1::KILEU2 Escalante et
al. 2015)
IMX486 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, This study
hxk1::KILEU2 gal1::cas9-amdS
IMX604 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, This study

hxk1::KILEU2 gal1::cas9- amdS gre3::pTDH3_RPE1 pPGK1_
TKL1, pTEF1_TAL1 pPGI1_NQMT1 pTPI1_RKI1 pPYK1_TKL2

IMX658 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, This study
hxk1::KILEU2 gal1::cas9- amdS gre3::pTDH3_RPE1 pPGK1_
TKL1, pTEF1_TAL1 pPGI1_NQMT1 pTPI1_RKI1 pPYK1_TKL2
9al80::(pTPI_araA_tCYC)*9 pPYK-araB-tPGl1 pPGK-araD-tTDH3

IMX660 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, This study
hxk1::KILEU2 gal1::cas9- amdS gre3::pTDH3_RPE1 pPGK1_
TKL1, pTEF1_TAL1 pPGI1_NQMT1 pTPI1_RKI1 pPYK1_TKL2
9al80::(pTPI_araA_tCYC)*9 pPYK-araB-tPGl1 pPGK-araD-tTDH3
hxk2::KIURA3

IMX728 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, This study
hxk1::KILEU2 gal1::cas9- amdS gre3::pTDH3_RPE1 pPGK1_
TKL1, pTEF1_TAL1 pPGI1_NQMT1 pTPI1_RKI1 pPYK1_TKL2
9al80::(pTPI_araA_tCYC)*9 pPYK-araB-tPGl1 pPGK-araD-tTDH3
hxk2:: PcaraT

IMX1106 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, This study
hxk1::KILEU2 gal1::cas9- amdS gre3::pTDH3_RPE1 pPGK1_
TKL1, pTEF1_TAL1 pPGI1_NQMT1 pTPI1_RKI1 pPYK1_TKL2
9al80::(pTPI_araA_tCYC)*9 pPYK-araB-tPGl1 pPGK-araD-tTDH3
hxk2::KIURAS gal2::gal2"37s!

IMX1386 MATa ura3-52 his3-1 leu2-3,112 MAL2-8c SUC2 glk1::Sphis5, This study
hxk1::KILEU2 gal1::cas9- amdS gre3::pTDH3_RPE1 pPGK1_
TKL1, pTEF1_TAL1 pPGI1_NQMT1 pTPI1_RKI1 pPYK1_TKL2
9al80::(pTPI_araA_tCYC)*9 pPYK-araB-tPGl1 pPGK-araD-tTDH3
hxk2::KIURA3 CAN1::pGAL2_GAL2_tGAL2

IMS0514 IMX728 that has undergone laboratory evolution on a mixture of ~ This study
arabinose and glucose under aerobic conditions

IMS0520 IMX728 that has undergone laboratory evolution on mixture of This study
arabinose, glucose and xylose under anaerobic conditions

IMS0521 IMX728 that has undergone laboratory evolution on mixture of This study
arabinose, glucose and xylose under anaerobic conditions

IMS0522 IMX728 that has undergone laboratory evolution on mixture of This study
arabinose, glucose and xylose under anaerobic conditions

IMS0523 IMX728 that has undergone laboratory evolution on mixture of This study
arabinose, glucose and xylose under anaerobic conditions

IMW088 As IMS0522; PcaraTA This study

IMWO091 As IMS0522; gal2'®T This study

DS68616 Mat a, ura3-52, leu2-112, gre3::loxP, loxP-Ptpi:TAL1, DSM, The
loxP-Ptpi::RKI1, loxP-Ptpi-TKL1, loxP-Ptpi-RPET, Netherlands

delta::Padh1XKS1Tcyc1-LEU2, delta::URA3-Ptpi-xylA-Tcyc1

Table 1 continues on next page.
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Table 1 - Continued

Strain Relevant genotype Reference
DS68625 DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- (Nijland et
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP al. 2014)
DS68625-Gal2 DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- This study
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP
DS68625-Gal2N37e! DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- This study
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP
DS68625-Gal2N37s DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- This study
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP
DS68625-Gal2N37eT DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- This study
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP
DS68625-Gal2N376T/ T8l DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- This study
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP
DS68625-Gal2m DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- This study
hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP
DS68625-mcs DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP- This study

hphMX-loxP, hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP

flask cultures were grown in an orbital shaker at 200 rpm set at 30 °C, using 500-ml flasks
containing 100 ml medium.

For plates 20 g L' agar (BD) was added prior to autoclaving at 121 °C for 20 min. Aerobic
shake-flask cultures used as pre-cultures for anaerobic cultures were inoculated with
frozen stocks and, in late-exponential phase, a 1 mL sample was used to start a second
aerobic pre-culture. Anaerobic batch cultures used for characterization were inoculated
from these cultures to obtain an initial OD,, of 0.5.

Anaerobic shake-flask cultures were incubated at 30 °C in an Innova anaerobic chamber
(6% H,, 6% CO,, and 89% N,, New Brunswick Scientific, Edison, NJ) in 50 mL shake flasks
placed on an orbital shaker set at 200 rpm. Bioreactor batch cultures were performed at 30
°C in 2-L laboratory bioreactors (Applikon, Delft, The Netherlands) with a working volume of
1 L. Culture pH was controlled at 5.0 by automatic addition of 2 M KOH and cultures were
stirred at 800 rpm. Anaerobic bioreactors were equipped with Viton O-rings and Norprene
tubing (Cole Palmer Instrument Company, Vernon Hills, IL) to minimize oxygen diffusion and
continuously sparged with nitrogen gas (<10 ppm oxygen) at 0.5 L min-'. After autoclaving,
synthetic media were supplemented with 0.2 g L' antifoam C (Sigma-Aldrich, St. Louis,
MO). Furthermore, the anaerobic growth factors Tween 80 (420 mg L") and ergosterol (10
mg L") were added to the medium as described previously (Verduyn et al. 1990).

Laboratory evolution experiments were performed in sequential batch reactors (SBRs).
On-line measurement of CO, concentrations in the off gas of SBRs was used as input for
a control routine programmed in MFCS/win 3.0 (Sartorius AG, Gottingen, Germany). An
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empty-refill cycle was automatically initiated when the CO, concentration in the off gas
had first exceeded a threshold value of 0.2% and subsequently declined below 0.1% as
fermentable sugars were depleted. After the emptying phase, when approximately 7%
of the initial culture volume was left in the reactor, the reactor was automatically refilled
with fresh medium from a 20 L reservoir, which was continuously sparged with nitrogen
gas. After ca. 450 generations of selective growth, single colony isolates were obtained
by plating culture samples on SMAGX agar, supplemented with Tween 80 (420 mg L)
and ergosterol (10 mg L"). Plates were incubated in an anaerobic chamber for 6 days and
restreaked three times to obtain single-cell lines.

Plasmid and strain construction

The plasmids constructed and used in this study are shown in Additional Table 1. The
open reading frames of araA [Genbank: OD0O63149.1, encoding L-arabinose isomerase],
AraB [Genbank: ODO63147.1, encoding L-ribulose kinase] and AraD [Genbank:
0OD063147.1, encoding L-ribulose-5-phosphate epimerase] were codon optimized based
on the codon usage in glycolytic genes in S. cerevisiae (Wiedemann and Boles 2008),
synthesized behind the promoter of TPI1, PGK1 and PYK1 originating from CEN.PK113-
7D and cloned in pMK-RQ based vectors by GenArt GmbH (Regensburg, Germany).
These plasmids were named pUD354-pUD356 and transformed into E. coli DH5a cells.
Plasmid DNA was isolated from E. coli cultures using a GenElute Plasmid kit (Sigma-
Aldrich, St. Louis, MO). PCR amplification of expression cassettes and plasmid fragments
was performed using Phusion High Fidelity DNA Polymerase (Thermo Scientific, Waltham,
MA). S. cerevisiae strains were transformed as described by Gietz and Woods (Gietz et al.
1995). To facilitate CRISPR/Cas9-mediated genome editing in strain S. cerevisiae IMX080,
a Cas9 expression cassette PCR-amplified from p414-TEF1p-cas9-CYCt using primers
4653-5981 as well as a second fragment containing the amdSYM marker cassette, PCR
amplified from pUG-amdSYM with primers 3093-1678 (Solis-Escalante et al. 2013), were
in vivo co-assembled and integrated (Kuijpers et al. 2013) into the GAL7 locus through a
double cross over mediated by homologous recombination (Additional Figure 1A).

After each transformation round the cells were restreaked thrice and correct integration of
all the fragments was confirmed by diagnostic PCR. Transformants were selected on solid
synthetic medium with acetamide (Solis-Escalante et al. 2013) as sole nitrogen source and
checked by diagnostic PCR using DreamTaq polymerase (Thermo Scientific), according to
the manufacturer’s protocol. The resulting strain IMX486 was subsequently transformed
with 200 pmol each of eight DNA fragments containing expression cassettes for the genes
encoding the enzymes of the non-oxidative branch of the pentose phosphate pathway,
which were PCR amplified from pUD344-346 and two 500bp fragments containing flanking

94



Materials and methods

regions of GRE3 amplified from CEN.PK113-7D genomic DNA, using oligonucleotide
primers shown in Additional Table 2 (available at https://doi.org/10.1093/femsyr/foy062).
These fragments were co-transformed with 500 ng of plasmid pUDE335 to induce a
double strand break in the GRES3 locus using CRISPR-Cas9 (Additional Figure 1B). The
cells were plated on SMD plates and correct assembly of all six fragments in the GRES3
locus was verified by diagnostic colony PCR. Plasmid pUDE335 was counter selected
on YP with 20 g L' p-glucose (YPD) agar with 5-fluoroorotic acid (5-FOA) as described
previously (Mans et al. 2015). The resulting strain IMX604 was then transformed with nine
DNA fragments that carried expression cassettes for araA and single fragments for araB
and araD amplified from pUD354-356. The primers used for PCR amplification of these
fragments added homologous regions required for in-vivo assembly and integration into
the GALS8O locus (Additional Figure 1C). The fragments were co-transformed with gRNA-
plasmid pUDE348, which was constructed as described previously (Verhoeven et al. 2017).
After verification of the correct assembly and integration of the fragments by diagnostic
PCR, plasmid pUDE348 was counter selected with 5-FOA, yielding strain IMX658.

HXK2 was deleted by inducing a double strand break using the gRNA plasmid pUDE327,
and using an expression cassette for the PcaraT gene, obtained by PCR amplification from
plasmid Pwt118, as the repair fragment (Additional Figure 1D). After counter selection of
pUDE327 with 5-FOA, a DNA fragment carrying the URA3 gene from CEN.PK113-7D was
amplified using primers 2641-1522 and transformed to restore a wild-type URA3 gene,
yielding strain IMX728. Strain IMX660 was constructed from IMX658 by transforming a
KIURAS3 based knock-out cassette targeting the HXK2 locus.

Strain IMX1386 was obtained by co-transforming IMX728 with plasmid pROS13 and a
fragment containing the promoter region, ORF and terminator of GAL2, PCR amplified
from genomic DNA of strain CEN.PK113-7D with primer pair 7285-7286. Transformants
were selected on YP with 20 g L' L-arabinose (YPA) supplemented with G418. After
verifying correct integration of the GAL2 expression cassette in the CANT locus, the gRNA
plasmid was counter selected by serial plating on YPA as described previously (Mans et al.
2015). The gRNA plasmids pUDR172 and pUDR187 were constructed using pROS13 as
template by Gibson assembly according to the method described by Mans et al. (2015).
The single nucleotide polymorphism (SNP) at position 1127 in GAL2 was inserted by co-
transforming strain IMX660 with pUDR172 and a repair fragment containing the single
nucleotide change resulting in the amino acid substitution from N to | at position 376.
Expression cassettes of the GAL2, GAL2"37®" and GAL2"%"8S variants were amplified using
genomic DNA from CEN.PK113-7D, IMS0520 and IMS0514 as template using the primers
F_Gal2_Xbal and R_Gal2_Cfr9l (Additional Table 2, available at https://doi.org/10.1093/
femsyr/foy062) and subsequently cloned into plasmid pRS313-P7T7.
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To obtain the GAL2SST GAL2NSST/ 189 gnd GAL2™°® mutants, fragments were PCR
amplified from CEN.PK113-7D genomic DNA using the primers shown in Additional
Table 2 (available at https://doi.org/10.1093/femsyr/foy062). Subsequently, overlap PCR
amplifications were done to obtain the full-length genes encoding for Gal2"¥76T, Gal2Ns76T/

T8 and Gal2™°. All genes were cloned into pRS313-P7T7 and subsequently confirmed by
Sanger sequencing (Baseclear).

The Gal2 variants and the pRS313-P7T7-mcs plasmid (as an empty plasmid/control) were
transformed to the hexose transporter deletion strain DS68625 and positive colonies were
named DS68625-Gal2, DS68625-Gal2 N376l, DS68625-Gal2 N376S, DS68625-Gal2
N376T, DS68625-Gal2 N376T / T89I, DS68625-Gal2 T89] and DS68625-mcs. To revert the
altered amino acid position 89 in Gal2 from isoleucine to threonine, pUDR187 and a repair
fragment containing the original coding sequence were co-transformed. Inactivation of
PcaraT in IMS0522 was achieved by in-vivo assembling of the pROS13 backbone and the
gRNA expression cassette, both PCR amplified from pROS13 using the primers shown
in Additional Table 2 (available at https://doi.org/10.1093/femsyr/foy062) and providing
a repair oligo for HXK2. After verifying correct transformants the plasmids were removed

by counter selection on YPAGX plates and the resulting strains were named IMWQ091 and
IMWO088 respectively

Analytical methods

To monitor growth of batch cultures, a Libra S11 spectrometer (Biochrom, Cambridge,
United Kingdom) was used for optical density measurements at 660 nm. To calculate
specific growth rates, biomass dry weight measurements were performed on at least
six samples taken during the exponential growth phase. Dry weight measurements were
performed by filtering 10 mL culture samples over pre-weighed nitrocellulose filter (pore
size, 0.45 um; Gelman Laboratory, Ann Arbor, Ml). The filter was washed with demineralized
water and dried in a microwave oven (Bosch, Stuttgart, Germany) for 20 min at 360 W. The
correlation between these CDW measurement and the corresponding OD data was used
to estimate CDW in samples for which no direct CDW measurements were done.

Metabolite concentrations in culture supernatants, obtained by centrifugation, were
determined by high-performance liquid chromatography (HPLC)on an Agilent 1260 HPLC
(Agilent Technologies, Santa Clara, CA) equipped with a Bio-Rad HPX 87 H column (Bio-
Rad, Hercules, CA). The column was eluted at 60°C with 0.5gL"" H,SO, at a flow rate
of 0.6mImin-'. Detection was by means of an Agilent G1362A refractive-index detector
and an Agilent G1314F VWD detector. CO, and O, concentrations were measured in
bioreactor off gas using an NGA 2000 analyzer (Rosemount Analytical, Orrville, OH) after
it was first cooled by a condenser (2°C) and dried with a Permapure MD-110-48P-4
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dryer (Permapure, Toms River, NJ). Correction for ethanol evaporation was done for all
bioreactor experiments as described previously (Guadalupe Medina et al. 2010).

DNA sequence analysis

Genomic DNA for sequencing was isolated using the QIAGEN Blood & Cell Culture Kit With
100/G Genomic-tips (QIAGEN, Valencia, CA) according to the manufacturer’s protocol.
DNA libraries were prepared using the Nextera XT DNA library Preparation Kit (Illumina, San
Diego, CA), yielding 300bp fragments. The Libraries were sequenced using the lllumina
MiSeq platform (lllumina, San Diego, CA, USA). Data were aligned and mapped to the
CEN.PK113-7D genome using the Burrows-Wheeler alignment tool (Li and Durbin 2009).
Variant calling by Pilon (Walker et al. 2014) was checked with the Integrated Genomics
Viewer (IGV) (Thorvaldsdottir et al. 2013). The Poisson mixture model based algorithm
Magnolya (Nijkamp et al. 2012b) was used to detect and quantify chromosomal copy
number variations (CNV). Copy numbers of araA, araB, araD and PcaraT were estimated
as described previously using the average read depth of the chromosomes that did not
contain any duplication according to the CNV analysis done with Magnolya (Verhoeven
et al. 2017). Genome sequence data of strains IMS0520, IMS0521, IMS0522, IMS0523,
IMS514 and parental strains IMX728 and IMX660 have been deposited at the NCBI
Sequence Read archive (www.ncbi.nlm.nih.gov/sra) with the corresponding BioProject
ID PRJNA414371. GAL2 ORFs from strains IMS0002 and IMS0010 and the nucleotides
surrounding position T89 in IMS0003 and IMS0007 were PCR amplified from genomic
DNA using primers as listed in Additional Table 2 (available at https://doi.org/10.1093/
femsyr/foy062) and sanger sequenced (Baseclear).

Sugar transport assays

Strains expressing GAL2 alleles in the DS68625 strain background were pre-grown in
aerobic shake flasks on synthetic medium with 20 g L' p-xylose, after which cells were
collected by centrifugation (3000 g, 3 min), washed and re-suspended in SM without sugar.
Uptake experiments were initiated by adding ['*C] L-arabinose or ['“C] p-glucose (ARC St.
Louis, MO, USA) to the cell suspension at concentrations ranging from 0.2 to 500 mM.
['“C] L-arabinose and ['*C] p-glucose (50-60 mCi mmol ") were added at concentrations of
0.1 mCiml'. At set time points, uptake was arrested by adding 5 mL of ice-cold 0.1 M LiCl,
filtration over 0.45-uym HV membrane filters (Millipore, France) and washing with 5 mL ice-
cold 0.1 M LiCl. Radioactivity on the filters was then counted using a Liquid Scintillation
Counter (PerkinElmer, Waltham, MA) in Ultima Gold MV Scintillation cocktail (PerkinElmer).
p-Glucose inhibition experiments were measured using 50 mM [C] L-arabinose with [*“C]
p-glucose added at concentrations between 50 and 500 mM.
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Availability of supporting data

The genome sequence data of strains IMS0520, IMS0521, IMS0522, IMS0523, IMS514
and parental strains IMX728 and IMX660 have been deposited in Genbank (http://www.
ncbi.nim.nih.gov/), BioProject ID (PRINA414371).

Results

Construction of a S. cerevisiae L-arabinose specialist strain

To investigate uptake and growth on L-arabinose in the presence of p-glucose, an
L-arabinose ‘specialist strain’ was constructed by Cas9-assisted genome editing. First, a
Cas9 expression cassette (DiCarlo et al. 2013) and the counter-selectable marker cassette
amdSYM (Solis-Escalante et al. 2013) were in vivo assembled and integrated at the GAL1
locus in S. cerevisiae IMX080 (hxk1A glk14) (Additional Figure 1A). In the resulting strain
IMX486 (hxk1A glk1A gal1A::{Spcas9-amdSYM}, HXK2 was the sole remaining functional
hexose kinase.

Subsequently, cassettes for constitutive expression of RPE1, RKI1, TKL1, TKL2, TAL1
and NQM1, which encode (iso)enzymes of the non-oxidative pentose-phosphate pathway
(NPPP), were in vivo assembled and integrated at the GRES locus of strain IMX486, yielding
strain IMX658 (hxk1A glk1A gal1A::{Spcas9-amdSYM} gre3A::{NPPP}) (Additional Figure
1B). Inactivation of GRE3 prevents xylitol formation by the Gre3 non-specific aldose
reductase (Traff et al. 2001, Kuyper et al. 2005).

To introduce a functional bacterial L-arabinose pathway (ARAP) (Wisselink et al. 2007),
the Lactobacillus plantarum genes encoding L-arabinose isomerase (AraA), ribulokinase
(AraB) and ribulose-5P epimerase (AraD) were codon optimized and placed under the
control of the strong constitutive promoters of TPI1, PGI1 and TDH3, respectively. For
high expression of araA, we used the multi-copy tandem integration strategy previously
described for high-level expression of xylose isomerase which, in laboratory evolution
experiments, facilitates rapid adaptation of copy number by homologous recombination
(Verhoeven et al. 2017). Using this approach, nine copies of the araA cassette and
single copies of the AraB and AraD cassettes were integrated at the GALS8O0 locus by
in vivo assembly and Cas9-mediated integration (Additional Figure 1C). Inactivation of
GALS80 eliminates the need for galactose induction of GAL2 expression (Torchia et al.
1984, Ostergaard et al. 2001, Tani et al. 2016). Expression of the high-affinity L-arabinose
transporter PcAraT from P. chrysogenum enables L-arabinose uptake in the presence of
glucose (Bracher et al. 2018). To simultaneously abolish the ability to metabolize p-glucose,
an expression cassette for PcAraT (Bracher et al. 2018) was integrated into the HXK2
locus. Subsequent introduction of a functional URAS allele from S. cerevisiae CEN.PK113-
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7D (Additional Figure 1D) yielded the prototrophic ‘arabinose specialist’ S. cerevisiae
strain IMX728 (hxk1A glk1A gal1A::{Spcas9-amdSYM} gre3A::{NPPP} hxk2A::PcaraT
0al80A::{ARAP}).

In aerobic shake flasks on SMA, strain IMX728 exhibited a specific growth rate of
0.26 h' (Figure 1). As anticipated after deletion of all four genes encoding glucose-
phosphorylating enzymes (Farwick et al. 2014, Nijland et al. 2014, Wisselink et al. 2015),
no growth was observed on SMD. Consistent with the incomplete inhibition of PcAraT by
glucose (Bracher et al. 2018) strain IMX728 grew at a specific growth rate of 0.04 h' in
aerobic batch cultures on SMAGX (Figure 1).
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Figure 1. Growth curves of S. cerevisiae strain IMX728 (engineered, non-evolved arabinose-consuming,
glucose-phosphorylation-negative, expressing PcaraT) in aerobic batch cultures on SM containing 20
g L' L-arabinose (SMA) as sole carbon and energy source (¢) and in SM with 20 g L-! L-arabinose, 20
g L' p-glucose and 20 g L' p-xylose added (o). Data shown in the figure represent from a single growth
experiment, data from a replicate experiment are shown in Additional Figure 2. Derived biomass-specific
conversion rates in the replicate experiments differed by less than 5%.

Anaerobic laboratory evolution of an engineered L-arabinose specialist in the
presence of b-glucose

The ability of strain IMX728 to grow anaerobically on L-arabinose as sole carbon source was
investigated in anaerobic bioreactors. In contrast to the fast and instantaneous growth in
aerobic shake flasks (Figure 1), slow anaerobic growth on L-arabinose was only observed
after approximately 150 h (Additional Figure 5). To select for spontaneous mutants that
combined an increased anaerobic growth rate on L-arabinose with a decreased sensitivity
to growth inhibition by p-glucose and p-xylose, strain IMX728 was grown in duplicate
anaerobic sequential batch reactors (SBRs) on SMAGX. Continuous measurements of CO,
concentrations in the off gas of the SBRs were used to automatically initiate empty-refill
cycles and monitor the increase of specific growth rate over time (Additional Figure 4).
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After an initial cultivation cycle under aerobic conditions, the first anaerobic cycle required
a 17 d period before growth was observed. Only then, within 24 h, both replicate cultures
showed an exponential increase in CO, production, corresponding to an estimated specific
growth rate of 0.07 h'. Both SBRs were operated for 254 d (Figure 2), after which specific
growth rates had increased to above 0.13 h'. Specific growth rates on SMAGX of 31
single-colony isolates obtained from the SBR cultures were then measured in anaerobic
shake flasks (Additional Figure 5). Four selected isolates, named IMS0520 to IMS0523,
showed specific growth rates of 0.13 to 0.17 h™" in anaerobic bioreactor batch cultures
on SMAGX, which corresponded closely to the growth rates estimated from on-line CO,
analysis of the evolving SBR cultures (Additional Figure 4).
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Figure 2. Specific growth rate (h™") estimated from CO, production profiles in two parallel laboratory
evolution experiments in anaerobic SBRs: SBR 1 (o) and SBR 2 (). Both cultures were inoculated with
the L-arabinose consuming, glucose-phosphorylation negative S. cerevisiae strain IMX728 and grown on SM
with 20 g L' L-arabinose, 20 g L' p-glucose and 20 g L' p-xylose. The first data point for each experiment
corresponds to the initial aerobic batch cultivation, all subsequent data points represent estimated growth rates
in anaerobic SBR cycles.

Evolved strains show mutations, duplication and allelic variation in GAL2

To identify the mutations that enabled growth of laboratory-evolved isolates IMS0520-
IMS0523 on L-arabinose in the presence of p-glucose and bp-xylose, their genomes
were sequenced and compared to that of their common parental strain IMX728. Variant
screening for non-synonymous single-nucleotide mutants and insertion/deletions revealed
that, together, the four strains carried 9 single-nucleotide mutations in open reading
frames (Table 2). All four isolates carried mutations in GAL2 that changed the asparagine
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Table 2. Single-nucleotide mutations in L-arabinose-metabolizing, glucose-phosphorylation-
negative S. cerevisiae strains IMS0520-IMS0523, evolved for anaerobic growth on L-arabinose
in the presence of b-xylose and p-glucose in biological duplicate (reactors 1 and 2). Mutants were
identified alignment of the whole-genome sequence data to S. cerevisiae IMX728. Read coverage
observed for each SNP was higher than 99% unless stated otherwise in the table. Descriptions of gene

functions are derived from the Saccharomyces Genome Database (as of 19-11-2017).

. Nucleotide Amino acid L
Gene and strain Description
change change
GAL2
IMS0520 (reactor 1)  A1127T N376l Galactose permease; required for utilization of
IMS0521 (reactor 1)  A1127T N376I galactose and also able to transport glucose
IMS0522 (reactor 2) A1127C N376T (Kou et al. 1970).
C266T (57%) T89I
IMS0523 (reactor 2) A1127C N376T
BMH1
IMS0520 (reactor 1)  G383T G128V 14-3-3 protein, major isoform; controls, involved
IMS0522 (reactor 2)  G64T E22* in regulation of exocytosis, vesicle transport,
IMS0523 (reactor 2)  G64T E22* Ras/MAPK and rapamycin-sensitive signalling,
aggresome formation, spindle position
checkpoint
DCK1
IMS0522 (reactor 2) T2890C (42%) Y964H Dock family protein (Dedicator Of CytoKinesis),
homolog of human DOCK1; interacts with
Ino4p; cytoplasmic protein that relocates to
mitochondria under oxidative stress
IPT1
IMS0522 (reactor 2)  C938T S313F Inositolphosphotransferase; involved in
synthesis of mannose-(inositol-P)2-ceramide
(M(IP)2C) sphingolipid; can mutate to resistance
to the antifungals syringomycin E and DmAMP1
and to K. lactis zymocin
UPC2
IMS0523(reactor 2)  A2648G Y883C Sterol regulatory element binding protein;
induces sterol biosynthetic genes, upon sterol
depletion; acts as a sterol sensor, binding
ergosterol in sterol rich conditions
RPL6B
IMS0520 (reactor 1)  T784A E261G Ribosomal 60S subunit protein L6B; binds 5.8S

rRNA; homologous to mammalian ribosomal
protein L6

in position 376 of Gal2, into an isoleucine (Gal2"*"®) or a threonine (Gal2"¥"®") in isolates
originating from SBR 1 and 2, respectively. Isolate IMS0522 contained an additional single-
nucleotide mutation in GAL2 resulting in a Gal2™® substitution, which, however, was only
observed in 57% of the reads already suggesting a copy number increase of GAL2 locus.

In addition to mutations in GAL2, single-nucleotide changes were identified in DCK1, IPT1
UPC2 and RPL6B, which each occurred in only one of the four isolates. IPT1 encodes
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an inositol phosphotransferase involved in sphingolipid production (Dickson et al. 1997),
while UPC2 plays a key role in regulation of sterol metabolism and uptake (Crowley et
al. 1998). Both mutations may have affected membrane composition and, thereby, the
uptake of L-arabinose. Mutations in BMH1 were observed in strains IMS0520, IMS0522
and IMS0523. In view of the pleiotropic phenotype of bmh1 mutants (van Heusden et
al. 1992, Roberts et al. 1997, Van Hemert et al. 2001, Wang et al. 2009), we decided to
not investigate the impact of these mutations on L-arabinose fermentation. Since, GAL2
was the only transporter gene whose coding region was found to be mutated in strain
IMS0521, further analysis was focused on the GAL2 mutations found in the four strains.

As frequently observed in laboratory evolution experiments with S. cerevisiae (Oud et al.
2012, Gorter de Vries et al. 2017), read depth analysis revealed changes in copy number
of specific regions in the genomes of the evolved strains (Additional Figure 7).

Notably, regions of Chromosome XIlI, which harbors GAL2, were found to be duplicated
in all four isolates, with strain IMS0522 showing a probable duplication of this entire
chromosome (Figure 3). To test the physiological significance of the resulting duplication
of GAL2, an additional copy of the wild-type GAL2 allele was integrated in the genome
of the parental ‘arabinose specialist’ IMX728, yielding strain IMX1386. Similar to S.
cerevisiae IMX728, the strain with two copies of GAL2 required 120 h before growth on
L-arabinose was observed in anaerobic batch cultures (Additional Figure 8), indicating
that duplication of GAL2 was not, in itself, sufficient to enable instantaneous anaerobic
growth on L-arabinose.

Read-depth comparisons of the genes encoding the enzymes of the bacterial L-arabinose
pathway (araA, araB, araD) revealed some differences in copy number of araA and araB
between evolved strains and the parental strain (Table 3).

Table 3. Estimated copy numbers of the heterologously expressed Lactobacillus plantarum genes araA,
araB and araD and Penicillium chrysogenum PcaraT in the evolved, anaerobically growing and glucose-
tolerant ‘arabinose specialist’ strains S. cerevisiae IMS0520-IMS0523, obtained from two independent
evolution experiments in SBRs (1 and 2), and in the parental strain IMX728. Copy numbers were estimated
by comparing gene read depths to the average of all chromosomes.

Reference Reactor 1 Reactor 2
Gene IMX728 IMS0520 IMS0521 IMS0522 IMS0523
araA 17.5 8.7 19.3 19.5 16.4
araB 0.8 0.9 3.1 2.2 1.2
araD 0.9 1.0 1.2 1.0 1.1
PcaraT 0.9 1.1 1.0 1.1 1.2
'Excluded chromosomes: 3,10, 12, 16 2,8 12 12 12, 16

'Chromosomes excluded from the average read depth, based on duplication of chromosomal regions identified
with the Magnolya algorithm (Nijkamp et al. 2012).

102



Results

IMS0520

w

Copy number
— N

B
<
wn
o
(92
N
[

2 +

w
=
+

" + 4
+ +4+ %
+ i +

¥ rad +’ "§++ Thatd |+ "fp

+ tf h §E §+ ¥
?3‘* %

Copy number
1= N

o

IS

w

Copy number
N

=

(=}

5 - - -
IMS0523
4
[} +
Q v +
c f,;+ fﬁ*:%«h;& M::*m q{ *"#"’&H L:;&”ﬁi
) fta* + xitt I+
O 1 4 ¥ 5.
0 . = u = X .
0 200000 400000 600000 800000 1000000

Chromosomal location

Figure 3. Chromosomal copy number estimations for chromosome 12 in the evolved anaerobically
L-arabinose-growing, glucose-tolerant S. cerevisiae strains IMS0520 to IMS0523. Chromosomal copy
numbers were estimated using the Magnolya algorithm (Nijkamp et al. 2012). Reads of the four strains (red
crosses) show duplications relative to the corresponding chromosome 12 sequences in the common parental
strain IMX728 (blue crosses). The light blue region corresponds to the location of GAL2.
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However, these differences were not consistent across the four evolved strains. Read-
depth analysis of the PcaraT transporter gene revealed no copy number changes in any of
the four evolved isolates. To examine the contribution of PcaraT to the physiology of the
evolved strains, it was deleted in evolved strain IMS0522, resulting in strain IMWO088. In
duplicate anaerobic bioreactor cultures of strains IMS0522 and IMWO088 on SMAGX, both
completely fermented the L-arabinose in the medium. The strain lacking PcaraT (IMW088)
did, however, exhibit a lower specific growth rate than strain IMS0522 (0.10 h"" and 0.12h-",
respectively; Table 4) and, consequently, required substantially more time for complete
conversion of L-arabinose in the anaerobic batch cultures (Figure 4).
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Figure 4. Growth and extracellular metabolite concentrations in anaerobic cultures of the evolved
L-arabinose consuming, glucose-phosphorylation negative S. cerevisiae strain IMS0522 and two derived
strains with specific genetic modifications. Cultures were grown in bioreactors containing synthetic medium
with 20 g L' L-arabinose, 20 g L' p-glucose and 20 g L' p-xylose. A. IMS0522, B. IMW088 (PcaraTA), C.
IMWO091 (Gal2?® restored to Gal2®"). = L-arabinose; o biomass dry weight; e glycerol; o ethanol; #b-glucose;
Ob-xylose. Data shown in the figure represent from a single growth experiment for each strain, data from
independent replicate experiments are shown in Additional Figure 9. Derived biomass-specific conversion
rates in the replicate experiments differed by less than 5%.

Amino acid substitutions in Gal2 at position N376 enable L-arabinose uptake in the
presence of b-glucose and p-xylose

A previous laboratory evolution study with p-xylose-fermenting, glucose-phosphorylation-
deficient S. cerevisiae strains also identified mutations that led to a single-amino-acid
change in Gal2 at position 376, which enabled growth on p-xylose in the presence of
p-glucose (Farwick et al. 2014). In the present study, the parental strain IMX728 could not
only import L-arabinose via Gal2, but also via the fungal L-arabinose transporter PcAraT,
which is much less sensitive to glucose inhibition than Gal2 (Bracher et al. 2018).

To investigate whether the observed mutations in GAL2 were also required for growth
on L-arabinose in the presence of p-glucose in a strain background without PcaraT, a
short laboratory evolution experiment was conducted with the ‘arabinose specialist’ strain
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IMX660, which differed from strain IMX728 by the absence of PcaraT. After approximately
100 h incubation in an aerobic shake flask on 20 g L' L-arabinose and p-glucose, growth
was observed and strain IMS0514 was obtained as a single colony isolate and confirmed
to have a stable phenotype for growth on SMAG (data not shown). As in strains IMS0520-
IMS0523, whole-genome sequencing of strain IMS0514 revealed a single mutation
in GAL2 at position 1128, in this case resulting in a Gal2"¥7¢s substitution. Additionally,
introduction of the Gal2"¥"® substitution in both GAL2 alleles of strain IMS0520 enabled
immediate growth on SMAG of the arabinose specialist strain lacking PcAraT (IMX11086,
Figure 5).
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Figure 5. Growth of engineered glucose-phosphorylation-negative S. cerevisiae strains on L-arabinose
in the presence and absence of p-glucose and p-xylose. An approximate set numbers of cells of strain
S. cerevisiae IMX1106, expressing Gal2 with amino acid substitution N376 and parental strain IMX660 were
plated on solid synthetic medium with L-arabinose (SMA), L-arabinose and p-glucose (SMAG) or L-arabinose,
p-glucose and p-xylose (SMAGX). Plates were incubated aerobically at 30°C for 4 days.

Sugar transport kinetics of Gal2 variants obtained by laboratory evolution

To examine inhibition by p-glucose of L-arabinose transport by different Gal2 variants
found in evolved strains, the corresponding evolved GAL2 alleles were expressed in
S. cerevisiae DS68625. In this strain, which does not express the pathway required for
arabinose metabolism, the hexose-transporter genes HXT1 to HXT7 and GAL2 have
been disrupted (Nijland et al. 2014). To examine the extent to which p-glucose inhibited
L-arabinose uptake by the different Gal2 variants, ['“C]-L-arabinose-uptake experiments
were performed at different concentrations of p-glucose (Figure 6). Consistent with earlier
reports (Subtil and Boles 2011, Farwick et al. 2014), uptake of L-arabinose (50 mM) by
wild-type Gal2 was inhibited by ca. 80% in the presence of 100 mM b-glucose (Figure 6).

105




L-Arabinose transport: Evolutionary engineering of GAL2

Glucose (mM)

Figure 6. Effect of p-glucose on specific rates of L-arabinose uptake by different Gal2 variants. Uptake
experiments were performed with 50 mM ['“C-] L-arabinose in the presence of different b-glucose concentrations.
Symbols indicate uptake rates observed with strain S. cerevisiae DS68625 expressing Gal2\*7¢T (o), Gal2\37¢S (e),
Gal2\*7® () and wild-type Gal2 (x). DW = Cell dry weight.

p-glucose inhibition was not significantly affected by the Gal2™® substitution but, under
the same conditions, L-arabinose uptake by Gal2"7¢!, Gal2V376S and Gal2N*7¢T was inhibited
by only 20-30% (Figure 6 and Additional Figure 10).

The Gal2"¥® Gal2"37® and Gal2"*7¢T substitutions yielded 25-60% lower K., values for
L-arabinose than wild-type Gal2, while their K values for p-glucose were one to two
orders of magnitude higher than those of wild-type Gal2 (Table 5). As a result, the ratios
of the K values for L-arabinose vs. p-glucose was 2 orders of magnitude lower for the
strains expression Gal2 variants with substitutions at position 376. For Gal2 variants that
only carried an amino acid substitution at this position, transport capacities (V__) for
L-arabinose and p-glucose differed by less than two-fold from those of wild-type Gal2
(Table 5). These changes in transport kinetics are consistent with a strongly reduced
competitive inhibition of L-arabinose transport by p-glucose.

A single Gal2™ substitution increased the K for p-glucose transport from 1.9 to 7 mM,
while it decreased the K for L-arabinose from 335 to 99 mM. For both sugars, the Gal2™*
substitution caused a 2-3 fold reduction of V__ (Table 5). These kinetic properties suggest
that Gal2™ may, by itself, confer a selective advantage at low extracellular L-arabinose
concentrations. Remarkably, a Gal2 variant that harboured both the Gal2N6T and Gal2™
substitutions no longer transported p-glucose, while K and V__ values for L-arabinose
were similar to those of Gal2™ (Table 5).
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Table 5.K_and V__ values for L-arabinose and p-glucose for Gal2 variants with amino acid substitutions
at positions N376 and T89. Transport kinetics were measured by uptake studies with radioactive sugars after
expression of GAL2 alleles in S. cerevisiae DS68625. Values are average and mean deviation of two independent
sets of uptake experiments. The detection limit for p-glucose uptake (V) was 1.8 nmol” (mg biomass)™" min™'.
Data used to calculate K_and V__ values are shown in Additional Figure 11.

K_ (mM) K ratio V..., (nmol (mg biomass)™* min™)

Gal2 variant L-arabinose p-glucose Ara/Glc L-arabinose p-glucose
Gal2' 335+ 21 1.9+0.2 176 75+5 26+ 1
Gal2nse 117 £ 16 101 £ 47 1 39+3 32+18
Gal2N3es 186 + 33 38«1 5 64 +2 28 =1
Gal2N3eT 171 £ 17 57 £1 3 65 +2 174
Gal2reel, Ns7eT 103 + 40 - - 30+2 <1.8
Gal2m™ 99 + 18 7+0.2 15 22+3 13+0.1

'Kinetic data for wild-type Gal2 were derived from (Bracher et al. 2018).

The Gal2™ substitution also occurs in a previously evolved pentose-fermenting strain
Strain S. cerevisiae IMS0010 is an engineered pentose-fermenting strain that was pre-
viously evolved for improved anaerobic fermentation kinetics on mixtures of p-glucose,
p-xylose and L-arabinose (Wisselink et al. 2009). Sequence analysis of GAL2 in IMS0010
showed that this strain contains the same Gal2™® substitution found in one of the two
GAL2 alleles in the independently evolved glucose-phosphorylation-negative strain
IMS0522. Analysis of GAL2 sequences in two intermediate strains in the construction and
laboratory evolution of strain IMS0010 (strains IMS0002 and IMS0007; (Wisselink et al.
2009)) showed that this mutation was acquired during the evolution for improved kinetics
of mixed-substrate utilisation.

Reverting the Gal2™® substitution negatively affects L-arabinose consumption
CO, production profiles of anaerobic bioreactor batch cultures (Additional Figure 6)
indicated that strain IMS0522, in which one of the two GAL2 alleles encodes both the
Gal2Ns7eT and Gal2™ substitutions, grew faster on L-arabinose in the presence of b-glucose
and p-xylose than strain IMS0523, in which both copies of GAL2 only encode the Gal2N376T
substitution. To investigate whether the additional Gal2™ substitution contributed to this
phenotype, the allele encoding this substitution was restored to ‘Gal2"3"¢T only’. Anaerobic
batch cultures of the resulting strain IMW091 on SMAGX showed a substantially
reduced specific growth rate relative to its parental strain IMS0522 (0.069 h' and 0.12
h-', respectively, Table 4). As a consequence, the time needed to completely ferment
L-arabinose in the presence of p-glucose and p-xylose was much shorter for the parental
strain IMS0522 (Gal2V378T/Gal2N378T 189 than for the strain IMW091 (Gal2"¥76T/Gal2N7eTT); 25
and 45 h, respectively) (Figure 4).
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Discussion

The S. cerevisiae strain used for this evolutionary engineering study combined genetic
modifications that were previously shown to enable or stimulate growth on L-arabinose.
Combined expression of a bacterial L-arabinose pathway (Sedlak and Ho 2001, Becker
and Boles 2003, Wisselink et al. 2007), overexpression of native non-oxidative pentose-
phosphate-pathway enzymes (Kuyper et al. 2005, Wisselink et al. 2007), deletion of the
non-specific aldose reductase gene GRE3 (Traff et al. 2001), deregulated expression
of the Gal2 galactose/L-arabinose transporter (Tani et al. 2016, Wang et al. 2017), here
accomplished by deletion of GAL80 (Torchia et al. 1984, Ostergaard et al. 2001, Tani et
al. 2016), and expression of the fungal L-arabinose transporter PcAraT (Bracher et al.
2018) yielded a strain that, in aerobic shake-flask cultures, exhibited a specific growth rate
on L-arabinose of 0.26 h™'. Moreover, deletion of all four genes encoding enzymes with
glucose-phosphorylating activity rendered this ‘arabinose-specialist’ strain S. cerevisiae
IMX728 unable to grow on glucose. Construction of this strain was completed within 3
months, which illustrates the power of Cas9-assisted genome editing combined with in
vivo and in vitro DNA assembly methods (DiCarlo et al. 2013, Kuijpers et al. 2013, Mans
et al. 2015, Tsai et al. 2015).

The specific growth rate of strain IMX728 on L-arabinose in aerobic batch cultures, which
was achieved without evolutionary engineering or random mutagenesis, corresponded to
65% of the specific growth rate on glucose of the parental strain CEN.PK113-7D (Solis-
Escalante et al. 2015) and is the highest growth rate on L-arabinose hitherto reported
for an engineered S. cerevisiae strain (Wisselink et al. 2007, Wiedemann and Boles
2008, Wang et al. 2013). However, the genetic modifications in this strain did not enable
anaerobic growth on L-arabinose. Anaerobic growth on L-arabinose requires that the

biomass-specific L-arabinose consumption rate (q is sufficiently high to meet the

arabinose)
ATP requirement for cellular maintenance (ca. 1 mmol ATP (g biomass)" h™', (Boender et
al. 2009)). If L-arabinose uptake occurs via Gal2-mediated facilitated diffusion, anaerobic,
fermentative metabolism of L-arabinose yields 1.67 ATP, while transport of L-arabinose
exclusively via PcAraT-mediated proton symport would result in a 60% lower ATP yield

(Weusthuis et al. 1994).

Even if L-arabinose metabolism in the aerobic batch cultures of strain IMX728 would occur
exclusively via the energetically much more favorable process of respiratory dissimilation
(Bakker et al. 2001, Verhoeven et al. 2017), its specific growth rate of 0.26 h-' would still
correspond to a g, .. of at least 3 mmol g™ h™'. This rate of L-arabinose metabolism
should be sufficient to meet anaerobic maintenance requirements via fermentative
metabolism. The inability of strain IMX728 to instantaneously grow on L-arabinose in

anaerobic cultures therefore suggests that it cannot achieve the same q under those

arabinose
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conditions, which might reflect suboptimal expression, folding, membrane environment
and/or stability of wild-type Gal2 in anaerobic cultures.

The observation that the two GAL2 copies in individual strains evolved for anaerobic
growth in L-arabinose in the presence of p-glucose and p-xylose encoded the same
Gal2Ns7¢ substitution, indicated that these substitutions most probably preceded gene
duplication. The importance of these substitutions is further underlined by the observation
that introduction of a single copy of the GAL2"¥® allele enabled growth of an ‘arabinose
specialist’ strain on L-arabinose in the presence of glucose and/or L-arabinose under
aerobic conditions (Figure 5). GAL genes are transcriptionally regulated via pathways
involving Mig1 and Gal80 (Ostergaard et al. 2001). In the present study, Gal80-mediated
repression was eliminated by deletion of its encoding gene. The observed growth of
glucose-phosphorylation-negative strains expressing an evolved GAL2™® allele on
L-arabinose in glucose-containing media indicates that any Mig1-mediated glucose
repression of GAL2 was incomplete. In the glucose-phosphorylation-negative strains,
absence of Hxk2, which is involved in Mig1-dependent glucose repression (Ahuatzi et al.
2007) is likely to have te glucose derepression of GAL genes. Indeed, deletion of HXK2
has been reported to stimulate co-consumption of glucose and galactose (Raamsdonk et
al. 2001). Additionally, in the same S. cerevisiae genetic background, combined deletion
of MIG1, GAL6 and GAL80 was shown not to significantly affect GAL2 transcript levels
(Bro et al. 2005).

Two previous studies used b-glucose-phosphorylation-negative b-xylose-fermenting
strains to evolve for p-glucose tolerance of p-xylose utilization (Farwick et al. 2014,
Nijland et al. 2014). These studies identified mutations in hexose transporters that
reduced b-glucose sensitivity of p-xylose transport. In Gal2, which also transports
p-xylose (Farwick et al. 2014) and in a chimera of Hxt3 and Hxt6 (Hxt36) (Nijland et al.
2014), these mutations caused amino acid substitutions at the corresponding positions
N376 and N367, respectively. Using in silico models of the three-dimensional structure of
Gal2 and Hxt36, based on the crystal structure of the E. coli XylE p-xylose/H* symporter,
changes of the amino acid at these positions were predicted to confine the space in
the substrate binding pocket for the hydroxymethyl group of p-glucose (Sun et al. 2012,
Farwick et al. 2014, Nijland et al. 2014). Both studies showed that size, charge, polarity and
presence of hydrophobic side chains for the substituted amino acid strongly influenced
relative transport activities with p-glucose and p-xylose. The present study shows that
modifications of Gal2 at this position also enable transport of L-arabinose in the presence
of p-glucose. Of the Gal2"*7® substitutions identified and kinetically analyzed in our study,
Gal2"¥"*T showed the highest K_and lowest V__ for b-glucose. Moreover, this substitution
decreased the K for L-arabinose without affecting V___for uptake of this pentose.
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Of the four p-glucose-tolerant evolved strains isolated from the evolution experiments,
strain IMS0522 showed significantly better L-arabinose fermentation performance than the
other strains. Its L-arabinose consumption rate of 1.6 + 0.08 g (g biomass)™ h"'and ethanol
production rate of 0.61 + 0.01 g (g biomass)" h™' in anaerobic cultures are the highest
reported to date for an engineered S. cerevisiae strain (Wisselink et al. 2007, Wiedemann
and Boles 2008, Wang et al. 2013). In addition to a Gal2N®"¢T substitution, one of the GAL2
copies in this strain encoded an additional Gal2™® substitution, whose restoration to
wild type resulted in a fermentation performance similar to that of the other strains. The
physiological relevance of the mutation was further supported by its identification in a
strain that was previously evolved for mixed-sugar fermentation (Wisselink et al. 2009). By
itself, the Gal2™"' showed a reduced K _ for L-arabinose and an increased K _ for b-glucose,
whilethe V__ for both sugars was decreased relative to that of wild-type Gal2. The Gal2™*
variant was also investigated in a recent study that systematically investigated amino acid
substitutions at positions within or close to the predicted L-arabinose binding pocket of
Gal2 (Wang et al. 2017). Subsequent expression of the Gal2™ substitution did not show
a significant effect on the growth rate on L-arabinose (Wang et al. 2017). However, our
results suggest that, by itself, this substitution is advantageous for L-arabinose uptake
in the presence of glucose and/or at low L-arabinose concentrations. Additionally, in the
evolved strain IMS0010, in which Gal2 contained only this substitution, the mutations may
have contributed to anaerobic co-consumption of L-arabinose and p-xylose (Wisselink et
al. 2009).

Transport assays with the Gal2N¥76T™ variant showed complete loss of b-glucose
transport capacity, combined with a reduced K and V__ for L-arabinose. In the context
of the SBR protocol in which this variant evolved, these kinetic properties are particularly
relevant during the growth phase in which the L-arabinose concentration declined, while
p-glucose in still present at 20 g L. The complete loss of glucose transport activity of the
Gal2nsetTeel - which was encoded by only one of two copies of GAL2 in the laboratory-
evolved strain originating from a duplication of Chromosome Xll, underline the importance
of chromosomal copy number variations in laboratory evolution and neofunctionalization
of duplicated genes (Gorter de Vries et al. 2017). These results from a 500-generation
laboratory evolution experiment illustrate how, during evolution in dynamic natural
environments, similar duplication and neofunctionalization events, may have contributed
to the diverse kinetic characteristics and substrate specificities of the Hxt transporter
family in S. cerevisiae (Reifenberger et al. 1997, Biswas et al. 2013, Jordan et al. 2016).

In addition to Gal2, the parental strain used in the evolution experiments expressed the
fungal L-arabinose transporter PcAraT, which upon expression in S. cerevisiae mediates
high-affinity, L-arabinose-proton symport (K = 0.13 mM) and is much less sensitive
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to glucose inhibition than wild-type Gal2 (Bracher et al. 2018). During the evolution
experiments, no loss of function mutations were observed in PcAraT. This observation
indicates that its presence did not confer a strong selective disadvantage, for example
as a result of the activity of a futile cycle caused by simultaneous facilitated diffusion
and proton symport of L-arabinose. Moreover, the observations that deletion of PcAraT
resulted in decreased specific growth rate on L-arabinose and that presence of PcAraT
coincided with a faster consumption of L-arabinose towards the end of anaerobic batch
cultures (Figure 4b), are in line with its reported low V__ and low K for L-arabinose upon
expression in S. cerevisiae (Bracher et al. 2018).

These results demonstrate the potential of high-affinity L-arabinose transporters to
efficiently convert low concentrations of L-arabinose towards the end of fermentation
processes, thereby preventing prolonged ‘tailing’ of industrial fermentation processes.

Conclusions

Laboratory evolution of engineered, L-arabinose-metabolizing and glucose-phosphory-
lation-negative S. cerevisiae yielded evolved strains that anaerobically fermented
L-arabinose in the presence of b-glucose and p-xylose. Amino acid substitutions in Gal2
that affected the kinetics of L-arabinose and p-glucose transport played a key role in this
evolution. The best performing evolved strain contained two different mutated alleles of
GAL2, encoding Gal2 variants with distinct kinetic properties. This result demonstrates
the importance of engineering ‘transporter landscapes’ for uptake of individual sugars,
consisting of transporters with complementary kinetic and/or regulatory properties, for
efficient sugar conversion in dynamic, mixed-sugar fermentation processes.

Acknowledgements

This work was performed within the BE-Basic R&D Program (http://www.be-basic.org/),
which is financially supported by an EOS Long Term grant from the Dutch Ministry of
Economic Affairs, Agriculture and Innovation (EL&I). The authors thank Marcel van den
Broek (TUD), Pilar de la Torre (TUD), loannis Papapetridis (TUD), Laura Valk (TUD), Renzo
Rozenbroek (TUD), Paul de Waal (DSM), Hans de Bruijn (DSM) and Paul Klaassen (DSM)
for their input in this project.

111




L-Arabinose transport: Evolutionary engineering of GAL2

Additional material

Additional Table 1. Plasmids used in this study.

Plasmid Characteristic Source

p414-TEF1p- CENG6/ARS4 ampR pTEF1-cas9-tCYC1 (DiCarlo et al. 2013)

cas9-CYC1t

pPWT118 KanMX, amdSYM, pADH1_PcaraT_tPMA1 (Bracher et al. 2018)

pUG-amdSYM Template for amdS marker (Solis-Escalante et al. 2013)

pUG-72 Template for KIURA3 marker (Gueldener et al. 2002)

pUDE327 2 pm ori, KIURA3, pSNR52-gRNA.HXK2.Y (Kuijpers et al. 2016)

pUDE335 2 pym ori, KIURA3, pSNR52-gRNA.GRE3.Y (Verhoeven et al. 2017)

pMEL10 PSNR52-gRNA.CAN1.Y-tSUP4 (Mans et al. 2015)

pROS10 2 pym ori, KIURA3, pSNR52-gRNA.CAN1.Y pSNR52- (Mans et al. 2015)
gRNA.ADE2.Y

pROS10 2 um ori, kanMX, pSNR52-gRNA.CAN1.Y pSNR52- (Mans et al. 2015)
gRNA.ADE2.Y

puUD344 pJET1.2Blunt + TagA_pPGI1_NQM1_TagB (Verhoeven et al. 2017)

pUD345 pJET1.2Blunt + TagB_pTPI1_RKI1_Tagc (Verhoeven et al. 2017)

pUD346 pJET1.2Blunt + TagC_pPYK1_TKL2_TagF (Verhoeven et al. 2017)

puUD347 pJET1.2Blunt + TagG_pTDH3_RPET_TagH (Verhoeven et al. 2017)

puUD348 pJET1.2Blunt + TagH_pPGK1_TKL1_Tagl (Verhoeven et al. 2017)

pUD349 pJET1.2Blunt + Tagl_pTEF1_TAL7_TagA (Verhoeven et al. 2017)

pUD354 pPMK-RQ_pTPI1_araA_tADH3 This study

pUD355 pPMK-RQ_pPYK1_araB_tPGI1 This study

pUD356 pMK-RQ_pPGK1_araD_tTDH3 This study

pUDE348 2 um ori, KIURA3, pSNR52-gRNA.GAL80.Y This study

pUDR172 2 pm ori, KIURA3, pSNR52-gRNA.GAL2"7%.Y pSNR52-  This study
gRNA.GAL2N78 Y

pUDR187 2 pym ori, kanMX, pSNR52-gRNA.GAL2%.Y pSNR52- This study
gRNA.GAL2®.Y

pRS313-Gal2 CEN6/ARS4 ampR pHXT7-GAL2-tHXT7 This study

pRS313-Gal2-T CENG6/ARS4 ampR pHXT7- GAL2NSST-tHXT7 This study

pRS313-Gal2-S  CENG6/ARS4 ampR pHXT7- GAL2N6S-tHXT7 This study

pRS313-Gal2-I CENG6/ARS4 ampR pHXT7- GAL2N6-tHXT7 This study

pRS313-Gal2-TI  CEN6/ARS4 ampR pHXT7- GAL2N6TT8ItHXT7 This study

pRS313-PcaraT = CEN6/ARS4 ampR pHXT7-PcaraT-tHXT7 (Bracher et al. 2018)

pRS313-mcs CEN6/ARS4 ampR pHXT7-mcs-tHXT7 (Nijland et al. 2014)

Additional Table 2. Primers used in this study are available at: https://doi.org/10.1093/femsyr/foy062
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Additional Figure 1. Schematic overview of the integrated constructs that result in strain IMX728 (hxk1A
glk1A gal1A::{Cas9_amdSYM} gre3A::{NPPP} hxk2A::PcaraT gal80A::{ARAP}). A. fragments with expression
cassettes for Cas9 and amdSYM were cotrasnformed in IMX080. B. the fragments with six expression cassettes
for genes in the non-oxidative PPP were transformed with pUDE335 allowing for a Cas9-induced double-strand
break in GRE3. C. 11 fragments with 9 times an expression cassette for araA and single fragments for AraB
and AraD were transformed with plasmid pUDE348. D. PcaraT was integrated in the HXK2 locus using plasmid
pUDES327. Correct integration of all the fragments was verified by diagnostic PCR.

ODggo

) L L L) L} L}
0 25 50 75 100 125 150 175
Time (h)

Additional Figure 2. Growth curves for replicate experiments of S. cerevisiae strain IMX728 (engineered,
non-evolved arabinose-consuming, glucose-phosphorylation-negative, expressing PcaraT) in aerobic
batch cultures on synthetic medium containing 20 g L' L-arabinose (SMA) as sole carbon and energy
source (o) and in synthetic medium with 20 g L' L-arabinose, 20 g L' p-glucose and 20 g L p-xylose
added (o).
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Additional Figure 3. Growth and extracellular metabolite concentrations for duplicate anaerobic
cultures (A. reactor 1 and B. reactor 2) of engineered L-arabinose consuming glucose-phosphorylation
negative strain IMX728. The culture was grown in bioreactors containing synthetic medium containing 20 g L™
L-arabinose. = L-arabinose; o biomass dry weight; e glycerol; o ethanol.
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Additional Figure 4. CO, offgas measurements (%) for both anaerobic sequential batch A. reactor 1 and B.
reactor 2 during laboratory evolution of strain IMX728 (L-arabinose consuming, glucose-phosphorylation-
negative) on synthetic medium with 20 g L' L-arabinose, 20 g L' p-glucose and 20 g L' pb-xylose. The first
CO, curve corresponds to the initial aerobic batch prior to switching sparging from air to nitrogen.
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Additional Figure 5. Logarithmic plots of OD.,, measurements for anaerobic shake flask cultures using
single colony isolates obtained after laboratory evolution of strain IMX728. Shake flasks were incubated
at 30°C in an anaerobic chamber. 9L1-9L16 and 9R1-9R15 correspond to isolates originating from laboratory

evolution reactor 1 or 2 respectively. Values shown are averaged from two independent duplicates.
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Additional Figure 6. CO, offgas measurements (%) for four isolates selected after laboratory evolution
of IMX728 (L-arabinose consuming, glucose-phosphorylation-negative) on synthetic medium with 20 g
L' L-arabinose, 20 g L' p-glucose and 20 g L' b-xylose (SMAGX). Single anaerobic bioreactor cultures of
IMS0520 (solid grey), IMS0521 (dashed grey), IMS0522 (dashed black) and IMS523 (solid black) were conducted
and monitored on SMAGX at 30°C and pH5.0.
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Additional Figure 8. CO, offgas measurements (%) for strain IMX1286 (L-arabinose consuming, glucose-
phosphorylation-negative, with an additional copy of Gal2 integrated in the SGA1 locus) on synthetic
medium with 20 g L' L-arabinose. The two curves represent the measurement data of two independent
replicate experiments.
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Additional Figure 9. Growth and extracellular metabolite concentrations of replicate anaerobic cultures
of the evolved L-arabinose consuming, glucose-phosphorylation negative S. cerevisiae strain IMS0522
and two derived strains with specific genetic modifications. Cultures were grown in bioreactors containing
synthetic medium with 20 g L' L-arabinose, 20 g L' b-glucose and 20 g L' p-xylose. A. IMS0522, B. IMW088
(PcaraTA), C. IMW091 (Gal2® reverted to Gal2®"). = L-arabinose; o biomass dry weight; e glycerol; o ethanol;
@ p-glucose; O p-xylose.
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Additional Figure 11. Uptake experiments using various concentrations of ['“C-] L-arabinose (graph A.
and B.) or [“C-] p-glucose (graph C. and D.) to determine K_and V__ of strain DS68625 expressing Gal2
variants: T89I (o), N376T+T89I (e), N376T (u), Gal2 wild-type (=), N376S (#) and N376l ().
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Abstract

Cas9-assisted genome editing was used to construct an engineered glucose-
phosphorylation-negative S. cerevisiae strain, expressing the Lactobacillus plantarum
L-arabinose pathway and the Penicillium chrysogenum transporter PcAraT. This strain,
which showed a growth rate of 0.26 h-' on L-arabinose in aerobic batch cultures, was
subsequently evolved for anaerobic growth on L-arabinose in the presence of b-glucose
and p-xylose. In four strains isolated from two independent evolution experiments the
galactose-transporter gene GAL2 had been duplicated, with all alleles encoding Gal2N376"
or Gal2V¥"8 substitutions. In one strain, a single GAL2 allele additionally encoded a Gal2™*'
substitution, which was subsequently also detected in the independently evolved strain
IMS0010. In “C-sugar-transport assays, Gal2V¥s, Gal2N*"eT and Gal2"¥"® substitutions
showed a much lower glucose sensitivity of L-arabinose transport and a much higher
K for p-glucose transport than wild-type Gal2. Introduction of the Gal2"¥® substitution
in a non-evolved strain enabled growth on L-arabinose in the presence of p-glucose.
Gal2"e7en. T8 and Gal2™' variants showed a lower K _ for L-arabinose and a higher K_ for
p-glucose than wild-type Gal2, while reverting Gal2N376T. 7% to Gal2N%7¢ in an evolved strain
negatively affected anaerobic growth on arabinose. This study indicates that optimal
conversion of mixed-sugar feedstocks may require complex ‘transporter landscapes’,
consisting of sugar transporters with complementary kinetic and regulatory properties.



Introduction

Introduction

Over the past decades, major industrial and academic research efforts have been
devoted to engineering Saccharomyces cerevisiae, a key microbial cell factory (Liu et
al. 2013, Nielsen et al. 2013), for efficient conversion of lignocellulosic feedstocks into
fuel ethanol, the largest-volume product of industrial biotechnology (reviewed by Alper
and Stephanopoulos 2009, Young et al. 2010, Moysés et al. 2016, Jansen et al. 2017).
A large part of this effort was geared towards enabling S. cerevisiae strains to ferment
p-xylose and L-arabinose, two pentoses that comprise a substantial fraction of the
potentially fermentable sugars in lignocellulosic feedstocks (Lynd 1996, Olsson and Hahn-
Hagerdal 1996, Moysés et al. 2016, Jansen et al. 2017). In lignocellulosic feedstocks,
p-xylose is typically the most abundant sugar after glucose, often accounting for 10-25%
of the carbohydrate content (Lynd 1996). Wild-type S. cerevisiae strains can grow, albeit
slowly, on the b-xylose isomer p-xylulose, whose metabolism is linked to glycolysis via the
combined action of xylulokinase (Xks1) and the enzymes of the non-oxidative pentose-
phosphate pathway (PPP) (Wang and Schneider 1980, Hsiao et al. 1982).

In naturally b-xylose-metabolizing, non-Saccharomyces yeasts such as Scheffersomyces
stipitis (Toivola et al. 1984), Candida shehatae (Toivola et al. 1984), Pachysolen tannophilus
(Smiley and Bolen 1982, Toivola et al. 1984), Hansenula polymorpha (Ryabova et al. 2003)
and Kluyveromyces lactis (Margaritis and Bajpai 1982), p-xylose is first converted into
p-xylulose by the combined action of pyridine-nucleotide-dependent xylose reductases
(XR) and xylitol dehydrogenases (XDH). Metabolic engineering strategies for enabling
anaerobic fermentation of p-xylose by S. cerevisiae based on expression of heterologous
XR/XDH genes, which continue to be intensively investigated, are complicated by the
different redox cofactor preferences of these two oxido-reductases (Kotter and Ciriacy
1993, Hahn-Hagerdal et al. 2001, Jeffries 2006).

An alternative metabolic engineering strategy is based on redox-cofactor-independent
isomerization of b-xylose to p-xylulose by a heterologously expressed xylose isomerase (XI).
Implementation of this strategy was long hindered by insufficient functional expression of
heterologous Xl genes, under physiologically relevant conditions, in S. cerevisiae (Walfridsson
et al. 1996). This situation changed when Kuyper et al. (2003) demonstrated functional
expression of the xylA gene of the anaerobic fungus Piromyces sp. E2in S. cerevisiae (Kuyper
et al. 2003). Multi-copy overexpression of xylA, combined with overexpression of the native
xylulokinase gene (XKS7) and the major paralogs encoding enzymes of the non-oxidative
pentose-phosphate pathway (RKI1, RPE1, TAL1, TKL1), enabled fast aerobic growth of
S. cerevisiae on p-xylose (Kuyper et al. 2005). This result has since been reproduced,
both with xylA and with other heterologous Xl genes, and in different S. cerevisiae genetic
backgrounds (Table 1). In many studies, this metabolic engineering strategy was combined
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with deletion of GRES3, which encodes a non-specific aldose reductase whose activity could
lead to loss of carbon to xylitol (Traff et al. 2001, Kuyper et al. 2003, Kuyper et al. 2005, Lee
et al. 2012). Moreover, accumulation of xylitol, a known inhibitor of Xl enzymes (Yamanaka
1969), might inhibit heterologously expressed Xl activity.

The literature is entirely consistent where it concerns aerobic growth on p-xylose of XI-based
S. cerevisiae strains that carry the abovementioned genetic modifications. Conversely,
reports on the ability of such strains to grow anaerobically on p-xylose appear to be
conflicting. In their original paper, Kuyper et al. (2005) reported that S. cerevisiae RWB217,
which was constructed in the CEN.PK genetic background (Entian and Kétter 2007) and
harboured the complete set of genetic modifications described above as well as a gre34
mutation, grew anaerobically on p-xylose in synthetic media without a need for additional
mutagenesis or laboratory evolution (Kuyper et al. 2005). However, when other groups
constructed similar S. cerevisiae strains, anaerobic growth on p-xylose was reported to
require additional laboratory evolution, mutagenesis and/or genetic engineering (Table
1). Until recently, the different reported anaerobic growth performances of engineered S.
cerevisiae strains might have been attributed to differences in strain background and/or
Xl genes (Table 1).

However, the recent single-step, CRISPR-Cas9-mediated construction of a p-xylose-
metabolizing strain in the CEN.PK background, based on Piromyces xylA, yielded a strain
that showed instantaneous, fast aerobic growth on p-xylose but reproducibly required
a 12day adaptation period before growth on p-xylose in anaerobic bioreactor cultures
set in (Verhoeven et al. 2017). Whole-genome resequencing showed that this adaptation
reflected selection for mutants carrying mutations in PMR1, which encodes a Golgi Mn?*/
Ca?* ATPase. These mutations increased cellular contents of Mn2*, the preferred metal
cofactor of XylA (Lee et al. 2017, Verhoeven et al. 2017). Since Verhoeven et al. (2017)
used the same S. cerevisiae genetic background and Xl gene as Kuyper et al. (2005), and,
moreover, also overexpressed XKS7 and PPP genes while deleting GRES3 (Table 2), their
study raised questions on the genetic requirements for anaerobic p-xylose metabolism by
CEN.PK-derived strains (Kuyper et al. 2005, Verhoeven et al. 2017).

The goal of the present study was to critically re-examine and reproduce the genetic
modifications required for anaerobic growth of S. cerevisiae on p-xylose reported by Kuyper
et al. (2005) and Verhoeven et al. (2017). To this end, we constructed new engineered,
p-xylose-fermenting strains to investigate the impact of subtle differences in strain
construction strategies applied in the two studies. Subsequently, we compared growth
of the resulting strains on p-xylose in anaerobic bioreactors, with special attention to the
impact of inoculum density, initial carbon dioxide concentration and nitrogen source on
anaerobic growth.
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Materials and Methods

Yeast strains and maintenance

All S. cerevisiae strains used and constructed in this study belong to the CEN.PK lineage
(Entian and Kotter 2007, Nijkamp et al. 2012, Salazar et al. 2017). Yeast cultures were
grown on synthetic medium (SM, prepared and sterilized as described previously (Verduyn
et al. 1992)) or YP medium (10 g L' Bacto yeast extract (Becton Dickinson, Sparks,
MD), 20 g L' Bacto peptone (Becton Dickinson); autoclaved at 121 °C for 20 min. SM
was supplemented with 1 mL L filter-sterilized vitamin solution (Verduyn et al. 1992).
Concentrated sterile p-glucose or p-xylose solutions (autoclaved at 110 °C for 30 min)
were added to SM and YP media to a concentration of 20 g L™, resulting in SMD or SMX
and YPD or YPX, respectively. Shake-flask cultures were grown in 500-mL round-bottom
flasks containing 100 mL medium and incubated in an Innova incubator (Brunswick
Scientific, Edison, NJ) at 30 °C and 200 rpm. Solid media contained 2% (w/v) Bacto agar
(Becton Dickinson). Escherichia coli strains were grown in LB-ampicillin medium (10 g
L Bacto tryptone, 5 g L Bacto yeast extract, 5 g L' NaCl, 100 mg L' ampicillin). For
storage, sterile glycerol was added to stationary-phase cultures of yeast and E. coli to a
final concentration of 30% (v/v), after which aliquots were stored at -80 °C.

Molecular biology

Analytical PCR was performed with Dreamtaq polymerase (Thermo Scientific, Waltham,
MA) according to the manufacturer’s instructions. DNA fragments for cloning were
amplified with Phusion Hot Start Il High Fidelity Polymerase (Thermo Scientific, Waltham,
MA) and with the desalted or PAGE-purified oligonucleotide primers (Sigma-Aldrich, St.
Louis, MO) listed in Additional Table 1 which can be found at https://doi.org/10.1093/
femsyr/foy104. DNA fragments were separated by gel electrophoresis (90 V, 35 min) on
1% (w/v) agarose gels (Thermo Scientific) buffered with 1x TAE (Thermo Scientific). When

required, DNA fragments were excised from gels and purified with a Zymoclean Gel DNA
Recovery Kit (Zymo Research, Irvine, CA) or, when no unspecific products were detected,
directly purified from the PCR mix with a GenElute PCR Clean-Up Kit (Sigma-Aldrich).
Yeast genomic DNA was extracted with a YeaStar Genomic DNA kit (Zymo Research) and
DNA for diagnostic colony PCR was extracted by boiling cells picked from colonies in 10
pl 0.2 N NaOH for 5 min. After removal of debris by centrifugation (1 min at 2000 x g), 2 pl
of the supernatant was used as template in a 20 pl PCR reaction (Dreamtag).

Yeast and E. coli plasmids were extracted with a Zymoprep Yeast Plasmid Miniprep I
kit (Zymo Research, Irvine, CA) and with a Sigma GenElute Plasmid kit (Sigma-Aldrich),
respectively. Yeast transformation was carried out with the lithium-acetate method
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(Gietz and Woods 2002). When natNT2 was used as a marker gene, the transformation
procedure included an overnight incubation step in SMG prior to selection on solid
SMG plates containing 1 g L glutamic acid as the sole nitrogen source, which were
supplemented with 100 mg L' nourseothricin (pH 6). Single-colony isolates were obtained
by three consecutive re-streaks on solid selective medium and genotype confirmation
by analytical PCR. E. coli DH5a was used for chemical transformation (Inoue et al. 1990)
or electroporation in 2 mm cuvettes (165 — 2086, Bio-Rad, Hercules, CA) using a Gene
Pulser Xcell Electroporation system (Biorad). Isolated plasmids were routinely checked by
analytical PCR and restriction analysis.

Strain and plasmid construction

Detailed genotypes of all strains and plasmids used or generated in this study are listed in
Table 2 and 3, respectively. Genomic DNA of S. cerevisiae CEN.PK113-7D was used as
a template for amplification of S. cerevisiae gene-, promoter-, and terminator fragments.
The CEN.PK strain lineage and construction of the derived S. cerevisiae strains RWB217,
IMX581, IMX994, and IMUQ79 are described elsewhere (Kuyper et al. 2005, Entian and
Koétter 2007, Mans et al. 2015, Papapetridis et al. 2018).

Integration of overexpression cassettes for NQM1 and TKL2 (pPGI1-NQM1-TagB-pPYK1-
TKL2) was achieved by targeted integration into IMX994 using 60 bp flanks homologous
to SGAT. Fragments were obtained by amplification of the SGA1flank-pPGI1-NQM1-
TagB-cassette from pUD344 using primers 11357 & 3276 and amplification of the TagB-
pPYK1-TKL2-SGA1flank-cassette from pUD346 using primer pair 11356 and 7607. Both
fragments were co-transformed with pUDR103, a plasmid expressing a gRNA targeting
SGAT, into IMX994. pUDR103 was subsequently counter selected by non-selective
growth in YPD medium followed by plating on solid SMG plates supplemented with uracil
and 5-fluoroorotic acid (0.15 and 1 g L™ final concentration, respectively), resulting in
strain IMX1456 (IMX994 sga1::NQM1, TKL2). This strain was subsequently transformed
with the xylA plasmid pAKX002, resulting in strain IMUOQ81.

Construction of strain IMX800 (IMX581 gre3::RPE1, TKL1, NQM1, RKI1, TKL2, XKS1) was
similar to the construction of strain IMX994 (IMX581 gre3::RPE1, TKL1, TAL1, RKI1, XKS1)
(Papapetridis et al. 2018) with the difference that, in the former strain, the chromosomally
integrated cluster of overexpression cassettes for pentose-phosphate-pathway genes
included NQM1 and TKL2. The expression cassette for TALT was amplified from pUD349
with primer pair 3274 & 3275, yielding the tag-flanked expression cassette Tagl-pTEF1-
TAL1-TagA; NQM1 was amplified from pUD344 with primers 3847 & 3276 to yield the
expression cassette TagA-pPGI1-NQM17-TagB; the TagB-pTPI1-RKI1-TagC cassette
was amplified from pUD345 with primers 4672 & 3277; the TagC-pPYK1-TKL2-TagL
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Table 2. Saccharomyces cerevisiae strains used in this study.

Strain

Relevant genotype

Description

Reference

CEN.PK113-7D

CEN.PK113-5D

CEN.PK102-3A

RWB217

IMX975

IMX1366

IMX581

IMX696

IMX994

IMU079

IMX1456

IMUO081

IMX800

IMUO078

IMX1736

MATa
MATa ura3-52
MATA ura3-52 leu2-112

CEN.PK102-3A loxP-
pTPI::(-266, —1)TAL1
gre3A::hphMX pUGPTPI-TKL1
pUGPTPI-RPE1 KanloxP-
PTPI::(-40, —1)RKI1 {pAKX002,
p415ADHXKS}

RWB217 can1::CAS9-tagA-loxP-
natNT2-loxP

IMX975, sga1:: pPGI1-NQM-
TagB-pPYK1-TKL2
CEN.PK113-5D can1::CAS9-
tagA-loxP-natNT2-loxP

IMX581 gre3:: pTDH3-RPET-
pPPGK1-TKL1 -pTEF1-TAL1-
pPGI1-NQM1 - pTPI1-RKI1
—-pPYK1-TKL2-(pTPI1-xylA-
tCYC1)*36)-pTEF-XKS1,
pUDE335

IMX581 gre3:: pTDH3-RPE1-
tagH-pPGK1-TKL1-Tagl-pTEF1-
TAL1-TagA- pTPI1-RKI1-TagL-
PTEF-XKS1

IMX994, pAKX002 (2pm xylA)

IMX994, sgat:: pPGI1-NQM-
TagB-pPYK1-TKL2
IMX1456, pAKX002 (2um xylA)

IMX581, gre3:: pTDH3-RPE1-
TagH-pPGK1-TKL1-Tagl-pTEF1-
TAL1-TagA-pPGI1-NQM1-TagB-
pPTPI1-RKI1-TagC-pPYK1-TKL2-
TaglL- pTEF-XKS1

IMX800, pAKX002 (2pum xylA)

IMUO78, pck1 A

Reference strain

Uracil auxotrophic reference
strain

Uracil and leucine auxotrophic
strain

Metabolically engineered, non-
evolved xylose consuming strain

RWB217 expressing Cas9

IMX975 over-expressing NQM1
and TKL2

CEN.PK113-5D expressing S.
pyogenes Cas9

IMX581 over-expressing PPP
genes incl. NQM1 and TKL2,
expression of Piromyces xylA
based on 36 integrated copies

IMX581 over-expressing genes
from the non-oxidative pentose
phosphate pathway

IMX994 over-expressing xylA
from a 2pum plasmid

IMX994 over-expressing NQM1
and TKL2

IMX1456 over-expressing xylA
from a 2pum plasmid

IMX581 over-expressing PPP
genes incl. NQM1 and TKL2

IMX800 over-expressing xylA
from a 2um plasmid
IMUOQ78 with a deletion in PCK1

(Entian and
Kotter 2007)
(Entian and
Kotter 2007)
(van Dijken et
al. 2000)
(Kuyper et al.
2005)

This study
This study

(Mans et al.
2015)
(Verhoeven et
al. 2017)

(Papapetridis
et al. 2018)

(Papapetridis
et al. 2018)
This study

This study

This study

This study

This study

cassette was amplified from pUD346 with primers 3283 & 8285, and the TagL-pTEF-
XKS1-GRESflank cassette was amplified from pUD353 with the primer pair 7222 & 7135.
In overexpression cassettes, S. cerevisiae genes retained their endogenous terminators.
Transformation of strain IMX800 with the high-copy-number xylA plasmid pAKX002, which
was isolated from S. cerevisiae RWB217 (Kuyper et al. 2005), yielded strain IMUQ78. PCK1
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Table 3. Plasmids used in this study.

Name Relevant characteristics Reference

pROS15 2um ampR natNT2 gRNA-CAN1.Y gRNA- (Mans et al. 2015)
ADE2.Y

pROS11 2pum ampR amdSYM gRNA-CAN1.Y gRNA- (Mans et al. 2015)
ADE2.Y

pROS13 2um ampR kanMX gRNA-CAN1.Y gRNA- (Mans et al. 2015)
ADE2.Y

pAKX002 2um, URAS, pTPI1-XylA (Piromyces spp. E2) (Kuyper et al. 2003)

p414 -pTEF1-Cas9-tCYC1  CEN6/ARS4 ampR pTEF1-cas9-tCYC1 (DiCarlo et al. 2013)

pMEL10 2um, KIURA3, pSNR52-gRNA.CAN1.Y-tSUP4 (Mans et al. 2015)

pJET1.2Blunt

Multi-purpose cloning vector for storage of
assembled cassettes

ThermoFisher

puUD344 pJET1.2Blunt TagA-pPGI1-NQM1-tNQM1- (Verhoeven et al. 2017)
TagB

pUD345 pJET1.2Blunt TagB-pTPI1-RKI1-tRKI1-TagC (Verhoeven et al. 2017)

pUD346 pJET1.2Blunt TagC-pPYK1-TKL2-tTKL2-TagF (Verhoeven et al. 2017)

pUD347 pJET1.2Blunt TagG-pTDH3-RPE1-tRPE1- (Verhoeven et al. 2017)
TagH

pUD348 pJET1.2Blunt TagH-pPGK1-TKL1-tTKL1-Tagl (Verhoeven et al. 2017)

pUD349 pJET1.2Blunt Tagl-pTEF1-TAL1-tTAL1-TagA (Verhoeven et al. 2017)

pUD350 pJET1.2Blunt pTPI1-XylA-tCYC1 (Verhoeven et al. 2017)

pUD353 pJET1.2Blunt pTEF1-XKS1-tXKS1 (Verhoeven et al. 2017)

pUDE335 2um ori, KIURA3, pSNR52-gRNA.GRES3. Y- (Verhoeven et al. 2017)
tSUP4

pUDR119 2pum, amdSYM, pSNR52-gRNA.SGA1.Y- (van Rossum et al. 2016)
tSUP4

pUDR103 2um, KIURA3, pSNR52-gRNA.SGA1.Y-tSUP4 (Papapetridis et al. 2017)

was deleted in strain IMUQ78 according to the protocol described by Mans et al. (2015),
resulting in strain IMX1736 (Mans et al. 2015). Two plasmid fragments were transformed
directly into IMUQ78 for in vivo assembly: a 2um fragment amplified from pROS13 with a
double-binding primer adding a gRNA flank guiding a cut in PCK1 (primer 14234) and a
backbone harbouring a kanMX marker amplified from pROS13 using the double-binding
primer 6005. Plasmid fragments were transformed together with an annealed double-
strand repair fragment (oligonucleotide 14235 & 14236) homologous to 60bp up-and
downstream of PCK1 to delete the ORF. Mutants were selected on solid YPD plates
supplemented with 200 mg L' G418. Primer pair 14237 & 14238 was used to screen
for positive colonies. A positive colony was grown in non-selective liquid media (SMG),
plated on solid SMG, and subsequently replica-plated on solid SMG and YPD-G418
plates to check for successful plasmid loss. Cells from a colony that lost the G418-
marker harbouring plasmid were double checked for a pck1A genotype and subsequently
stocked as strain IMX1736.
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To enable CRISPR-Cas9-based editing of RWB217, a cas9-cassette with a can7- and a
TagA- overhang amplified from p414 (DiCarlo et al. 2013) with primers 2873 & 3093 and
a natNT2 cassette with the same tags, amplified from pROS15 (Mans et al. 2015) with
primers 4653 & 5542 was integrated into the CANT locus by homologous recombination,
resulting in strain IMX975. Integration of sga7::NQM1, TKL2 into IMX975, resulting in
strain IMX1366 (IMX975 sag1.:NQM1, TKL2) was done as described for strain IMU081
with the difference that the gRNA plasmid pUDR119 with an amdSYM marker was used
and no pAKX002 plasmid had to be transformed due to its presence in IMX975. Selection
and counter selection of the amdSYM marker cassette were performed as described
previously (Solis-Escalante et al. 2013). PMR1 genes, including promoters and terminators,
were amplified from duplicate 200 h anaerobic bioreactor cultures of strain IMUQ78, with
primer pair 8790 & 8791 and subsequently Sanger sequenced (BaseClear, Leiden, The
Netherlands) with primers 8790, 8791, and 13459-13475.

Bioreactor cultivation

S. cerevisiae strains were physiologically characterized in anaerobic 2 L laboratory
bioreactors (Applikon, Delft, The Netherlands) with a 1 L working volume. Bioreactors filled
with synthetic medium (SM) were autoclaved at 121 °C for 20 min. Synthetic medium with
L-aspartate as nitrogen source was prepared as described previously (Zelle et al. 2010)
and filter sterilized (Nalgene Rapid-Flow, 0.2 uym, Thermo Scientific) prior to addition to
autoclaved bioreactors. Separately prepared solutions were subsequently added to final
concentrations of 20 g L' b-xylose, 1 mL L' vitamin solution, 0.2 g L antifoam C, as well as
10 and 420 mg L' of the anaerobic growth factors ergosterol and Tween-80, respectively.
Cultures were sparged with nitrogen (0.5 L min") to maintain anaerobic conditions.

For physiological characterization of strain IMUQ78 with CO, supplementation, nitrogen as
a sparging gas was replaced by an analytically certified (2% tolerance) mixture of 99.9%
N, and 0.1% CO, (Linde Group, Munich, Germany). Oxygen diffusion into bioreactors was
minimized by equipping them with Norprene tubing (Saint-Gobain, Courbevoie, France)
and Viton O-rings (Eriks, Alkmaar, The Netherlands). Evaporation was minimized by
cooling the outlet gas to 4 °C. Cultures were stirred at 800 rpm, maintained at pH 5 by
automatic addition of 2 M KOH, and kept at 30 °C. Separate inocula were prepared for
each bioreactor. These inocula were obtained by growth of the respective strain, starting
with a frozen stock culture, in two consecutive aerobic 100 mL shake flask cultures on
SMX, at 30 °C and 200 rpm. When the OD,, of the pre-cultures was between 3.5 and
5.5, they were used to inoculate the anaerobic bioreactors. The initial OD,, of bioreactor
cultures was either 0.1 or 1 (0.02 or 0.2 g biomass L, respectively) as indicated.
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Analytical techniques

Biomass dry weight measurements and optical density measurements at a wavelength
of 660 nm were performed as described previously (Verhoeven et al. 2017). A correlation
between biomass dry weight concentration and optical density, based on at least 10
measurement points during the exponential growth phase, was used to estimate the
biomass concentrations for the first few bioreactor culture samples, when the cell density
was too low to allow for accurate biomass dry weight determinations (OD, < 0.9). Specific
growth rates were calculated from at least six biomass dry-weight measurements during
the exponential growth phase. Concentrations of biomass, ethanol, glycerol, and p-xylose,
at the same sampling times, were used to calculate yields (gram product per gram xylose)
from the slopes of the linear b-xylose concentration decrease versus the concentrations
of the respective metabolites or biomass dry weight as described previously (Papapetridis
et al. 2016). CO, and O, concentrations in the exhaust gas of bioreactors and metabolite
concentrations were measured as described previously (Verhoeven et al. 2017).

Results

Genetic requirements for anaerobic growth on xylose

S. cerevisiae RWB217 was the first XI-based engineered yeast strain that was reported to
grow anaerobically on p-xylose without prior laboratory evolution or mutagenesis (Kuyper
et al. 2005) (Figure 1A). Recently, anaerobic growth on p-xylose of a strain that was newly
reconstructed in the same genetic background and contained a similar set of genetic
modifications (strain IMX696 (Verhoeven et al. 2017), Table 2) was reported to require
mutations in PMR1. In view of this apparent discrepancy and other literature reports on
additional genetic requirements for anaerobic growth of p-xylose-metabolising strains in
other genetic backgrounds (Table 1), we re-investigated the requirement for anaerobic
growth of CEN.PK-based S. cerevisiae strains.

While, in strain RWB217 as well as in strain IMX696, xylA was expressed from the TP/1
promoter, the xylA coding region was codon optimized in strain IMX696 (Verhoeven et
al. 2017) but not in strain RWB217 (Kuyper et al. 2005). Moreover, in strain IMX696 the
XylA expression cassettes were chromosomally integrated, resulting in ca. 36 copies per
haploid genome (Verhoeven et al. 2017) whereas the xylA expression cassette in strain
RWB217 was expressed from a multi-copy episomal vector (Kuyper et al. 2005). To
investigate whether these differences affected anaerobic growth on p-xylose of these two
strains, a new strain was constructed that carried the same set of genetic modifications
as strain IMX696 but expressed xylA from the same episomal vector (pAKX002) as strain
RWB217. Growth on p-xylose of the resulting strain, IMUQO78 (gre34, RPET11, RKIT1,
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TALTM, TKL1T, NQM11, TKL2T, XKST11; pAKX002 (2um xylA)), was investigated
in anaerobic, nitrogen-sparged bioreactor cultures, exactly as described previously
(Verhoeven et al. 2017). In these cultures, strain IMUO78 showed a 7-8 day adaptation
phase before anaerobic growth on p-xylose set in (Figure 1B).

Under the same conditions, strain RWB217 showed anaerobic growth on p-xylose within
32 + 6 h after inoculation (Figure 1A), consistent with the original report by Kuyper et
al. (2005) (Kuyper et al. 2005). These results indicate that codon usage and/or mode of
xylA overexpression were not decisive factors in causing the presence and absence of
a prolonged anaerobic adaptation phase in strains IMX696 (Verhoeven et al. 2017) and
RWB217 (Kuyper et al. 2005), respectively. To check if the integrated Cas9 expression
cassette that was present in strains IMX696 and IMUQ78 but not in RWB217 affected
anaerobic growth on p-xylose, the Cas9 cassette was integrated at the CANT locus of
strain RWB217, yielding strain IMX975. This strain exhibited the same anaerobic growth
profile as strain RWB217 (Figure 2A).

When, after twelve days, replicate anaerobic bioreactor cultures of strain IMUO78 on
p-xylose had reached stationary phase, their PMR1 loci were PCR amplified and Sanger
sequenced. In contrast to observations in similar experiments with strain IMX696
(Verhoeven et al. 2017), no mutations were found in promoter, terminator or coding region
of PMR1. This result suggested that other mutations were responsible for the eventual
anaerobic growth on p-xylose of strain IMUQ78.

Inoculum density and resulting initial CO, concentration affect anaerobic growth
on p-xylose

In the original characterization of strain RWB217 in anaerobic batch cultures (Kuyper et
al. 2005), an inoculum concentration of 0.2 g biomass L' was used. The experiments
discussed above and the previous characterization of strain IMX696 (Verhoeven et al.
2017), were inoculated with a 10-fold lower inoculum density. Use of an 0.2 g L! inoculum
density completely abolished the 7-8 day adaptation phase of strain IMUQO78 (gre34,
RPET11, RKITT, TALTYT, TKL1T, NQM11, TKL21, XKST11; pAKX002 (2um xylA)) in
anaerobic, b-xylose-grown batch cultures (Figure 1C).

The anaerobic bioreactor cultures in this study were sparged with N, (0.5 L min™). As was
to be expected, inoculum density positively correlated with initial CO, concentrations in
the off gas of the cultures and therefore, by inference, with concentrations of CO, in the
culture broth (Figure 1A-F). In cultures of strain IMUQO78 inoculated at 0.02 g biomass L™,
the initial CO, content in the off gas was 0.004 + 0.001%, as compared to 0.04 + 0.005%
in cultures started at a ten-fold higher biomass concentration. To investigate whether the
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Figure 1. Fermentation profiles, indicated as percentage of CO, in off gas over time, of metabolically
engineered, non-evolved p-xylose-metabolizing S. cerevisiae strains grown in anaerobic bioreactor
batch cultures on synthetic medium supplemented with 20 g L' p-xylose. Unless indicated otherwise,
cultures were inoculated at a biomass concentration of 0.02 g L™ and sparged with 0.5 vvm N,. (A) Strain
RWB217 (gre34, RPE11, RKITA, TAL1M, TKL11, XKST11, xylA (PAKX002)) (Kuyper et al. 2005). (B) Strain
IMUO78 (gre34, RPE1M, RKITY, TALTY, TKL11, NQM11, TKL21, XKST11, xylA (pAKX002)). (C) Strain
IMUO78 inoculated at 0.2 g biomass L. (D) Strain IMUO78 inoculated at 0.02 g biomass L' and sparged with
a mixture of 99.9% N, and 0.1% CO, at 0.5 vvm. (E) Strain IMUQ78 inoculated at 0.02 g biomass L™ in media
containing L--aspartate as nitrogen source instead of ammonium sulfate. Sampling of this culture for metabolite
analyses (Figure 2C) affected the CO, profile. (F) Strain IMX1736 (IMUO78 pck1A) inoculated at 0.02 g biomass
L' and sparged with a mixture of 99.9% N, and 0.1% CO, at 0.5 vvm. The panels show results from 4 (panel
B, D), 3 (panel A), and 2 (panel C, E, F) independent experiments, respectively. Detailed information on strain
genotypes is provided in Table 2.
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Figure 2. Growth and product formation in anaerobic bioreactor cultures of metabolically engineered, non-
evolved, p-xylose-metabolizing S. cerevisiae strains. Cultures were inoculated at a biomass concentration
of 0.02 g L and, unless otherwise stated, were sparged with 0.5 vvm N,. (A) Strain IMX975 (RWB217 (gre34,
RPE11, RKITA, TALTAM, TKL11N, XKST1, xyIA (pAKX002), can1::Cas9)). (B) Strain IMUO78 (gre34, RPET,
RKITM, TALTA, TKL1D, NQM11, TKL21, XKS11, xylA (pAKX002)) sparged with 0.5 vwm of a mixture of
0.1% CO,and 99.9% N,. (C) Strain IMUO78 grown in media containing L-aspartate as nitrogen source instead
of ammonium sulfate. ® = p-Xylose; = = Biomass; o = Glycerol; o = Ethanol; A = Acetate. The panels show data
from single representative cultures from a set of two independent duplicate cultures for each strain. Data from
replicate cultures are shown in Additional Figure 1.
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initial CO, concentration influenced the onset of anaerobic growth on p-xylose, anaerobic
bioreactor cultures of strain IMUQO78 (gre34, RPE11, RKIT1, TAL1M, TKL11, NQM11,
TKL21, XKS11; pAKX002 (2um xylA)), inoculated at 0.02 g biomass L, were sparged
with a mixture of 0.1% CO, and 99.9% N, instead of with pure N..

This change, which led to an initial CO, concentration in the outlet gas of 0.1%, abolished
the 7-8 d lag phase observed for this strain in low-inoculum-density cultures sparged with
pure N, (Figures 1D and 2B). These results indicate that anaerobic growth of engineered,
p-xylose-metabolizing S. cerevisiae can strongly depend on the concentration of CO,,.

Use of L-aspartate as nitrogen source can replace CO, supplementation in low-
inoculum-density cultures of strain IMUO78

As recently proposed for xylose-fermenting E. coli (Gonzalez et al. 2017), the observed CO,
requirement of engineered S. cerevisiae strains for anaerobic growth on p-xylose might
reflect a pivotal role of the anaplerotic carboxylation of pyruvate or phosphoenolpyruvate
(PEP) to oxaloacetate. To test this hypothesis, strain IMUO78 (gre34, RPE11, RKIT1,
TALTT, TKL11, NQM11, TKL21, XKST1; pAKX002 (2um xylA)) was grown on p-xylose
in low-inoculum density (0.02 g biomass L") bioreactor cultures sparged with pure N, in
which L-aspartate instead of ammonium sulfate was used as the sole nitrogen source. In
cultures grown on L- aspartate, which can be directly transaminated to oxaloacetate in a
CO,-independent manner, strain IMUO78 showed immediate anaerobic growth (Figures
1E and 2C).

In S. cerevisiae, oxaloacetate can be formed from pyruvate by pyruvate carboxylase
(Pyc1, Pyc2) or via PEP-carboxykinase (Pck1). PCK171 expression is repressed by
glucose (Gancedo and Schwerzmann 1976, Daran-Lapujade et al. 2004) and elevated
concentrations of CO, are required to enable Pck1 to act as sole anaplerotic enzyme in
S. cerevisiae (Zelle et al. 2010). A previous transcriptome study on an evolved Xl-based,
xylose-fermenting strain showed an 8-fold higher transcript level of PCK7 than its non-
evolved parental strain (Zhou et al. 2012). However, deletion of PCK1 in strain IMUQ78
(gre34, RPET1T, RKIT1M, TALTAM, TKL1M, NQM11, TKL21, XKST1, pAKX002 (2um
xylA)), resulting in strain IMX1736 (IMUQ78, pck14), did not abolish the positive effect of
external CO, supplementation on anaerobic growth on p-xylose (Figure 1F).

Omitting the over-expression of pentose-phosphate pathway paralogs enables lag-
phase free anaerobic xylose fermentation at low inoculum density | In addition to codon-
optimization and xylA expression vector, a third genetic difference exists between
RWB217 (gre34, RPE11, RKITAN, TALTYN, TKL11, XKS11; pAKX002 (2um xylA)) (Kuyper
et al. 2005), Table 2) and the two strains requiring a multi-day anaerobic adaptation phase
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prior to xylose fermentation (IMX696 (gre34, RPE11, RKIT1, TALT1, TKL11, NQM11,
TKL21, XKS11, xylA*36 (Verhoeven et al. 2017) and IMUQ78 (gre34, RPET1, RKIT,
TALTN, TKL1D, NQM1A, TKL21, XKST11, pAKX002 (2um xylA), Table 2). This difference
concerns the over-expression of minor paralogs of the PPP genes TAL7 and TKL1 (NQM1
and TKL2, respectively) in the latter two strains.

To evaluate the potential impact of the presence of expression cassettes for NQM1 and
TKL2 in strains IMX696 and IMUQ78, a strain was constructed that was congenic to IMUO78
except for the omission of the expression cassettes corresponding to NQM17 and TKL2
in the synthetic gene cluster harbouring the genes encoding non-oxidative PPP enzymes
and XKS1 (Table 2). Although the topology of the expression cassettes was different, the
relevant genotype of the resulting strain IMUQ79 (gre34, RPE11, RKITAN, TALTA, TKL11,
XKS11; pAKX002 (2um xylA), Table 2) mimicked that of strain RWB217. Just like strain
RWB217, strain IMUO79 initiated anaerobic growth on p-xylose within 35 + 5 h in low-
inoculum-density, nitrogen-sparged cultures grown with ammonium sulfate as nitrogen
source (Figure 3A and B). Furthermore, specific growth rate and other physiological
parameters of strain IMUQO79 were similar to those of the Cas9-expressing strain derived
from RWB217 (IMX975, Table 4). When inoculated at a high cell density (0.2 g biomass
L"), strains IMUO79 and IMUO78 showed closely corresponding CO, production profiles
(Additional Figure 3).

To further investigate the effects of over-expression of NQM1 and/or TKL2 on anaerobic
growth on p-xylose, over-expression cassettes for NQM7 and TKL2 were introduced in
the SGAT loci of strains IMX975 (RWB217, can1::Cas9) and IMUOQ79, neither of which
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Figure 3. Fermentation profiles of the metabolically engineered, non-evolved p-xylose metabolizing S.
cerevisiae strain IMUO79 (gre3A, RPE141, RKI11, TAL141, TKL11, XKS11, xylA (pPAKX002)) grown in
anaerobic bioreactor batch cultures on synthetic medium supplemented with 20 g L' b-xylose. Cultures
were inoculated at a biomass concentration of 0.02 g L™ and sparged with 0.5 vwvm N,,. (A) CO, concentration
in off gas. (B) Growth and product formation. e = b-Xylose; = = Biomass; o = Glycerol; o = Ethanol; A = Acetate.
Panel (A) shows data from duplicate cultures, panel (B) shows data from a single representative culture from
a set of two independent duplicate cultures. Data from replicate cultures are shown in Additional Figure 2.
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Table 4. Specific growth rates and yields of biomass, ethanol and glycerol of the metabolically engineered,
xylose-fermenting S. cerevisiae strains IMX975 (RWB217-Cas9 (gre34, RPE11, RKI11, TAL11, TKL11,
XKS11, can1::CAS9, 2um xylA (pAKX002)), IMUO79 (gre34, RPE11, RKI11, TAL14, TKL11, XKS11, 2um
xylA (pPAKX002)), and IMUO78 (gre34, RPE11, RKI11, TAL14, TKL11, NQM14, TKL21, XKS141, 2um xylA
(PAKX002)) in anaerobic bioreactor batch cultures, inoculated with an initial biomass density of 0.02 g
biomass L' and grown on 20 g L' xylose. Bioreactor cultures of strains IMX975, IMUO79, and IMUQ78 (L-Asp)
were sparged with pure N, (0.5 vvm). Cultures of strain IMUO78 indicated as “IMU078 (+ 0.1% CO,)” were
sparged with a mixture of 0.1% CO, and 99.9% N,. “.-Asp” indicates that the medium contained L-aspartate
instead of ammonium sulfate as sole nitrogen source. Data represent average + SE of two independent cultures
for each strain. Detailed information on strain genotypes is provided in Table 2.

IMU078 IMU078

IMX975 IMU079 (+0.1% CO,) (L-Asp)
Specific growth rate (h™) 0.09 + 0.01 0.08 + 0.00 0.05 + 0.01 0.054 + 0.001
Biomass yield (g g) 0.088 + 0.001 0.096 + 0.004  0.093 +0.002  0.104 + 0.002
Ethanol yield (g g™") 0.395+0.013  0.395+0.002  0.382 +0.003 0.406=+ 0.002
Glycerol yield (g g™) 0.085 + 0.001 0.081 + 0.001 0.074 £ 0.003  0.076 + 0.000

previously harboured these cassettes. However, characterization of the resulting strains
(IMU081 (IMU079 sga1::NQM1,TKL2), IMX1366 (IMX975 sga1::NQM1,TKL2)) in anaerobic
bioreactor cultivations with xylose led to inconsistent lag-phase phenotypes (Additional
Figure 4). In particular, introduction of the two cassettes in strains IMX975 (RWB217,
can1::Cas9) and IMUQ79 did not yield prolonged anaerobic adaptation phases. These
observations indicate that the effect of these cassettes on anaerobic growth may be
related to or even caused by theirimmediate genetic context, e.g. by affecting expression
of neighbouring genes in the pentose-pathway gene cluster in strains IMX696 and IMUQ78.

Discussion

Repeatability of results is a key requirement for progress in all scientific research (Nature
536, 373; (25 August 2016). This reassessment of requirements for anaerobic growth
on p-xylose of engineered, Xl-based S. cerevisiae strains was prompted by results from
multiple laboratories, including our own (Table 1), which appeared to contradict an early
report by our group (Kuyper et al. 2005). The results confirm the conclusions of Kuyper
et al. (2005) by showing that the defined set of targeted genetic modifications reported
in their study suffices to enable anaerobic growth of CEN.PK-based strains on p-xylose.
Additionally, this study shows how anaerobic growth on p-xylose can critically depend on
seemingly small differences in strain design and cultivation conditions.

Verhoeven et al. (2017) included overexpression of NQM1 and TKL2, the ‘minor’ paralogs
of the PPP genes TAL1 and TKL 1, respectively, in their strategy for single-step construction
of a xylose-metabolising S. cerevisiae strain. Increased expression of these paralogs in
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evolved strains had previously been shown to contribute to improved anaerobic growth
L-arabinose (Wisselink et al. 2010), whose metabolism also proceeds via the non-oxidative
PPP. This study shows that the mere omission of these two overexpression cassettes
from the strain design of Verhoeven et al. (2017) suffices to eliminate a prolonged (12 d)
adaptation phase prior to initiation of anaerobic growth on p-xylose in N,-sparged cultures
grown at a low inoculum density.

A recent study showed reduced protein levels of Tkl2 and Ngm1 in xylA-based strains
evolved for improved p-xylose fermentation (Sato et al. 2016). However, no consistent
effect on anaerobic growth performance was observed when we integrated overexpression
cassettes for NQM1 and TKL2 outside rather than inside the synthetic cluster of pentose-
metabolism genes that was central to the strain design used by Verhoeven et al. (2017)
and in the present study. We therefore cannot exclude that the negative impact of these
expression cassettes in strains IMUO78 and IMX696 was related to their physical location,
e.g. by transcriptional interference with other neighbouring genes in a tightly packed cluster
of highly expressed genes (Kuijpers et al. 2016). Transcriptome analysis would provide
a logical first step in attempts to elucidate the mechanism by which integration of the
NQM1 and/or TKL2 cassettes prevents anaerobic growth on xylose in strains IMUQO78 and
IMX696. However, the requirement for controlled bioreactor batch cultivation of multiple
strains, some of which exhibit long lag phases, will make this a major experimental effort.
Until this issue has been resolved, the work of Sato et al. (2016) and the present study
indicate that it is prudent to omit NQM17 and TKL2 overexpression from initial designs for
p-xylose-fermenting strains (Sato et al. 2016).

Even within the CEN.PK genetic background, literature reports differ on the ability
of Xl-based engineered strains to grow anaerobically on p-xylose without additional
laboratory evolution (Kuyper et al. 2004, Karhumaa et al. 2007, Brat et al. 2009, Parachin
et al. 2011, Shen et al. 2012, Hector et al. 2013, Verhoeven et al. 2017) (Table 1). In this
study, increasing the initial concentration of biomass or CO, in N,-sparged, anaerobic
bioreactor cultures eliminated the extended anaerobic adaptation phase of NQM1/TKL2
overexpressing strains. This observation showed that the inability of these strains to grow
anaerobically on p-xylose, without first acquiring additional mutations, was conditional
rather than absolute.

CO, and bicarbonate are essential for carboxylation reactions in biosynthesis. In several
bacteria, including E. coli, anaerobic growth without a long lag phase requires external
supply of CO, (Valley and Rettger 1927, Repaske et al. 1974, Repaske and Clayton 1978).
The critical role of biosynthetic carboxylation reactions in S. cerevisiae is illustrated by
the essentiality of carbonic anhydrase (Nce103), which interconverts CO, and HCO,, for
growth on glucose in aerated cultures at ambient atmospheric pressure (Aguilera et al.
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2005). Despite the key roles of inorganic carbon in microbial metabolism, sparging with CO,
-free N, is commonly applied in anaerobic laboratory bioreactor cultivation of S. cerevisiae,
as sparging with CO, complicates quantification of its production in yeast metabolism. In
glucose-grown cultures of wild-type S. cerevisiae strains, endogenous CO, production by
vigorous alcoholic fermentation likely provides sufficiently high ‘sparking’ levels of CO,
to enable growth initiation even at low initial biomass concentrations. Conversely, under
the same conditions, the lower fermentation rates in engineered, non-evolved xylose-
fermenting strains might not be able to provide the required CO, levels. The striking
impact of endogenous CO, generation on anaerobic performance of engineered pentose-
fermenting strains indicates that, especially for strains with low endogenous CO, production
rates, supplementing anaerobic, nitrogen-sparged bioreactor batch cultures with CO, is
a complicating but necessary measure. While relevant in laboratory settings, it should
be borne in mind that industrial scale bioreactors are not sparged and have increased
hydrostatic pressure, which in turn increases the CO, partial pressure. Additionally, CO,
limitation is unlikely to occur during anaerobic fermentation of lignocellulosic hydrolysates,
in which pentose fermentation is typically preceded by a vigorous glucose fermentation
phase (Jansen et al. 2017).

A recent ®C-flux analysis study showed that anaerobic fermentation of p-xylose, but not
of glucose, by E. coli required lipid turn-over by B-oxidation to provide CO, for anaplerotic
(pyruvate or PEP to oxaloacetate) carboxylation reactions (Gonzalez et al. 2017). Use
of L-aspartate, whose transamination yields oxaloacetate, as the nitrogen source,
completely eliminated the long anaerobic adaptation phase of NQM1/TKL2-expressing
strains in N,-sparged, low-inoculum density cultures. This strong effect of bypassing a
single carboxylation reaction might reflect a CO, sparging effect that simply reduces the
overall CO, requirement for growth. Alternatively, the link between anaplerotic synthesis
of oxaloacetate and p-xylose metabolism may be more specific. At physiological pH
values, Mn?*, the preferred metal cofactor of Piromyces XylA (Lee et al. 2017), is also a
much better metal cofactor for yeast pyruvate carboxylase (Pyc1 and Pyc2) than Mg?
(Cazzulo and Stoppani 1969). High-level expression of Piromyces xylA might therefore
result in a competition between the two enzymes for Mn?*. Alternatively, lower intracellular
concentrations of acetyl-CoA, a key activator of pyruvate carboxylase, in xylose-grown
cultures than in glucose-grown cultures might compromise in vivo activity of Pyc1 and
Pyc2 (Bergdahl et al. 2012).

In comparison with other strain backgrounds, the CEN.PK lineage may have at least
one specific advantage for enabling anaerobic growth on p-xylose. Using a different S.
cerevisiae genetic background, Sato et al. (2016) evolved a Clostridium phytofermentans
XxylA-expressing strain for anaerobic xylose fermentation and analysed causal mutations
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(Sato et al. 2016). In addition to mutations that affected GRE3, whose deletion was already
in the strain design of Kuyper et al. (2005), these included mutations in /RA2 (Sato et
al. 2016). Loss of Ira2, an inhibitor of cAMP-PKA signalling, results in increased protein
kinase A (PKA) activity (Tanaka et al. 1990). The PKA/cCAMP pathway is activated by
glucose and regulates multiple cellular processes (Rolland et al. 2002, Santangelo 2006).
In contrast to glucose, xylose does not fully activate the cAMP/PKA pathway (Osiro et
al. 2018). In comparison with other S. cerevisiae genetic backgrounds, CEN.PK strains
carry many sequence differences in genes involved in this signal-transduction pathway
(Vanhalewyn et al. 1999, Nijkamp et al. 2012). Moreover, they exhibit a higher basal PKA
activity than other laboratory S. cerevisiae strains (Kimmel et al. 2010). The PKA/cAMP
pathway regulates the glucose-dependent expression of the genes encoding several
xylose-transporting members of the S. cerevisiae HXT (hexose transporter) family (i.e
HXT1, HXT2, HXT4, HXT5 and HXT7 (Hamacher et al. 2002, Lee et al. 2002, Kim and
Johnston 2006, Saloheimo et al. 2007)). A higher basal PKA activity might result in Hxt
transporter landscapes that are conducive for fast xylose uptake and, thereby, enable the
high rates of xylose fermentation that are required to sustain anaerobic growth.

We hope that this study will help colleagues with the design of pentose-fermenting strains
and the experimental design of anaerobic yeast cultivation experiments, as well as that
it will inspire further studies on the molecular basis for fast pentose fermentation in S.
cerevisiae.

Acknowledgements

The authors thank Jolanda ter Horst and Erik de Hulster for help with fermentation set-up
and sampling as well as loannis Papapetridis for valuable input in this project.

147




Reassessment of minimal requirements for b-xylose fermentation

Additional material

Z

o
o 257 -25
[ w
& 20- R 20 <
Q . L] —
Q L) _—
® 1.54 A HF L15 2
o . £
g 104 P L10 B
= )
o 054 ﬁfqé,s Ls S
>

0.04 Lo

2 0 25 50 75 100 125
Time [h]

o
> 2.57 -25
(] Nl
E 203 ° * e . .20 —~
8 . . =
& 1.5 L o [1s 2
5 . £
3 1.0 L10 B
> . n
_ Q
> 0.5 555!'5 ®© o |5 8
? " Fe . >
E OOCJ—a-B—E,J—an—AA—ﬁ,— 0 *
2 "o 25 50 75 100 125
o
o 257 -25
P -
T 2.04 20 o
@ hd =
g ¢ . A °
S 1.5 = 15 2
- -
o . & £
3 1.0 L10 B
> ° e
=05 g ° L5 g
@ 8 £
E 0.0 _I.,_E_MA_x._ﬁ_._ 0
2 0 25 50 75 100 125

Time [h]

Additional Figure 1. Biomass and product formation in anaerobic bioreactor cultures of metabolically
engineered, non-evolved b-xylose-metabolizing S. cerevisiae strains. Cultures were inoculated at a
biomass concentration of 0.02 g L™ and, unless stated otherwise, were sparged with 0.5 vwm N,. (A) Strain
IMX975 (RWB217 (gre34, RPET1, RKITA, TAL11, TKL11, XKST11, xylA (pPAKX002), can1::Cas9). (B) Strain
IMUO78 (gre34, RPE11, RKITA, TALTA, TKL11, NQM11, TKL21, XKST1, xylA (pPAKX002)) sparged with
0.5 vvm of a mixture of 0.1% CO,and 99.9% N,. (C) Strain IMUO78 grown in media containing L-aspartate as
nitrogen source instead of ammonium sulfate. ¢ = b-Xylose; = = Biomass; o = Glycerol; o = Ethanol; A = Acetate.
Panels show data from single representative cultures from a set of two independent duplicate cultures for each
strain. Data from replicate cultures are shown in Figure 2.
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Additional Figure 2. Growth and product formation in anaerobic bioreactor cultures of the metabolically
engineered, non-evolved p-xylose-metabolizing S. cerevisiae strain IMUO79 (gre34, RPE11, RKI11,
TAL11, TKL11, XKS14, xylA (pPAKX002)). Cultures were inoculated at a biomass concentration of 0.02 g L™
and were sparged with 0.5 vvm N,.. ® = p-Xylose; = = Biomass; o = Glycerol; o = Ethanol; A = Acetate. Data from
a single representative culture from a set of two independent duplicate cultures; data from the replicate culture
are shown in Figure 3.
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Additional Figure 3. Fermentation profiles (CO, [%] in bioreactor off gas over time [h]) of metabolically
engineered, non-evolved p-xylose metabolizing S. cerevisiae strains grown in anaerobic bioreactor batch
cultures on synthetic medium supplemented with 20 g L' p-xylose. Cultures were inoculated at a biomass
concentration of 0.2 g L™ and sparged with 0.5 vvm N,. (A) Strain IMUQ78 (gre34, RPE11, RKI11, TALTR,
TKL1D, NQM11, TKL21, XKST1 xylA (pAKX002)) (B) Strain IMUO79 (gre34, RPET1, RKITA, TALTAN, TKLT1,
XKST11, xylA (pPAKX002)). The panels show results from 2 independent experiments. For detailed information
on strain genotypes see Table 2.
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Additional Figure 4. Fermentation profiles (CO, [%] in bioreactor off gas over time [h]) of metabolically
engineered, non-evolved p-xylose -metabolizing S. cerevisiae strains grown in anaerobic bioreactor
batch cultures on synthetic medium supplemented with 20 g L' p-xylose. Cultures were inoculated at a
biomass concentration of 0.02 g L and sparged with 0.5 vvm N,,. (A) Strain IMX1366 (RWB217, can1::Cas9,
sgal::NQM1, TKL2) (B) Strain IMU081 (IMUQ79 sga7::NQM1, TKL2). The panels show results from 3 (A) and 2
(B) independent experiments. For detailed information on strain genotypes see Table 2.

Additional Table 1. Oligonucleotides used in this study be found at: https://doi.org/10.1093/femsyr/
foy104
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Abstract

Biotin prototrophy is a rare, incompletely understood and industrially relevant characteristic
of Saccharomyces cerevisiae strains. The genome of the haploid laboratory strain CEN.
PK113-7D contains a full complement of biotin biosynthesis genes, but its growth in
biotin-free synthetic media is extremely slow (specific growth rate p = 0.01 h™). Four
independent evolution experiments in repeated batch cultures and accelerostats yielded
strains whose growth rates in biotin-free and biotin-supplemented medium were similar
(1 up to 0.36 h'"). Whole genome resequencing of these evolved strains revealed an up
to 40-fold amplification of BIO7, which encodes pimeloyl-CoA synthetase. The additional
copies of BIO1 were found on different chromosomes and its amplification coincided
with substantial chromosomal rearrangements. A key role of this gene amplification was
confirmed by overexpression of BIO17 in strain CEN.PK113-7D, which enabled growth in
biotin-free medium (u = 0.15 h-'). Mutations in the membrane-transporter genes TPO1
and/or PDR12 were found in several of the evolved strains. Deletion of TPO17 and PDR12
in a BIO7-overexpressing strain increased its specific growth rate to 0.25 h-'. The effects
of null mutations in these genes, which have not been previously associated with biotin
metabolism, were non-additive. This study demonstrates that S. cerevisiae strains that
carry the basic genetic information for biotin synthesis can be evolved for full biotin
prototrophy and identifies new targets for engineering biotin prototrophy into laboratory
and industrial strains of this yeast.



Introduction

Introduction

Biotin (vitamin H or B7) functions as an essential prosthetic group of enzymes in all three
domains of life. The yeast Saccharomyces cerevisiae harbours four groups of biotin-
dependent enzymes: (i) pyruvate carboxylases (Pyc1, Pyc2) catalyze anaplerotic formation
of oxaloacetate (Gailiusis et al. 1964, Losada et al. 1964, Albertsen et al. 2003, Akao et al.
2011), (ii) acetyl-CoA carboxylases (Acc1, Hfa1) generate malonyl-CoA, the key precursor
for lipid synthesis (Wakil et al. 1958), (iii) urea amidolyase (Dur1,2) releases ammonia from
urea (Sumrada and Cooper 1982), and (iv) the aminoacyl-tRNA synthetase cofactor Arc1,
which is the only biotin-dependent protein in S. cerevisiae that is not a carboxylase (Kim
et al. 2004). Biotin is covalently linked to these enzymes by the biotin-protein ligase Bpl1
(Hoja et al. 1998).

While biotin prototrophy is widespread amongst prokaryotes and plants, animals and most
fungi cannot synthesize this vitamin. The final four conserved steps in prokaryotic biotin
biosynthesis are initiated by conversion of pimeloyl-CoA to 7-keto-8-aminopelargonic acid
(KAPA) by KAPA synthase (BioF), after which DAPA aminotransferase (BioA) transaminates
KAPA to 7,8-diaminopelargonic acid (DAPA). Subsequently, dethiobiotin synthetase (BioD)
converts DAPA to dethiobiotin. Finally, sulfur insertion by biotin synthase (BioB) yields
biotin (Streit and Entcheva 2003) (Figure 1). Two pathways for prokaryotic pimeloyl-CoA
synthesis have been described. Some bacteria, including Escherichia coli, convert three
molecules of malonyl-CoA to pimeloyl-CoA (Lin et al. 2010). Others, including Bacillus
subtilis, generate this precursor by oxidative cleavage of fatty-acyl molecules (Kashiwagi
and Igarashi 2011) (reviewed by (Lin and Cronan 2011)).

Biotin prototrophy is rare among yeasts and has a convoluted evolutionary history, with
yeast strains of the same species sometimes exhibiting different biotin requirements. Most
yeast strains isolated from nature, as well as laboratory strains, such as S. cerevisiae
S288C, are biotin auxotrophs (Burkholder et al. 1944). Starting from pimelic acid, biotin
biosynthesis in prototrophic yeast strains follows the prokaryotic pathway (Figure 1), but
the yeast pathway for synthesis of this key precursor has not yet been fully elucidated (Lin
and Cronan 2011, Magliano et al. 2011, Tanabe et al. 2011). Biotin biosynthesis genes in
yeast are assumed to have been at least partially acquired from anaerobic bacteria by
horizontal gene transfer, followed by gene duplication and neofunctionalization events
(Hall et al. 2005, Hall and Dietrich 2007).

Most biotin auxotrophic S. cerevisiae strains do contain the genes encoding the last three
enzymes of the biotin biosynthesis pathway (BIO3, BIO4, and BIO2, which are orthologs
of E. coli bioA, bioD, and bioB). Some other yeasts, such as Schizosaccharomyces
pombe and Pichia pastoris, only contain the biotin synthase (B/IO2) gene, an ortholog
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Figure 1. Biotin biosynthesis in S. cerevisiae. BIO genes encode the following enzymes: Bio1, pimeloyl-
CoA synthetase; Bio6, 7-keto 8-amino-pelargonic acid (KAPA) synthetase; Bio3, 7,8-diaminopelargonic acid
(DAPA) aminotransferase; Bio4, dethiobiotin synthase; Bio2, biotin synthase; SAM, S-adenosylmethionine; PLP,
pyridoxal phosphate. Protein names in brackets indicate the corresponding bacterial enzymes. In S. cerevisiae,
biotin and its precursor KAPA can be imported via the proton symporter Vht1 and the KAPA permease Bio5,
respectively.

of prokaryotic bioB genes. In 2005, Wu et al. discovered BIO6, an ortholog of bacterial
bioF genes, in biotin-prototrophic sake strains of S. cerevisiae (Wu et al. 2005). Hall and
Dietrich completed the S. cerevisiae gene set for conversion of pimelic acid to biotin by
discovering BIO1, which encodes pimeloyl-CoA synthetase and, in strains that carry
either gene, is located adjacent to BIO6. Sequence similarity suggests that B/IO6 evolved
by duplication and neofunctionalization of BIO3, thereby converting a DAPA synthase
into a KAPA-synthetase. A similar evolutionary relationship was proposed for BIO7 and
YJR154W (Hall and Dietrich 2007).

Lack or loss of pathways for de novo vitamin biosynthesis in microbes has been proposed
to reflect an evolutionary trade-off between fitness in biotin-scarce natural environments
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and energy costs involved in biotin synthesis (Helliwell et al. 2013). Consistent with this
notion, biotin prototrophic bacteria, archaea, and plants all harbour transporters for
biotin uptake (Azhar et al. 2015). S. cerevisiae imports biotin via the high-affinity proton
symporter Vht1 (Stolz et al. 1999). Some strains additionally harbour the Bio5 transporter,
which imports the precursor 7-keto-8-aminopelargonic acid (KAPA), thus enabling biotin
synthesis from exogenous KAPA (Phalip et al. 1999, Hall et al. 2005, Gasser et al. 2010). In
S. cerevisiae strains that carry a BIO5 gene, it is tightly linked to BIO3 and BIO4 in a gene
cluster on Chromosome XIV (Hall and Dietrich 2007).

Most synthetic media for S. cerevisiae are routinely supplied with biotin. Vitamin addition
increases production costs and decreases the shelf life of media. Biotin supplementation
adds a delicate step in media preparation since the high pH required for dissolving biotin
negatively affects its stability, thereby increasing the risk of batch-to-batch variations.
Moreover, biotin is an expensive vitamin. It has been estimated that, at a reactor volume
of 150 m?, costs for large-scale industrial fermentation processes may be in the order of
1000 US$ per fermentation (Nijkamp et al. 2012a). Clearly, availability of fast-growing,
biotin prototrophic strains could benefit process economics.

Several studies have focused on engineering microorganisms for biotin prototrophy.
Expression of heterologous BI/O genes in the biotin auxotrophic yeast P. pastoris reduced
medium costs in fed-batch based production processes, even though the engineered biotin
prototrophic strain grew slower than the reference strain (Gasser et al. 2010). Enhancing
biotin synthesis in solventogenic clostridia improved production titres of acetone, butanol,
and ethanol, predominantly by increasing cellular viability and performance (Yang et al.
2016).

The goal of this study was to identify key genetic determinants of biotin prototrophy in S.
cerevisiae. To this end, the haploid strain S. cerevisiae CEN.PK113-7D, a popular model for
systems biology and metabolic engineering research (Piper et al. 2002, Daran-Lapujade et
al. 2007, Canelas et al. 2010, Nijkamp et al. 2012a), was subjected to laboratory evolution
in biotin-free media. Evolved biotin-prototrophic cell lines were further characterised by
whole-genome resequencing and by reverse engineering of identified mutations in the
parental strain.

Materials and Methods

Strains, media, and maintenance
The S. cerevisiae strains used and constructed in this study (Table 1) belong to the CEN.
PK lineage (Entian and Kétter 2007), with the exception of Saccharomyces cerevisiae
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Table 1. Saccharomyces cerevisiae strains used in this study.

Strain Relevant genotype Description/use Reference
CEN. MATa Reference strain (Entian and
PK113-7D Kotter 2007)
CEN. MATa ura3-52 Uracil auxotrophic reference strain (Entian and
PK113-5D Kétter 2007)
$288C MATa Marker strain for CHEF analysis Yeast Genetic
Stock Center,
Berkeley, CA
IMX585 MATa can1::CAS9-tagA- CEN.PK113-7D expressing Cas9 (Mans et al.
loxP-natNT2-loxP 2015)
IMS0478 MATa, evolved CEN.PK113-7D evolved for biotin This study
prototrophy (accelerostat A)
IMS0480 MATa, evolved CEN.PK113-7D evolved for biotin This study
prototrophy (accelerostat B)
IMS0481 MATa, evolved CEN.PK113-7D evolved for biotin This study
prototrophy (accelerostat C)
IMS0496 MATa, evolved CEN.PK113-7D evolved for biotin This study
prototrophy (sequential batch reactor)
IME327 MATa ura3-52, pUDE446 CEN.PK113-5D, pUDE446 (BIO1-BIO6) This study
(URA3)
IME329 MATa ura3-52, pUDE448 CEN.PK113-5D, pUDE448 (BIO6) (URA3) This study
IME331 MATa ura3-52, pUDE450 CEN.PK113-5D, pUDE450 (BIOT) (URA3) This study
IME334 MATa ura3-52, p426GPD CEN.PK113-5D, p426GPD (empty) (URA3)  This study
IMK129 MATa ura3-52,tpo1::loxP- CEN.PK113-5D, tpo1::loxP-kanMX-loxP This study
kanMX-loxP
IMZ694 MATa ura3-52 tpo1::loxP- IMK129 ((tpo1A), pUDE450 (BIO1) (URA3) This study
kanMX-loxP, pUDE450
IMZ695 MATa ura3-52 tpo1::loxP- IMK129 (tpo1A), p426GPD (empty) (URA3)  This study

kanMX-loxP, p426GPD
IMK163 MATa ura3-52 pdri12::loxP- CEN.PK113-5D, pdr12::loxP-kanMX-loxP This study

kanMX-loxP

IMZ704 MATa ura3-52 pdr12::loxP- IMK163 (pdr12A), pUDE450 (BIO7) This study
kanMX-loxP, pUDE450

IMZ705 MATa ura3-52 pdri2::loxP- IMK163 (pdr12A), p426GPD (empty) This study
kanMX-loxP, p426GPD

IMK773 MATa ura3-52 tpo1::loxP- CEN.PK113-5D, tpo1::loxP-kanMX-loxP, This study
kanMX-loxP, pdr12::hphNT1 pdr12::hphNT1

IMZ701 MATa ura3-52 tpo1::loxP- IMK773 (tpo1A, pdr12A), pUDE450 (BIO1)  This study
kanMX-loxP, pdr12::hphNT1,
pUDE450

IMZ702 MATa ura3-52 tpo1::loxP- IMK773 (tpo1A, pdr12A), p426GPD This study
kanMX-loxP, pdr12::hphNT1,  (empty)
p426GPD

S$288C (Mortimer and Johnston 1986, Entian and Kotter 2007). Yeast strains were grown
on synthetic medium (SM) or YP medium (10 g-L' Bacto yeast extract, 20 g-L™' Bacto
peptone). Synthetic medium with urea as the nitrogen source (SM-urea) contained 38 mM
urea and 38 mM K,SO, instead of (NH,),SO,. After autoclaving SM at 121°C for 20 min,
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or sterile-filtration of SM-urea using 0.2-pm bottle-top filters (Thermo Scientific, Waltham,
Massachusetts), synthetic media were supplemented with 1 ml-L" of a filter-sterilized
vitamin solution (0.05 g-L'' D-(+)-biotin, 1.0 g-L'' D-calcium pantothenate, 1.0 g-L"
nicotinic acid, 25 g-L™' myo-inositol, 1.0 g-L-' thiamine hydrochloride, 1.0 g-L-" pyridoxol
hydrochloride, 0.20 g-L' 4-aminobenzoic acid). Biotin-free SM was prepared by omitting
biotin from this solution. Unless specifically indicated, “SM” specifies synthetic medium
with (NH,),SO, as nitrogen source, whilst synthetic medium with urea as nitrogen source
is abbreviated as “SM-urea”. After autoclaving concentrated glucose solutions at 110°C
for 20 min, glucose was added to SM, SM-urea, and YP media to a final concentration of
20 g-L", yielding SMD, SMD-urea, and YPD, respectively. 500 ml shake flasks containing
100 ml medium, as well as 50 ml CELLreactor filter top tubes (Greiner Bio-One B.V,,
Alphen a/d Rijn, The Netherlands) containing 25 ml medium, were incubated at 30°C
and at 200 rpm in an Innova Incubator (Brunswick Scientific, Edison, New Jersey). Solid
media contained 1.5% Bacto agar and, when indicated, 200 mg-L-' G418 or 200 mg-L™"
hygromycin. Selection and counter selection of the amdSYM cassette were performed as
described earlier (Solis-Escalante et al. 2013). Escherichia coli strains were grown in LB
(10 g-L" Bacto tryptone, 5 g-L' Bacto yeast extract, 5 g-L' NaCl) supplemented with 100
mg-L" ampicillin. Yeast and E. coli cultures were stored at -80°C after addition of (30% v/v)
glycerol to stationary-phase shake-flask cultures.

Molecular biology techniques

PCR amplification of DNA fragments with Phusion Hot Start Il High Fidelity Polymerase
(Thermo Scientific) and desalted or PAGE-purified oligonucleotide primers (Sigma-
Aldrich, St. Louis, Missouri) was performed according to the manufacturers’ instructions.
DreamTaqg polymerase (Thermo Scientific) was used for diagnostic PCR. A table with
the oligonucleotide primers used in this study can be found in Additional Table 3, at
https://doi.org/10.1128/AEM.00892-17. Amplified DNA fragments were separated by
electrophoresis on 1% (w/v) agarose gels (Thermo Scientific) in TAE buffer (Thermo
Scientific) at 90 V for 35 min and purified with a GenElute PCR Clean-Up Kit (Sigma-
Aldrich). Plasmids were isolated from yeast cultures with a Zymoprep Yeast Plasmid

Miniprep Il kit (Zymo Research, Irvine, California) and from E. coli with a Sigma GenElute
Plasmid kit (Sigma-Aldrich). Yeast genomic DNA was isolated using a YeaStar Genomic
DNA kit (Zymo Research) or with an SDS/LiAc protocol (Looke et al. 2011). Yeast strains
were transformed by the lithium acetate method (Gietz and Woods 2002) and eight of
the resulting colonies were re-streaked three consecutive times on biotin-supplemented
selective media to obtain single colony isolates, followed by analytical PCR to verify
their genotype. E. coli DH5a was used for chemical transformation (Inoue et al. 1990)
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or for electroporation. Electroporation was done in a 2 mm cuvette (#1652086, Bio-Rad,
Hercules, California) using a Gene Pulser Xcell Electroporation system (Bio-Rad). After
isolation, plasmids were verified by restriction analysis and analytical PCR.

Plasmid construction

Promoter fragments of highly expressed yeast genes and promoter-less BIO genes were
PCR amplified from genomic DNA of S. cerevisiae CEN.PK113-7D. Amplified BIO gene
sequences included 0.5 kb terminator sequences. The 3’ and 5’ primers for amplification
of promoter and terminator fragments, respectively, contained 60 bp synthetic extensions
designed for efficient in vivo assembly of DNA fragments (Kuijpers et al. 2013). Promoters
and coding regions were fused by fusion PCR (Shevchuk et al. 2004) and subsequently
assembled into pJET1.2/blunt vectors with a Clonedet PCR Cloning kit (Thermo Scientific),
resulting in the vector constructs pUD416 and pUD418 (Table 2). Yeast expression
plasmids were assembled in vivo by amplifying promoter-gene-cassettes from pUD416,
and pUD418, and vector fragments amplified from p426GPD (Mumberg et al. 1995). When
necessary, oligonucleotide tags were changed to enable in vivo assembly with vector
fragments. This assembly yielded the p426GPD-based plasmids pUDE446, pUDE448,
and pUDE450 (Table 2).

Table 2. Plasmids used in this study. Indicated are the plasmid names and the corresponding relevant
characteristics.

Name Relevant characteristics Reference
pUD416 ampR pJET1.2Blunt TagB-pPYK-BIO1-tBIO1-TagA This study
pUD418 ampR pJET1.2Blunt TagA-pPGK1-BIO6-tBIO6-5Flankg,, This study
pUDE446 2pm ampR p426-GPD pPYK-BIO1, pPGK1-BIO6 This study
pUDE448 2um ampR p426-GPD pPGK1-BIO6 This study
pUDE450 2pum ampR p426-GPD pPYK-BIO1 This study

Strain construction

S. cerevisiae strains with increased copy numbers of endogenous B/O genes (IME327,
IME329, IME331, and IME334, Table 1) were constructed by transforming CEN.PK113-5D
(ura3) with multi-copy plasmids (pUDE446, pUDE448, pUDE450, and p426GPD (URA3)).
Geneticin (G418) resistance cassettes, PCR amplified from pUG6 (Guldener et al. 1996),
were used to delete TPO7 and PDR12 in CEN.PK113-5D, resulting in strains IMK129 and
IMK163, respectively. IMK129 was used to construct a TPO7 and PDR12 double deletion
strain by transformation with a hygromycin resistance cassette (hphNT1) amplified from
pPMEL12 (Mans et al. 2015), resulting in IMK773. Deletion strains were subsequently

162



Materials and Methods

transformed with pUDE450 (BIO1 URA3), or with the empty reference vector p426GPD
(URA3), resulting in IMZ694, IMZ695, IMZ701, IMZ702, IMZ704, and IMZ705 (Table 1).

Shake flask and plate growth experiments

Thawed aliquots of frozen stock cultures (1 ml) were inoculated in SMD shake-flask
cultures and incubated for 12 h. This starter culture was used to inoculate a second shake-
flask culture on SMD which, after another 12 h, was used to inoculate a third culture on
SMD, at an initial OD_, of 0.05, 0.1, or 0.2. For biotin-free growth studies, all three cultures
were grown on SMD without biotin. OD,, of the third culture was monitored with a Libra
S11 spectrophotometer (Biochrom, Cambridge, United Kingdom). Specific growth rates
were calculated from at least four time points in the exponential growth phase of each
culture. Strain CEN.PK113-7D, which consistently failed to grow on biotin-free SMD in
the third culture, was used as a negative control in all growth experiments. Cell numbers
were estimated from calibration curves of OD,,, versus cell counts in an Accuri flow
cytometer (Becton Dickinson B.V., Breda, The Netherlands), generated with exponentially
growing shake-flask cultures of strain CEN.PK113-7D on SMD medium. For plate assays,
precultures were grown on SMD medium. Spot assays on SMD agar (pH 4.5), containing
either 50 uM or 2 mM MgSQO,, were performed as described previously (Van Rossum et al.
2016). SMD agar plates were supplemented with either 0.05, 0.15, 0.5, 1, 1.5, 2, or 3 mM
pimelic acid, 6 or 15 mM spermidine, or 0.5 mM potassium sorbate (Additional Figure 1).
Liquid cultures of CEN.PK113-7D containing different concentrations of pimelic acid were
prepared similar to shake-flask cultivations but were carried out in 50 ml CELLreactor
filter top tubes with 25 ml of SMD-urea (pH 4.5) with an inoculation OD, of 0.1. Filter-
sterilized pimelic acid solution (1.25 M, pH 4.5) was added to duplicate cultures to a final
concentration of 10, 12.5, 25, 50, 70, 80, 90, or 100 mM.

Laboratory evolution

Laboratory evolution of S. cerevisiae CEN.PK113-7D for biotin prototrophy was performed
in accelerostats and in sequential bioreactor batch cultures. Accelerostat evolution was
preceded by serial transfers in 3 parallel shake-flask experiments on biotin-free SMD,
with an initial OD,, of 0.05 after each transfer. After 15 transfers (in 54 d), a specific
growth rate of ca 0.1 h™' was reached. 15 ml of each evolution culture was then used to
inoculate separate 450 ml Multifors 2 parallel bioreactors (Infors Benelux, Doetinchem,
The Netherlands) with a working volume of 100 ml. These bioreactors were subsequently
operated as accelerostats, which are continuous cultures in which the dilution rate is
increased over time (Paalme et al. 1995). During the initial batch phase, cells were grown
on SM without biotin, supplemented with 20 g-L-" glucose and 0.3 g-L-" antifoam Pluronic
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PE 6100 (BASF, Ludwigshafen, Germany). When a decrease in CO, production indicated
glucose depletion (Bluesens CO, sensor, Herten, Germany), continuous cultivation was
initiated at a dilution rate of 0.10 h~' on SM without biotin, 7.5 g-L-' glucose and 0.15
g-L™" antifoam Pluronic PE 6100. Cultures were grown at 30°C, while a culture pH of
5 was maintained by automated addition of 2 M KOH. Cultures were sparged with air
at a flow rate of 50 ml-min~' and stirred at 1200 rpm. Dissolved oxygen concentrations
remained above 40% of air saturation throughout the experiments. The dilution rate of the
accelerostats was controlled by Iris Parallel Bioprocess Control software (Infors Benelux)
based on a manually set threshold for the ratio between CO, concentration in the outlet
gas and the feed rate of the medium supply pump. If this ratio was above the setpoint for
at least 4 h, the medium feed rate was increased by 5%. When it was below the setpoint
for the same period, the feed rate was decreased by 4.5%. This set-up ensured a steady
increase in dilution rate as the culture evolved to reach higher specific growth rates, whilst
preventing culture wash-out.

With increasing growth rates, the amount of CO, produced per glucose consumed
increases due to an increased CO, production derived from the concomitantly increased
CO, production during biomass formation (Verduyn et al. 1990). As during the evolution
growth rates increased, the threshold ratio of CO, output and feed rate was manually
adjusted accordingly. Accelerostat cultures were terminated when, within 3 months of
accelerostat selection, dilution rates of 0.24 to 0.28 h'' were reached.

Laboratory evolution in sequential batch reactors was preceded by shake-flask cultivation
of strain CEN.PK113-7D in biotin-free SMD, using a frozen stock culture as inoculum.
After two days, 0.1 ml of this culture was transferred to a fresh culture to deplete biotin
stores and to generate a preculture from which, after ca. 12 h of incubation, a bioreactor
culture was inoculated at an initial OD, of 0.05.

Sequential batch cultivation was performed in 450 ml Multifors 2 parallel bioreactors
(Infors Benelux) with a working volume of 100 ml. Aeration, pH, temperature and dissolved
oxygen concentration thresholds were the same as in the accelerostat cultures. Growth
was monitored based on CO, concentration in the off gas. When, after first having reached
the CO, production peak, the CO, percentage in the off gas decreased below 0.02% a
computer-controlled peristaltic pump automatically removed approximately 95% of the
culture volume, leaving approximately 5% as inoculum for the next batch. The experiment
was stopped when, after 11 batch cultivation cycles (47 d), no further increase in growth
rate was observed over the following six consecutive batches and, moreover, cells with
a multicellular phenotype were observed in the culture (Oud et al. 2013). Cells with a
clumping phenotype, which facilitates sedimentation, are likely to have remained in the
bioreactor during the empty-refill selection process due to their ability to evade wash-out
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by clumping rather than by adapting for fast growth in absence of biotin (Oud et al. 2013).
Hence, in order to ensure the selection of a fast-growing single cell line evolved for biotin
prototrophy derived from a non-clumping cell, isolates obtained from the sequential batch
reactor culture were selected for further analysis based on the absence of a clumping
phenotype, determined by visual inspection with a Zeiss Imager D1 microscope. Single
colony isolates were obtained from accelerostats and sequential batch reactor were
obtained by plating on biotin-free SMD.

gPCR experiments

gPCR experiments were performed with duplicate cultures pregrown on SMD with or
without biotin. RNA extraction was performed following the method of Schmitt et al. 1990
(Schmitt et al. 1990) whilst the sampling procedure was done as described elsewhere
(Huisjes et al. 2012). cDNA was synthesized using a QuantiTect Reverse Transcription
Kit (Qiagen, Dusseldorf, Germany) and concentrations were determined using a Qubit
fluorometer (Life Technologies). gPCRs with cDNA from duplicate cultures were performed
in technical triplicates on three dilutions of each sample using a QuantiTect SYBR Green
PCR Kit (Qiagen) with a primer concentration of 0.5 uM in a total volume of 20 pl in the
Rotor-Gene Q (Qiagen). All gPCR primers can be found at in Additional Table 3, at https://
doi.org/10.1128/AEM.00892-17. ACT1 expression levels determined from the same
duplicate culture were always included as an internal standard. The expression levels of

the BIO genes relative to ACTT1 were determined using the AACT method (Schmittgen and
Livak 2008).

For the determination of the normalized expression levels of the gene of interest
(GOI), the average of the C(t)-values obtained from the triplicate measurements
of the reference gene ACT1 were subtracted from the averaged C(t)-values of the
GOl  (AC(t)sampie = average C(t)¢or sample — average C(t) 4cr1 ). The normalized
expression level of a GOl was then determined according to the AAC(t) method
( Normalized target gene expression = 274¢®). The average between this value and
the AC(t)sampie Value obtained from the duplicate culture and the standard deviation
between those two values were then used to determine the normalized expression levels
and the respective error (Figure 3, Additional Table 2).
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Contour Clamped Homogenous Electric Field (CHEF) electrophoresis and Southern
Blotting

Agarose plugs for all strains were prepared using a CHEF genomic plug kit following
manufacturers’ recommendations (Bio-Rad). One-third of each agarose plug was used
per well of a 1% megabase agarose gel (Bio-Rad) buffered with 0.5 x TBE (5.4 g trizma
base, 2.75 g boric acid, 2 ml 0.5 M EDTA, pH 8 in 1 L demineralized water). Chromosomes
were separated in a CHEF-DR Il system (Bio-Rad) for 28 h with a switch time of 60
s, an angle of 120 degrees and 5 V-cm?, followed by 16 h with a switch time of 90 s.
DNA was stained with ethidium bromide (3 pg-ml in 0.5 x TBE buffer) and destained in
0.5 x TBE buffer for 20 min with gentle agitation. Imaging was done using an InGenius
LHR Gel Imaging System (Syngene, Bangalore, India). Southern Blot probes (ca. 1 kb)
were amplified from genomic DNA of CEN.PK113-7D and prepared with AlkPhos Direct
Labelling and Detection system according to the manufacturers’ protocol (Amersham
Biosciences, Piscataway, NJ). Separated chromosomes were transferred to Hybond-N*
nylon membranes (GE Healthcare, Diegem, Belgium) using vacuum transfer with a Vacuum
Blotter (Bio-Rad) and fixed to the nylon membrane by UV exposure for 2 min. Signal
generation and detection were performed using Amersham Gene Images AlkPhos Direct
Labelling and Detection System together with CDP-Star chemiluminescent detection
(Amersham Biosciences) and exposure to an Amersham Hyperfiim ECL (Amersham
Biosciences) following manufacturers’ recommendations.

DNA sequencing

Genomic DNA of strains IMS0478, IMS0480, IMS0481, and IMS0496 was isolated with
a QIAGEN Blood & Cell Culture DNA Kit with 100/G Genomics-tips (QIAGEN, Valencia,
California) according to the manufacturers’ protocol. Paired-end sequencing (126 bp
reads) was performed on 350-bp insert libraries with an lllumina HiSeq 2500 sequencer
(Baseclear BV, Leiden, The Netherlands) with a minimum sample size of 550 Mbases
accounting for a coverage of approximately 45x. Data mapping to the CEN.PK113-7D
genome (Nijkamp et al. 2012a), data processing, and chromosome copy number variation
determinations were done as described elsewhere (Verhoeven et al. 2017).

Copy numbers of BIO1, BIO2, BIO3, BIO4, and BIO6 were estimated by comparing their
read depth to the average read depth of the single-copy reference genes (YALOO1C (TFC3),
YBLO15W (ACH1), YCLO40W (GLK1), YDLO29W (ARP2), YELO12W (UBC8), YER049W
(TPA1), YBR196C (PGI1), YER178W (PDA1), YFLO39C (ACT1), and YJL121C (RPE1)),
processed with Pilon (Walker et al. 2014).
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Accession numbers
The sequencing data are available under the Bioproject accession number PRINA383023.

Results

Laboratory evolution of S. cerevisiae CEN.PK113-7D for full biotin prototrophy
After inoculation of biotin-free SMD with a biotin-depleted preculture of strain CEN.
PK113-7D, it took ca. 20 d before slow growth, at a specific growth rate of ca. 0.01 h,
was observed. At a final cell number in the shake flasks of 4-10'"" cells-L-" and a specific
growth rate of 0.01 h™(i.e., a doubling time of 69 h), this implies an initial concentration of
growing cells of at least 2:10° cells-L". These results confirm an earlier report that strain
CEN.PK113-7D is not completely auxotrophic for biotin, but can grow at very low rates in
the absence of this vitamin (Nijkamp et al. 2012a).

To explore evolvability of full biotin prototrophy, i.e. a phenotype with identical specific
growth rates in the presence and absence of biotin, strain CEN.PK113-7D was grown
in accelerostats. These are continuous cultures in which the dilution rate is increased
over time (Paalme et al. 1995). To select for fast-growing biotin-prototrophic mutants in
triplicate glucose-limited accelerostat cultures on biotin-free SMD, the dilution rate was
feedback-controlled based on the CO, concentration in the off gas (Additional Figure 2).

A fourth laboratory evolution experiment was performed in a sequential batch reactor
(SBR), in which automated empty-refill cycles were based on the CO, concentration in
the off gas, leaving ca. 5% of the culture as inoculum for each subsequent batch cycle
(Kuyper et al. 2005b) (Figure 2). After 48 — 77 d of accelerostat cultivation, dilution rates
of up to 0.27 h™" were reached. Single-cell lines were isolated at the end of each of the
accelerostat experiments and named IMS0478, IMS0480, and IMS0481 (Table 1). The
SBR experiment was terminated when, after 47 d and 11 cycles, multicellular aggregates
appeared in this culture due to the SBR setup-inherent empty-refill selection procedure
that is prone for the unintended selection of cells developing a clumping phenotype
enabling their persistence in the bioreactor without further improvement of their growth
rate under selective conditions (Oud et al. 2013). At this point, the specific growth rate, as
estimated from CO,-production profiles, had reached 0.22 h™' (Table 3).

A non-aggregating single-colony isolate from the SBR culture was named IMS0496. All
four single-cell isolates showed high specific growth rates in biotin-free SMD, ranging
from 0.25 h' (strain IMS0478) to 0.36 h™' (strain IMS0481; Table 3). This value is close to
the specific growth rate of CEN.PK113-7D in biotin-supplemented SMD of 0.39 - 0.40
h' (Pronk 2002, Kuyper et al. 2005a, Hazelwood et al. 2006, Mans et al. 2015). Biotin-

167




Evolutionary- and reverse engineering for biotin prototrophy

= e e g o geds
) o~ | 0 ™ o W
- (=1 by Nl W v ™ 0 N
(=) (=] O_ (=] (=] | v v N
o -] o o o o ooo
] n n ul u| uwj ujnujn
1.51 El 3 3 3 3 3 3 3
°\'?
= 1.0
N
(]
(&)
0.57
N
—-_A
0.0 1 T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Time [h]

Figure 2. Laboratory evolution of S. cerevisiae CEN.PK113-7D cells in a sequential batch reactor (SBR)
for improved growth in biotin-free synthetic media. Off-gas CO2 [%] profiles during an SBR experiment, in
which automated empty-refill cycles were based on the CO, concentration in the off gas, leaving ca. 5% of the
culture as inoculum for each subsequent batch cycle (Kuyper et al. 2005b). CO, production in the initial cycle
reflects depletion of biotin pools in the inoculum. Specific growth rates were calculated from the exponential

increase of the off-gas CO, concentration in each cycle. Graphs representing the increase of dilution rates in
accelerostats over time are depicted in Figure S2.

supplemented cultures of the evolved strains showed an average specific growth rate of

0.35 h', indicating that the evolved strain IMS0481 had acquired full biotin prototrophy
(Table 3).

Massive amplification of BIO1 and BIO6 and increased expression of BIO genes in
evolved biotin-prototrophic strains

To investigate the molecular basis of the acquired biotin prototrophy, expression levels
and copy numbers of BIO genes were measured by gPCR analysis and whole-genome
sequencing, respectively. In shake-flask cultures on biotin-supplemented SMD, transcript
levels of BIO genes were lower than those of the reference gene ACT1 in all strains tested
(Figure 3A, Additional Table 2). Transcript levels of BIO genes in the evolved strains
resembled those in the parental strain, except for BIO1, whose transcript levels were
four- to eight-fold higher in the evolved strains. Growth in SMD without biotin resulted in
transcriptional upregulation of B/IO genes (Figure 3B, Additional Table 2).
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Table 3. Specific growth rates of laboratory-evolved biotin prototrophic S. cerevisiae strains and of
strains carrying defined mutations, grown in shake flask cultures containing synthetic media with
(SMG + biotin) or without (SMG - biotin) biotin supplementation. Cells were grown in aerobic 100 ml shake
flask cultures. Data represent averages and average deviation of the mean of measurements on independent
duplicate cultures. *(Mans et al. 2015)

Growth rate[h-'] in SMD

rain Relevan n .

Stral elevant genotype Z\i,:::;:ut With biotin

CEN.PK113-7D  Haploid laboratory strain <0.01 h? 0.39 + 0.01*

IMS0478 CEN.PK113-7D evolved for biotin prototrophy 0.25+0.00 0.34+0.02
(accelerostat A)

IMS0480 CEN.PK113-7D evolved for biotin prototrophy 0.31£0.00 0.34+0.00
(accelerostat B)

IMS0481 CEN.PK113-7D evolved for biotin prototrophy 0.36 £0.00 0.41 +0.00
(accelerostat C)

IMS0496 CEN.PK113-7D evolved for biotin prototrophy (SBR) 0.32 + 0.01 0.31 +£0.02

IME327 CEN.PK113-5D + pUDE446 (2u BIO1-BIO6) 0.16 + 0.01 0.32 + 0.01

IME329 CEN.PK113-5D + pUDE448 (2u BIO6) No growth 0.30 + 0.00

IME331 CEN.PK113-5D + pUDE450 (2u BIO7) 0.15+0.02 0.32 +0.01

IME334 CEN.PK113-5D + p426GPD (empty plasmid) No growth 0.34 + 0.01

IMZ694 tpo1A, pUDE450 (2p BIOT) 0.23+0.00 0.32 +0.00

IMZ695 tpo1A, p426GPD (empty plasmid) No growth 0.33 + 0.01

IMZ704 pdr12A, pUDE450 (2u BIO1) 0.25+0.00 0.37 £0.00

IMZ705 pdr12A, p426GPD (empty plasmid) No growth 0.40 + 0.00

IMZ701 pdr12Atpo1A, pUDE450 (2u BIOT) 0.25 + 0.01 0.36 + 0.01

IMZ702 pdr12Atpo1A, p426GPD (empty plasmid) No growth 0.37 £ 0.00
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Figure 3. mRNA levels of BIO genes in strains evolved for biotin prototrophy. (A) Transcript levels in cultures
grown on SMD with biotin | Transcript levels of BIO1, BIO2, BIO3, BIO4, and BIO6 in the parent strain CEN.
PK113-7D (diagonally hatched white bar) and in the evolved strains IMS0478 (white bar), IMS0480 (grey bar),
IMS0481 (black bar), and IMS0496 (squared pattern), relative to ACT1 expression (B) Transcript levels in cultures
grown on SMD without biotin. Transcript levels of BIO1, BIO2, BIO3, BIO4, and BIO6 in the evolved strains
IMS0478 (white bar), IMS0480 (grey bar), IMS0481 (black bar), and IMS0496 (squared pattern), relative to ACT1
expression levels. All gPCR experiments were carried out on duplicate cultures, with analytical triplicates for
each culture. Relative expression levels were determined according to the AACT method (Schmittgen and Livak
2008). Error bars represent the standard deviation of the mean of duplicate analyses.
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As observed in biotin-supplemented cultures, BIO71 was expressed at higher levels than
the other BIO genes, reaching transcript levels that were 1.5- to 24-fold higher than those
of ACT1 (Figure 3B). Analysis of sequencing read depths revealed massive amplification
of BIO1 and BIOG6 in the evolved strains, with copy numbers ranging from 8 to 42 (Table 4).
The similar amplification of BIO7 and BIO6 observed in this analysis was consistent with
their physical linkage (Nijkamp et al. 2012a). The evolved strains harboured one or two
copies of BIO2, BIO3, or BIO4, except for the slowest growing strain IMS0478, in which
BIO3 and BIO4 were amplified by eight and six fold, respectively.

Table 4. Estimated copy numbers of BIO1, BIO2, BIO3, BIO4, and BIO6 in the evolved biotin-prototrophic
strains and the parent strain CEN.PK113-7D. Copy numbers were calculated from sequence coverage depth
of four strains independently evolved for biotin prototrophy in accelerostats (IMS0478, IMS0480, MS0481)
and in a sequential batch reactor setup (IMS0496). All five genes indicated occur as single-copy genes in the
parental strain CEN.PK113-7D (Nijkamp et al. 2012a).

Gene copy number per strain

BIO1 BIO2 BIO3 BIO4 BIO6
CEN.PK113-7D 1 1 1 1 1
IMS0478 8 2 8 6 8
IMS0480 42 2 1 1 43
IMS0481 19 2 1 1 19
IMS0496 19 2 2 1 20

Amplification of BIO1 and BIO6 involves chromosomal duplications, rearrangements
and formation of neochromosomes

In three of the four evolved biotin-prototrophic strains, read depth analysis revealed a
duplication of Chrl (Figure 4) which, in the parental strain, carries the BIO7 and BIO6 genes
(Nijkamp et al. 2012a). Strain IMS0478, which also showed increased copy numbers of
other BIO genes, carried additional duplications of ChrlX, the left arm of ChrVIIl and an
amplified region close to the telomere of the right arm of ChrXIV, where the BIO3, 4, 5
cluster is located (Figure 4A). Electrophoretic karyotyping revealed strong differences in
chromosome sizes between the evolved strains as well as with their common unevolved
parental strain, while strains IMS0478, IMS0480, and IMS0481 contained additional,
supernumerary isochromosomes (referred to as ‘neochromosomes’) (Figure 5A). Southern
hybridization analysis showed that copies of the BIO7-BIO6 gene cluster occurred on
multiple chromosomes and neochromosomes in the evolved strains, indicating that,
based on identical copy numbers and clustering of BIO71 and BIO6, the BIO1-BIO6
cluster multiplied its copy number via interchromosomal rearrangements (Figure 5B). This
experiment confirmed that strain S. cerevisiae S288C, whose genomic DNA was used as
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Figure 4. Chromosomal copy number variations in yeast strains evolved for full biotin prototrophy. Strains

IMS0478, IMS0480, MS0481 were evolved in accelerostats, while strain IMS0496 was evolved in a sequential

batch reactor (A, B, C, D, respectively). Copy numbers of chromosomes and chromosomal regions were

calculated from sequence data with the Magnolya algorithm (Nijkamp et al. 2012b). Results for the parental

strain S. cerevisiae CEN.PK113-7D and for the evolved strains are indicated in blue and red, respectively.

Individual chromosomes, indicated by Roman numbers, are separated by dashed lines.
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a size marker for chromosome identification, lacks the BIO7 and consequently implies a
lack of the whole BIO17-BIO6 cluster (Figure 5B) (Wu et al. 2005, Nijkamp et al. 2012a).

Chromosomes [kB]

1\ 1530
VX, VIl 1090
Xl 1080
XVI 948
Xl 924
] 813
XIV 784
X 746
Xl 667

V, VIl 577, 563

IX 440

I} 317
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Figure 5. Karyotyping and chromosomal localization of BIO1 in evolved biotin-prototrophic yeast strains |
(A) Pulsed-field gel electrophoresis (PFGE) of the chromosomes of evolved biotin prototrophic strains MS0478,
IMS0480, IMS0481, and IMS0496 and the parent strain S. cerevisiae CEN.PK113-7D. Indicated chromosome
numbers and sizes (kbp) were obtained using S. cerevisiae S288C as ladder strain. Neochromosomes are
indicated with asterisks (*). Chromosomes that changed in size and consequently in travel distance compared
to the respective chromosome of the unevolved parent strain are not considered as neochromosomes. (B)
Southern Blot of PFGE gel. Hybridization with BIO1 probe reveals copies of B/IO7 on multiple chromosomes in
evolved strains. Lanes are numbered at the bottom.
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Increased copy numbers of BIO1 play a pivotal role in acquired biotin prototrophy
To investigate if the high copy numbers of BIO7 and BIO6 contributed to the acquired
biotin prototrophy of the evolved strains, these genes were expressed from multi-copy
plasmids and under the control of strong, constitutive promoters, in a non-evolved, biotin-
auxotrophic strain. Overexpression of B/IO1 together with BIO6, a situation that mimicked
the ampilification of both genes in the evolved strains, enabled growth in SMD without
biotin, at a specific growth rate of 0.15 h™' (Table 3). However, the same growth rate
was obtained when only BIO7 was overexpressed. Further, growth in biotin-free SMD
was not observed in a strain that only overexpressed BIO6. These results indicated that
increased copy numbers of BIO1, but not those of BIO6, contributed to the acquired biotin
prototrophy of evolved strains.

Mutations in the membrane transporter genes TPO1 and PDR12 contribute to fast
growth in biotin-free media

Although overexpression of BIO7 in a non-evolved strain background enabled growth
in biotin-free media, specific growth rates of the resulting strains were only about half of
those observed in the fast-growing evolved strains. To further analyse the genetic basis
for fast growth in biotin-free media, genome sequences of the evolved biotin-prototrophic
strains were analysed in more detail. The four independently evolved strains harboured
6 to 11 single-nucleotide changes within coding regions relative to the parental strain
(Additional Table 1). Three out of the four evolved strains harboured a nonsynonymous or
nonsense mutation in TPO7, which encodes a plasma-membrane polyamine transporter
(Albertsen et al. 2003). TPO1 was the only gene that harboured SNPs in more than one
strain. However, a nonsense mutation in the ABC-transporter gene PDR12 in strain
IMS0481 coincided with a nonsense mutation in WART, in strain IMS0480, which encodes
a transcriptional activator of PDR12 (Kren et al. 2003) (Additional Table 1). Inactivation of
either PDR12 or WAR1 causes absence of Pdri12 from the plasma membrane (Kren et al.
2003). Pdr12 has been shown to export a wide range of monocarboxylic acids (C3 to C7)
(Piper et al. 1998, Hazelwood et al. 2006). To investigate a possible role of the mutations
in PDR12 and/or TPOT1 in biotin prototrophy, pdr12A, tpo1A, and pdr12A tpo1A mutations
were introduced in strains overexpressing BIO1. Deletion of PDR12 or TPO1 did not lead
to biotin prototrophy in a strain with a single wild-type BIO7 gene (Table 3). In contrast,
deletion of either of these transporter genes greatly increased the specific growth rate
of strains that overexpressed BIO17 in biotin-free SMD, from 0.15 h™' in a strain without
transporter deletion, to up to 0.25 h'in a pdr12A strain (Table 3). Combination of both
deletions did not lead to a further increase of the specific growth rate (Table 3).
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A possible explanation for the observed impact of mutations in TPO7 and PDR12 is that
they prevent export of an essential intermediate in the biotin biosynthesis pathway by
the encoded transporters. Pimelic acid, a C7-dicarboxylic acid, is the substrate for Bio1
which, based on the amplification of BIO7 observed in evolved strains, may catalyse a
rate-controlling reaction in biotin synthesis. For many organic acids, a role of Pdr12 in their
export from S. cerevisiae cells has been inferred from a strongly increased sensitivity of
pdr12A to the acid at pH values below its pK_ due to weak organic acid uncoupling (Piper
et al. 1998, Holyoak et al. 1999, Hazelwood et al. 2006). Pimelic acid supplementation
of cultures grown at pH 4.5, which is below the pK, values of pimelic acid (pKAY1 =4.71,
pK,, = 9.58), did not reveal an increased sensitivity of single or double deletion mutants in
PDR12 and/or TPO1 (Additional Figure 1). However, growth of the reference strain CEN.
PK113-7D at pH 4.5 was not inhibited by pimelic acid concentrations of up to 100 mM
(data not shown), indicating that pimelic acid uptake rates were too low to cause weak
organic acid uncoupling. The absence of an increased sensitivity in the deletion mutants
therefore neither support nor exclude a possible role of Tpo1 and/or Pdr12 in pimelic acid
export.

Discussion

Although the genome of S. cerevisiae CEN.PK113-7D contains a full set of BIO genes
(BIO1, BIO2, BIO3, BIO4, BIO5, and BIO6)(Nijkamp et al. 2012a), the specific growth
rate of this strain in biotin-free synthetic medium with glucose was at least 30-fold lower
than in cultures supplemented with this vitamin. Although data obtained with this typical
laboratory strain (Entian and Kotter 2007) cannot be directly extrapolated to natural
isolates, such very low growth rates may well be relevant for survival in biotin-scarce
natural environments. Independent laboratory evolution experiments with strain CEN.
PK113-7D vyielded four evolved strains, three of which grew equally fast in biotin-free
medium as in biotin-supplemented cultures. Such a complete biotin prototrophy is rare
amongst natural biotin prototrophic strains, whose growth on biotin-free media has been
described to vary from weak to vigorous but typically is slower than in biotin-containing
media (Wu et al. 2005, Hall and Dietrich 2007, Lin and Cronan 2011).

The mutations that were shown to contribute to full biotin prototrophy of the laboratory-
evolved strains provide new insights into the genetic basis of this phenotype. An up to
40-fold amplification of the clustered BIO7 and BIO6 genes in the evolved strains was
shown to reflect a key role of the copy number of BIO17, but not BIO6, in biotin prototrophy.
Introduction of a multi-copy vector carrying BIO7 in a non-evolved strain enabled it to
grow on biotin-free medium, at a growth rate of ca. 40% of that observed in the fastest-
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growing evolved strains. These results indicate that the pimeloyl-CoA synthetase Bio1
exerts a high degree of metabolic control over biotin biosynthesis in the non-evolved
strain. Comparison of the predicted protein sequence of BIO7 from strain CEN.PK113-7D
did not identify amino acids that were not also found in BIO7 genes of other S. cerevisiae
strains, indicating that the requirement for BIO7 amplification was unlikely to be due to a
CEN.PK-specific, inferior BIO1 allele.

Three of the four evolved strains contained a duplication of Chrl, which carries the
native copies of BIO7 and BIO6, while additional copies of these genes were found on
neochromosomes resulting from translocation events. The plasticity of the yeast genome
under selective growth conditions is further illustrated in one of the evolved strains (IMS0478),
by the additional presence of two copies of ChrlX as well as of the left arm of ChrVIIl. These
results confirm that chromosomal rearrangements and copy number variation are key
mechanisms for genetic adaptation in short-term laboratory evolution experiments (Wolfe
and Shields 1997, de Kok et al. 2012). The biotin-prototrophic sake strain of S. cerevisiae
in which BIO6 was first discovered also contains copies of BIO6 on multiple chromosomes
(Wu et al. 2005). This genotypic similarity indicates that the genetic adaptations that enable
sake yeasts to grow at the very low biotin concentrations in sake mash (Torigata 1968), at
least partially overlap with those seen in the present laboratory-evolution study.

Surprisingly, loss-of-function mutations in the membrane-transporter genes TPO1 and
PDR12, as well as in WAR1, which encodes a positive regulator of PDR12 (Kren et al.
2003, Schiiller et al. 2004), had a strong positive effect on biotin prototrophy. Neither
the polyamine transporter Tpo1 (Tomitori et al. 1999, Albertsen et al. 2003) nor the
monocarboxylate exporter Pdr12 (Piper et al. 1998) have previously been associated
with biotin synthesis. Although, in the case of Tpo1, direct mediation of monocarboxylic
acid transport has not been demonstrated, both transporters have been implicated in
this process, including, in the case of Pdr12, the transport of the C7-monocarboxylate
heptatonic acid (Holyoak et al. 1999). If Pdr12 and/or Tpo1 export the C7-dicarboxylate
pimelic acid, the precursor of biotin biosynthesis, the resulting decrease in intracellular
pimelate concentration could reduce the flux through the rate-controlling pimeloyl-CoA
synthetase (Bio1) reaction. Alternatively, Pdr12 and/or Tpo1 might catalyse the export of
other key intermediates of biotin synthesis, such as the aminated compounds KAPA and
DAPA. A mutation, in one of the evolved strains, in the KAPA transporter gene BIO5 could
also be consistent with this hypothesis.

In the case of Tpo1, an alternative explanation for its impact on biotin prototrophy is related
to its role in spermidine homeostasis. Supplementation of this compound to a spermidine-
deficient S. cerevisiae strain has been shown to cause an up to 14-fold upregulation of
BIO genes (Chattopadhyay et al. 2009). At a pH of 5, which was used in the presented
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laboratory evolution, Tpo1 has been reported to primarily catalyse polyamine export
(Uemura et al. 2005). Moreover, inactivation of TPO17 has been shown to lead to increased
intracellular spermidine concentrations (Krliger et al. 2013, Kim et al. 2015). By enhancing
the previously demonstrated induction of BIO genes upon biotin depletion (Wodicka et al.
1997, Wu et al. 2005, Madsen et al. 2015), accumulation of polyamines could contribute
to increased growth rates in biotin-free media.

Elimination of vitamin requirements of S. cerevisiae could simplify design and scaling-up
of fermentation processes and improve process economics. The demonstration that an
S. cerevisiae strain that contains a basic complement of B/IO genes can be evolved for
complete biotin prototrophy opens up perspectives for the development of industrial S.
cerevisiae strains that are completely prototrophic for this and, potentially, other vitamins.
However, the extensive genomic rearrangements in the evolved strains complicates their
direct use as metabolic engineering platforms. Overexpression of B/IO7, combined with
deletion of TPO1 or PDR12, was sufficient to reach specific growth rates in biotin-free
media that were only 40% lower than those observed in biotin-supplemented cultures.
Null mutations in TPO7 and PDR12 had a similar effect on specific growth rates of B/IO17-
overexpressing strains in biotin-free media, but their effects were not additive (Table 3).
While inactivation of PDR12 strongly increases the sensitivity of S. cerevisiae to several
apolar carboxylic acids (Piper et al. 1998), null mutations in TPO7 have been reported to
confer an increased tolerance to industrially relevant inhibitors, which in turn has been
shown to result in higher productivities of industrial products (Kim et al. 2015, Kim et al.
2017). Inactivation of TPO1 therefore appears to be the preferred intervention in strategies
for eliminating biotin requirements in industrial yeast strains.

A further systematic analysis of the other mutations in evolved biotin prototrophic strains,
combined with overexpression and/or codon optimization of BIO7 and other BIO genes
might allow additional improvements of rationally engineered biotin prototrophic S.
cerevisiae strains. In addition, the fast-growing biotin prototrophic strains described in this
study provide interesting experimental platforms for unravelling the elusive biochemistry
of pimelate biosynthesis in S. cerevisiae and other yeasts (Lin and Cronan 2011, Magliano
et al. 2011, Tanabe et al. 2011).
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Additional Table 1. Mutations in evolved biotin prototrophic S. cerevisiae strains. Single nucleotide variants
were called by comparison of whole-genome sequence data from the four strains evolved for biotin prototrophy
with their parent strain CEN.PK113-7D. Listed are all nonsynonymous and nonsense mutations (*). Descriptions
of gene functions were obtained from the Saccharomyces Genome Database website (www.yeastgenome.orqg).
NT = nucleotide; AA = amino acid.

Gene AA change NT Description
change
IMS0478
ULS1 Asp-130-Val A389T Swi2/Snf2-related translocase required for maintenance

of NHEJ inhibition at telomeres. Plays role in antagonizing
silencing during mating-type switching.

GPI11 Val-11-Gly T32G ER membrane protein involved in a late step of GPI anchor
assembly. Involved in the addition of phosphoethanolamine to
the multiply mannosylated glycosylphosphatidy-linositol (GPI)
intermediate.

VIK1 Leu-577-lle T1729A Protein that forms a kinesin-14 heterodimeric motor with
Kar3p. Required for sister chromatid cohesion.

NMD2 Ser-567-* C1700A  Protein involved in the nonsense-mediated mMRNA decay
(NMD) pathway. Involved in telomere maintenance.

THO2 Ser-53-* C158A Subunit of the THO complex. THO is required for efficient

transcription elongation and involved in transcriptional
elongation-associated recombination.

HSE1 Val-222-lle G664A Subunit of the endosomal Vps27p-Hse1p complex. Required
for sorting of ubiquitinated membrane proteins, as well as
for recycling of Golgi proteins and formation of lumenal
membranes.

IMS0480

MAK10 Pro-42-Leu C125T Non-catalytic subunit of N-terminal acetyltransferase of
the NatC type. Required for replication of dsRNA virus;
expression is glucose-repressible.

TPOT1 Asp-262-Gly A785G Polyamine transporter of the major facilitator superfamily.
Member of the 12-spanner drug-H(+) antiporter DHA1 family.
Recognizes spermine, putrescine, and spermidine. Catalyzes
uptake of polyamines at alkaline pH and excretion at acidic
pH.

ALD4 Gly-400-Ser G1198A  Mitochondrial aldehyde dehydrogenase. Required for growth
on ethanol and conversion of acetaldehyde to acetate.

BNI4 Ser-835-Pro T2503C  Targeting subunit for Glc7p protein phosphatase. Localized
to the bud neck, required for localization of chitin synthase
Il to the bud neck via interaction with the chitin synthase Il
regulatory subunit Skt5p.

WAR1 Glu-456-* G1366T  Homodimeric Zn2Cys6 zinc finger transcription factor. Binds
to a weak acid response element to induce transcription
of PDR12 and FUN34, encoding an acid transporter and a
putative ammonia transporter, respectively.

CYR1 Glu-1879-Asp  A5673C  Adenylate cyclase. Required for cAMP production and cAMP-
dependent protein kinase signalling.
BIO5 lle-145-Thr T434C Putative transmembrane protein involved in the

biotin biosynthesis. Responsible for uptake of 7-keto
8-aminopelargonic acid.

Additional Table 1 continues on next page.
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Additional Table 1 - Continued

Gene

AA change

NT
change

Description

IMS0481
ASA1

TPO1

VPS15

SPT21

VHT1

BCY1

ALP1

PDE1

PDR12

CIT2

REC104

lle-436-Val

Asp-133-Asn

Phe-452-Cys

Glu-581-Lys

Gly-288-Ala
Asn-174-Lys
Val-262-Phe

Phe-422-Ser

Gly-41-Cys

Trp-765-*

Ala-289-Val

Ser-76-Tyr

A1306G

G397A

T1355G

G1741A

G863C
T522G
G784T

T1265C

G121T

G2295A

C866T

C227A

Subunit of the ASTRA complex, involved in chromatin
remodelling. Telomere length regulator involved in the stability
or biogenesis of PIKKs such as TORC1.

Polyamine transporter of the major facilitator superfamily.
Member of the 12-spanner drug-H(+) antiporter DHA1 family.
Recognizes spermine, putrescine, and spermidine. Catalyses
uptake of polyamines at alkaline pH and excretion at acidic
pH.

Serine/threonine protein kinase involved in vacuolar protein
sorting. Functions as a membrane-associated complex with
Vps34p.

Protein with a role in transcriptional silencing. Required for
normal transcription at several loci including HTA2-HTB2 and
HHF2-HHT2, but not required at the other histone loci.
High-affinity plasma membrane H+-biotin (vitamin H)
symporter. Mutation results in fatty acid auxotrophy.
Regulatory subunit of the cyclic AMP-dependent protein
kinase (PKA). PKA is a component of a signalling pathway
that controls a variety of cellular processes, including
metabolism, cell cycle, stress response, stationary phase,
and sporulation.

Arginine transporter. Expression is normally very low and it is
unclear what conditions would induce significant expression.
Low-affinity cyclic AMP phosphodiesterase. Controls glucose
and intracellular acidification-induced cAMP signalling, target
of the cAMP-protein kinase A (PKA) pathway.

Plasma membrane ATP-binding cassette (ABC) transporter.
Weak-acid-inducible multidrug transporter required for weak
organic acid resistance. Induced by sorbate and benzoate
and regulated by War1p.

Citrate synthase, peroxisomal isozyme involved in glyoxylate
cycle. Catalyzes condensation of acetyl coenzyme A and
oxaloacetate to form citrate.

Protein involved in early stages of meiotic recombination.
Required for meiotic crossing over.

IMS0496
CSS3

TPO1

TDA6
NCA3

Asp-117-Tyr

Trp-302-*

Pro-38-Arg
Ala-289-Gly

G349T

G905A

C113G
C866G

Protein of unknown function, secreted when constitutively
expressed. Deletion mutants are viable and have elevated
levels of Ty1 retrotransposition and Ty1 cDNA.

Polyamine transporter of the major facilitator superfamily.
Member of the 12-spanner drug-H(+) antiporter DHA1 family.
Recognizes spermine, putrescine, and spermidine. Catalyzes
uptake of polyamines at alkaline pH and excretion at acidic
pH.

Putative protein of unknown function.

Protein involved in mitochondrion organization.

Additional Table 1 continues on next page.
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Additional Table 1 - Continued

Gene AA change NT Description
change
RPN1 Lys-943-* A2827T Non-ATPase base subunit of the 19S RP of the 26S
proteasome.
FCJ1 Glu-234-Asp A702C Component of the MICOS complex. MICOS is a

mitochondrial inner membrane complex that extends into the
intermembrane space and has a role in the maintenance of
crista junctions, inner membrane architecture, and formation
of contact sites to the outer membrane.

Additional Table 2. mRNA levels of BIO genes in strains evolved for biotin prototrophy grown in the
presence (+) or absence (-) of biotin prior to mRNA extraction | (+) Relative expression levels of BIO1, BIO2,
BIO3, BIO4, and BIO6 measured in the parent strain CEN.PK113-7D and the evolved strains IMS0478, IMS0480,
IMS0481, and IMS0496 upon growth in the presence of biotin supplementation. (-) Relative expression levels of
BIO1, BIO2, BIO3, BIO4, and BIO6 measured in the evolved strains IMS0478, IMS0480, IMS0481, and IMS0496
upon growth in the absence of biotin supplementation. The parent strain was unable to grow in absence of
biotin. All gPCR experiments were carried out on duplicate cultures, with analytical triplicates for each culture.
Relative expression levels were determined according to the AACT method (Schmittgen and Livak 2008) and
indicated with the standard error of the mean (SEM) of duplicate analyses. A graphical representation of the
data can be found in Figure 3.

Biotin IMS0478 IMS0480 IMS0481 IMS0496 CEN.PK113-7D

BIO1 + 0.8 0.0 0.4+01 0.4+0.0 0.8 £0.1 0.1 £0.0
- 16223 1.8+0.7 2.7+01 244 +0.3 -

BIO2 + 0.1+0.0 0.0+ 0.0 0.0+£0.0 0.3+£0.0 0.1 +£0.0
- 22+03 0.2 +0.1 0.6 0.1 5.0+0.5 -

BIO3 + 0.2+0.0 0.0+ 0.0 0.0+ 0.0 0.0+0.0 0.0+ 0.0
- 6.4 +0.7 0.0+ 0.0 0.1+£0.0 1.1+0.0 -

BIO4 + 0.2+0.0 0.0+ 0.0 0.1+£0.0 0.1+£0.0 0.1 £0.0
- 48 +0.7 0.0+0.0 0.6 + 0.1 1.7 +01

BIO6 + 0.2+0.0 0.0+ 0.0 0.0 £0.0 0.2+0.0 0.0+£0.0
- 52+0.8 0.1+£0.0 0.6 £0.0 41+0.0 -

Additional Table 3. Primers used in this study can be found at: https://doi.org/10.1128/AEM.00892-
17
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Outlook

Compared to the well-developed processes for industrial first-generation ethanol
production, second generation ethanol production is still a nascent technology. Just
as high-efficiency petrochemical refineries did not appear overnight, optimizing the
performance of the current plants does not only depend on advances in metabolic
engineering of “yeast cell factories” — which were the subject of this thesis — but also on
further process engineering breakthroughs. For second-generation biofuels to make a
sizeable contribution to the reduction of greenhouse emissions and global warming, their
production must be able to compete on cost with classical petrochemistry-based transport
fuels. In addition to further progress in science and technology, policy decisions can have
a significant impact on the near- and short-term profitability of second-generation biofuels.
In particular, based on the lower carbon footprint of second-generation biofuels compared
to petrochemical fuels, implementation of CO, credits for companies and products could
rapidly and decisively increase their economic competitiveness.

Metabolic engineering strategies to further improve yeast performance in second
generation bioethanol processes are already being explored. Non-Saccharomyces yeasts
with industrially interesting inherent properties, such as low-pH or high-temperature
tolerance are being investigated and an increase in their genetic accessibility via the
implementation of CRISPR-based genome editing technologies may pave the way
towards the usage of non-Saccharomyces yeast in the future. Alternative research efforts
focus on transferring advantageous properties into the well-studied host Saccharomyces
cerevisiae via rational metabolic engineering or adaptive laboratory evolution.

Multiple studies have shown that pentose sugars are not being recognized as fermentable
substrates by S. cerevisiae. Consequently, once all yeast-native substrates are metabolized



Outlook

during a fermentation, the elicited effect on global gene expression levels affecting
transporter landscapes and pathway (de-)regulations are, in most cases, unfavorable
for the fermentation of non-native carbon sources. Manipulation of glucose-sensing and
signaling may greatly improve co-consumption of glucose and non-native substrates
resulting in increased ethanol productivities. Furthermore, as production volumes increase,
the economic relevance of the conversion of minor, potentially fermentable substrates
that occur in lignocellulosic hydrolysates, such as galacturonic acid and deoxysugars, will
increase. Co-feeding of additional, low-value carbon sources can be explored as a strategy
to further increase ethanol yields. For example, glycerol, derived from fermentation stills or
biodiesel manufacturing can be considered as a potential co-substrate. Fixation of CO, as
an external electron acceptor or the reduction of the inhibitor acetic acid to ethanol by S.
cerevisiae have already been achieved and may become integral parts of industrial strains.

A potentially transformative technological innovation is consolidated bioprocessing,
i.e., the combination of microbial production of saccharolytic enzymes for hydrolysis of
pretreated biomass with fermentation of the released sugars in a single bioreactor. When
successful at industrial scale, this approach may greatly lower the capital and operational
costs of bioethanol production plants.

Current scenarios for ‘zero carbon’ economies foresee that liquid fuels for combustion
engines (including plane and ship engines) will continue to be used at the end of this
century (2100), even when road transport will progressively be electrified. Until the latter
technology has advanced sufficiently and the current infrastructure has been adapted
worldwide, society will depend on a readily available fossil fuel alternative, such as
biofuels, that is compatible with our existing infrastructure and vehicles.

In parallel with further developments in carbohydrate-based production of biofuels,
technologies for harnessing alternative energy sources are advancing steadily, and the
subsequent expected drop in electricity prices will create new opportunities for microbial
biotechnology. For instance, hydrogen, obtained via electricity-powered electrolysis of
water, can serve as a cheap electron donor. Furthermore, surplus electricity generated
from sunlight or wind could be stored via electrochemical reduction of dissolved CO, into
formic acid. The formic acid in turn, may serve as a potential carbon source for metabolically
engineered microorganisms. It is likely that the insight gained and technologies developed
for the production of 2" generation bioethanol by S. cerevisiae will serve as a “case-study”
and pave the way for the biotechnological production of other products via conversion of
agricultural and household wastes, such as pharmaceuticals, bioplastics, and ingredients
for the food and cosmetic industry.
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Outlook

Thanks to (i) the fast advances in strain construction tools via CRISPR-based genome
editing tools, (ii) dropping prices for whole genome sequencing, (i) dropping prices for
de novo DNA synthesis, and (iv) the emerging opportunities in implementation of robotics
and artificial intelligence to increase “man-power” and tremendously accelerate stain
construction and testing, opportunities for the field of metabolic engineering have never
been higher. To quote a former, famous Delft microbiology professor: “Happy are those
who start now”!
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