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Summary

Mankind’s energy requirements, which are currently mainly covered by the combustion of fossil
fuels, have been steadily increasing in the past half century. While fossil fuels have a high energy
content, their use results in significant emissions of greenhouse gases (mainly CO;, methane and
nitrous oxide). As the industrialization of developing nations continues, the requirement for a
paradigm shift is becoming increasingly evident. Microbial fermentation can provide an alternative
by enabling the sustainable production of transport fuels that combine a lower carbon footprint
with compatibility with current internal combustion engine technology. Bioethanol is, by volume,
the biofuel with the highest annual production (ca. 100 billion liters in 2016). Current ‘first
generation’ industrial bioethanol production processes are mainly based on fermentation of
hydrolysed corn starch or sugar-cane sucrose by the budding yeast Saccharomyces cerevisiae and
capitalize on the naturally high sugar-uptake rates and ethanol yield of this microorganism. The
first full-scale ‘second generation’ ethanol production plants that are now coming on line use
lignocellulosic hydrolysates, derived from agricultural “waste” such as corn stover or wheat straw,
as feedstocks. Second-generation bioethanol production can have a smaller carbon footprint than
first-generation processes. Moreover, it uses feedstocks that are not a part of the human food chain.
However, yeast-based second-generation bioethanol production poses multiple challenges for
scientists. Lignocellulosic hydrolysates contain significant amounts of pentose sugars (mainly D-
xylose and L-arabinose) which are not naturally fermentable by S. cerevisiae. Further, during
biomass pretreatment, inhibitors of yeast performance (phenolics, aldehydes and organic acids) are
released into the hydrolysates. To mitigate the negative effects of these inhibitors, yeast strains
used in second-generation bioethanol production processes need to maintain high rates of sugar
fermentation, both for hexoses and for pentoses. In both first- and second-generation bioethanol

production, the price of the hydrolysed feedstock represents the single largest factor in production



costs. Therefore, in an industry that generally operates at low profit margins, maximization of the
ethanol yield on fermentable sugars is of paramount importance. Chapter 1 of this thesis discusses
past research and recent advances in strain engineering for improved ethanol production in both
first- and second-generation processes.

During industrial bioethanol production, carbon losses occur due to the formation of
biomass, CO; and fermentation by-products, with glycerol formation accounting for up to 4% of
consumed sugars. Glycerol plays multiple roles in yeast metabolism. It forms the backbone of
glycerolipids, is a stress protectant (mainly against osmotic stress) and, in anaerobic yeast cultures,
its production plays a key role in redox metabolism. Formation of glycerol from dihydroxyacetone-
phosphate in the reactions catalysed by glycerol-3-phosphate dehydrogenase and glycerol-3-
phosphate phosphatase requires input of NADH. The coenzyme pairs NAD(P)*/NAD(P)H play a vital
role in mediating >200 cellular redox reactions in S. cerevisiae. NAD(P)* and NAD(P)H are
conserved moieties; when reduction of NAD(P)* in oxidation reactions is not matched by oxidation
of NAD(P)H in reductive reactions, growth rapidly ceases. Anaerobic cultures of S. cerevisiae
require glycerol formation to reoxidize excess NADH formed in biosynthetic reactions, as glycolysis
and alcoholic fermentation already form a redox-neutral pathway. Elimination of glycerol formation
by deletion of GPD1 and GPD2, the two genes encoding glycerol-3-phosphate dehydrogenase in S.
cerevisiae, results in abolishment of anaerobic growth unless an external electron acceptor, such as
acetoin that can be reduced to 2,3-butanediol, is provided. However, in industrial processes, such
additions would increase operational costs. Recently, functional expression of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO, Thiobacillus denitrificans CbbM) and
phosphoribulokinase (Spinacea oleracea PRK) in S. cerevisiae was shown to enable the use of CO; as
an alternative electron acceptor. As CO; production is stoichiometrically linked to alcoholic
fermentation, its external supply to growing cultures is not required. The modified strain displayed

a 90% decrease in glycerol yield in anaerobic glucose/galactose-grown chemostat cultures and a



60% decrease in glycerol yield in anaerobic galactose-grown batch cultures, with concomitant
increases in the ethanol yield. The use of galactose as an inducer of PRK expression in the proof-of-
principle strains, along with the slow anaerobic growth rate and fermentation kinetics remained
points of optimization before industrial implementation could be considered. In Chapter 2 a
metabolic engineering strategy for optimization of the RuBisCO/PRK pathway in S. cerevisiae is
presented and experimentally tested. CRISPR-Cas9 genome-editing technology, with which
complicated genetic modifications can be introduced in one or a few steps, was used to modify
carbon and redox metabolism in a RuBisCO/PRK-expressing strain. The resulting strain grew at
wild-type rate in anaerobic batch cultures on glucose, while displaying a ca. 90% lower glycerol
yield and a 15% higher ethanol yield than a non-engineered S. cerevisiae strain. As strains
engineered in this way do not require specific media compositions or process modifications, this
concept may be implemented in industrial yeast strains and used to increase the ethanol yield in
bioethanol production processes.

Acetic acid can also be used as an alternative electron acceptor for reoxidizing NADH in
anaerobic yeast cultures. Lignocellulosic hydrolysates invariably contain acetic acid, which is
released during deconstruction of the hemicellulose fraction during biomass pre-treatment. Lower
concentrations of acetic acid have been reported in first-generation feedstocks. Acetic acid is a
potent inhibitor of yeast fermentation, as it causes weak-organic acid uncoupling and abolishment
of growth at higher concentrations. Expression of a heterologous acetylating-acetaldehyde
dehydrogenase (Escherichia coli MhpF) in S. cerevisiae was previously shown to enable use of acetic
acid as an external electron acceptor, by completing an acetate-to-ethanol reduction pathway in
combination with the native yeast acetyl-CoA synthetases and alcohol dehydrogenases. This
approach not only resulted in higher ethanol yield by replacing glycerol formation with acetate
reduction, but also enabled partial in situ detoxification of the medium by the engineered strain. As

the reduction of acetic acid requires cytosolic NADH, the amount of additional ethanol that can be



produced and the extent of the medium detoxification by the engineered strains is limited by the
amount of NADH formed in yeast anabolism. Chapter 3 explores a redox engineering strategy for
increasing cytosolic NADH generation in S. cerevisiae. Replacement, in an acetate-reducing strain, of
the native, NADP+-dependent, 6-phosphogluconate dehydrogenases by a heterologous NAD+-
dependent enzyme (Methylobacillus flagellatus GndA), in combination with deletion of Ald6,
resulted in 44 and 3% increases in acetate consumption and ethanol yield, respectively.
Replacement of MhpF by the alternative acetylating acetaldehyde dehydrogenase EutE (Escherichia
coli) significantly improved the specific growth rates of the engineered strains.

The acetate-reducing S. cerevisiae strains discussed in Chapter 3 harboured deletions in
GPD1 and GPD2, resulting in the absence of a functional glycerol formation pathway. The inability to
produce glycerol could decrease the stress tolerance of engineered strains in industrial media,
especially against high osmotic pressure. Metabolic engineering strategies to enable acetate
reduction in strains still capable of glycerol formation are discussed in Chapter 4. Only expressing
EutE was found to be insufficient to enable optimal acetate reduction in the presence of a fully
functional glycerol formation pathway. Deletion, in an EutE-expressing strain, of GPD2, which is
upregulated under anaerobic conditions, resulted in a fourfold lower glycerol production and
concomitant increases in acetate consumption and ethanol yield in low-osmolarity media. In high-
osmolarity media (1 mol L1 glucose), acetate reduction and anaerobic growth was enabled by
replacement of GPD1 and GPD2 by the archaeal, NADP+-dependent, glycerol-3-phosphate
dehydrogenase GpsA (Archaeoglobus fulgidus). Expression, in an EutE-expressing strain, of GpsA, in
combination with deletion of Ald6, enabled immediate growth under high-osmolarity conditions.
Moreover, the GpsA-expressing strain exhibited equivalent acetate reduction to a Gpd- strain
without the associated osmosensitivity, and a 13% higher ethanol yield than observed in a non-

acetate reducing S. cerevisiae. The metabolic engineering strategies discussed in Chapters 3 and 4



should facilitate the transfer of the acetate-reducing pathway to industrial strains and media for
testing in process conditions and lignocellulosic hydrolysates.

In addition to the economic importance of increased ethanol yields, second-generation
bioethanol production can benefit from decreased fermentation times that can increase overall
productivity and process robustness against contaminations. S. cerevisiae strains that express
functional pentose utilization pathways preferentially consume glucose when media also contain
pentoses, resulting in sequential utilization of sugar mixtures and increased overall fermentation
times in second-generation bioethanol production processes. Chapter 5 discusses a combinatorial
metabolic and laboratory evolution strategy that was designed and successfully applied towards
the identification of genetic mutations that facilitate increased xylose utilization by S. cerevisiae in
the presence of glucose. Deletion of PGI1 and RPEI, encoding phosphoglucose isomerase and
ribulose-5-phosphate epimerase respectively, in xylose-consuming S. cerevisiae with a modified
pentose-phosphate pathway, forced co-consumption of glucose and xylose in batch cultures.
Laboratory evolution in media with increasing glucose concentrations, followed by whole-genome
sequencing, identified mutations in HXK2, RSP5 and GAL83 in evolved strains. Combined
introduction of the HXK2 and GAL83 mutations in a non-evolved xylose-consuming strain resulted
in a 2.5-fold higher xylose consumption rate in the presence of glucose in anaerobic batch cultures
on glucose-xylose mixtures. This led to a shorter xylose consumption phase and an overall
reduction of the length of anaerobic fermentation experiments of over 24 h. The combinatorial
metabolic and evolutionary engineering strategy developed in Chapter 5 should be applicable to
similarly identify relevant beneficial mutations in different yeast strain backgrounds and/or

process conditions.



Samenvatting

De energiebehoefte van de mensheid, waarin tegenwoordig vooral wordt voorzien door de
verbranding van fossiele brandstoffen, is de laatste 50 jaar gestaag aan het stijgen. Fossiele
brandstoffen hebben een hoog energiegehalte, maar hun gebruik resulteert in significante
uitstoot van broeikasgassen (vooral CO,, methaan en stikstofoxide). Nu de industrialisatie van
ontwikkelende landen doorgaat, wordt het steeds duidelijker dat een verschuiving in de
energievoorziening vereist is. Microbiéle fermentatie kan een goed alternatief bieden door de
duurzame productie van transportbrandstoffen. Deze moeten dan wel een lage netto CO:-
productie hebben en bovendien compatibel zijn met de huidige technologie voor
verbrandingsmotoren. Bio-ethanol is, op basis van volume, de bio-brandstof met de hoogste
jaarlijkse productie (wereldwijd ca. 100 miljard liter in 2016). De huidige “eerste generatie”
industriéle productieprocessen voor bio-ethanol zijn voornamelijk gebaseerd op de fermentatie
van gehydrolyseerd maiszetmeel of saccharose uit suikerriet door de gist Saccharomyces
cerevisiae. Deze processen spelen in op de hoge natuurlijke suikerconsumptiesnelheid en
ethanolopbrengst van dit micro-organisme. De eerste “tweede-generatie”
ethanolproductieprocessen op industriéle schaal die recent van start zijn gegaan, gebruiken
lignocellulosische hydrolysaten, die gemaakt worden uit agrarische “afvalstromen” zoals
gewasresten van mais en tarwestro, als grondstoffen. Tweede-generatie bio-ethanolproductie
kan een kleinere netto CO»-uitstoot mogelijk maken dan eerste-generatie processen. Bovendien
zijn de gebruikte grondstoffen geen onderdeel van de menselijke voedselketen. Echter, het
realiseren van een op gist gebaseerde tweede-generatie bio-ethanolproductie schept meerdere
uitdagingen voor wetenschappers. Lignocellulosische hydrolysaten bevatten significante
hoeveelheden pentosesuikers (voornamelijk D-xylose en L-arabinose) die niet natuurlijk te
fermenteren zijn door S. cerevisiae. Verder komen, tijdens de voorbehandeling van plantaardig
materiaal, remmers van de giststofwisseling vrij in de hydrolysaten (fenolen, aldehyden en

organische zuren). Om de negatieve effecten van deze remmers te verzachten, moeten de



giststammen die worden gebruikt in tweede-generatie bio-ethanolproductieprocessen hoge
snelheden van suikerfermentatie behouden, voor zowel hexosesuikers als voor pentosesuikers.
In zowel eerste- als tweede-generatie bio-ethanolproductie vertegenwoordigt de prijs van de
grondstoffen de grootste factor in de productiekosten. In een industrie die opereert met lage
winstmarges, is maximalisatie van de ethanolopbrengst op fermenteerbare suikers zeer
belangrijk. Hoofdstuk 1 van dit proefschrift bespreekt onderzoek uit het verleden en recente
vorderingen in de genetisch modificatie van giststammen voor verbeterde ethanolproductie in
zowel eerste- als tweede-generatie processen.

Tijdens industriéle bio-ethanolproductie gaat koolstof verloren door vorming van
biomassa, CO; en fermentatiebijproducten, waarbij de productie van glycerol tot wel 4% van de
geconsumeerde suikers omvat. Glycerol vervult verschillende functies in de stofwisseling van
gist. Glycerol vormt de “ruggengraat” van glycerolipiden en beschermt tegen stress
(voornamelijk tegen osmotische stress). In anaérobe gistculturen speelt glycerolproductie
bovendien een sleutelrol in de redoxstofwisseling. Vorming van glycerol uit dihydroxyaceton-
fosfaat, gekatalyseerd door de enzymen glycerol-3-fosfaat dehydrogenase en glycerol-3-fosfaat
fosfatase, heeft NADH nodig. De co-enzymparen NAD(P)*/NAD(P)H spelen een vitale rol in meer
dan 200 cellulaire redoxreacties in S. cerevisiae. NAD(P)* en NAD(P)H zijn zogenaamde
“conserved moieties”; wanneer de snelheid van reductie van NAD(P)*in oxiderende reacties niet
overeenkomt met de oxidatiesnelheid van NAD(P)H in reducerende reacties, stopt de groei
vrijwel instantaan. Tijdens anaérobe groei van S. cerevisiae is vorming van glycerol essentieel
voor het reoxideren van de overtollige NADH die wordt gevormd in bio-synthetische reacties,
omdat glycolyse en alcoholische fermentatie al een redox-neutrale route vormen. Anaérobe
groei is daarom niet meer mogelijk wanneer de glycerolproductie wordt uitgeschakeld door het
verwijderen van GPD1 en GPD2, de twee genen die coderen voor glycerol-3-fosfaat
dehydrogenase in S. cerevisiae. De noodzaak van glycerolproductie in anaérobe cultures kan
worden voorkomen door toevoeging van een externe elektronacceptor, zoals acetoine, dat kan

worden gereduceerd tot 2,3-butaandiol. Echter, dit soort toevoegingen is in een industriéle



context geen economisch haalbare optie. Recent is aangetoond dat de functionele expressie in S.
cerevisiae van ribulose-1,5-bisfosfaat carboxylase/oxygenase (RuBisCo, uit de bacterie
Thiobacillus denitrificans CbbM) en fosforibulokinase (PRK, uit spinazie; Spinacea oleracea) het
gebruik van CO; als een alternatieve elektronacceptor mogelijk maakt. Omdat alcoholische
fermentatie stoichiometrisch gekoppeld is aan productie van CO, is hiervoor geen externe
toevoeging van CO:; nodig. De gemodificeerde stam liet een 90 % daling van de
glycerolopbrengst zien in anaérobe chemostaat-culturen die waren gekweekt op mengsels van
glucose en galactose en een 60 % daling van de glycerolopbrengst in anaérobe batch-culturen
gekweekt op galactose. Deze verminderde glycerolproductie ging gepaard met een verhoogde
ethanolopbrengst. Het gebruik van galactose om de expressie van PRK te induceren in de “proof-
of-principle” stam, een lage anaérobe groeisnelheid en fermentatiesnelheid vormden punten die
geoptimaliseerd moesten worden voordat implementatie van deze strategie in de industrie kon
worden overwogen. In Hoofdstuk 2 wordt een strategie voor optimalisatie van de RuBisCo/PRK
route in S. cerevisiae gepresenteerd en experimenteel getest. Gebruik van CRISPR-Cas9 voor
modificatie van het gistgenoom, waarmee gecompliceerde genetische modificaties in enkele
stappen kunnen worden aangebracht, werd gebruikt om de koolstof- en redox-stofwisseling in
een RuBisCo/PRK-expressie stam aan te passen. Deze aanpak resulteerde in een giststam die
dezelfde groeisnelheid had als het wildtype in een anaérobe batchcultuur met glucose als
koolstofbron. Bovendien resulteerden de aangebrachte modificaties in een ca. 90% lagere
opbrengst van glycerol en een 15% hogere opbrengst van ethanol dan in een niet-
gemodificeerde S. cerevisiae-stam. Wanneer giststammen op deze manier worden
gemodificeerd, hebben ze geen specifieke mediumsamenstellingen of procesmodificaties nodig.
Dit concept zou geimplementeerd kunnen worden in industriéle giststammen en zo worden
gebruikt om de ethanolopbrengst in commerciéle bio-ethanol productieprocessen te verhogen.
In plaats van CO2 kan ook azijnzuur gebruikt worden als alternatieve elektronacceptor
voor het reoxideren van NADH in anaérobe gistculturen. Lignocellulosische hydrolysaten

bevatten azijnzuur dat tijdens de biomassavoorbehandeling vrijkomt bij deconstructie van de



hemicellulosefractie. Azijnzuur komt ook, in lagere concentraties, voor in eerste-generatie
bioethanol-grondstoffen. Azijnzuur is een krachtige remmer van de gistfermentatie, want het
veroorzaakt ontkoppeling van de pH-gradiént over het celmembraan en remt bij hogere
concentraties de groei zelfs volledig. Eerder was aangetoond dat expressie van een heteroloog
acetylerende-aceetaldehyde dehydrogenase (Escherichia coli MhpF) in S. cerevisiae het gebruik
van azijnzuur als externe elektronacceptor mogelijk maakt. Expressie van dit enzym maakt,
samen met de van nature in S. cerevisiae aanwezige acetyl-CoA synthetases en alcohol
dehydrogenases, een acetaat-naar-ethanol route mogelijk. Deze aanpak resulteerde niet alleen in
een hogere ethanolopbrengst door het vervangen van glycerolproductie door acetaatreductie tot
ethanol, maar maakte tevens en gedeeltelijke in situ detoxificatie van het medium mogelijk.
Omdat de reductie van azijnzuur cytosolisch NADH verbruikt is de hoeveelheid extra ethanol die
geproduceerd kan worden, en daarmee de mate van mediumdetoxificatie door de
gemodificeerde stam, gelimiteerd door de hoeveelheid NADH die wordt geproduceerd in het
anabolisme van gist. In Hoofdstuk 3 wordt een strategie onderzocht om het redoxmetabolisme
in S. cerevisiae zo te veranderen dat de beschikbaarheid van NADH in het cytosol wordt
verhoogd. Hiervoor werd het natuurlijke NADP+-afhankelijke 6-fosfaatgluconaatdehydrogenase
in een acetaat-reducerende stam vervangen door een heteroloog, NAD+-athankelijk enzym
(GndA uit Methylobacillus flagellatus). Wanneer tegelijkertijd het ALD6 gen werd uitgeschakeld,
leidde deze modificatie tot een 44 % hogere acetaatconsumptie en een verdere toename van de
ethanolopbrengst met 3%. De groeisnelheid van de gemodificeerde stam werd significant
verbeterd wanneer MhpF werd vervangen door een alternatief acetylerend aceetaldehyde
dehydrogenase (EutE uit Escherichia coli).

De acetaat-reducerende S. cerevisiae stam die wordt besproken in Hoofdstuk 3 bevatte
deleties in GPD1 en GPDZ2. Deze deleties resulteerden in afwezigheid van een functionele
glycerolproductieroute. Het onvermogen om glycerol te produceren zou, in het bijzonder bij een
hoge osmotische druk, kunnen leiden tot een verlaagde stresstolerantie van de gemodificeerde

stam in industriéle media. Strategieén die het mogelijk maken om acetaat te reduceren in



stammen zonder de glycerolproductie volledig uit te schakelen worden besproken in Hoofdstuk
4. Alleen expressie van EutE bleek ontoereikend te zijn om optimale acetaatreductie mogelijk te
maken in de aanwezigheid van een volledig functionerende glycerolproductieroute. De
verwijdering van GPD2, waarvan de expressie verhoogd is onder anaérobe condities, in een
EutE-expressie stam, resulteerde in een viermaal lagere glycerolproductie en tegelijkertijd een
stijging in acetaatconsumptie en ethanolopbrengst in medium met een lage osmolariteit. In
medium met een hoge osmolariteit (1 mol L glucose), werd acetaatreductie en anaérobe groei
mogelijk gemaakt door GPD1 en GPDZ2 te vervangen door een heteroloog, NADP+-afthankelijk
glycerol-3-fosfaatdehydrogenase (GpsA uit Archaeoglobus fulgidus). De expressie van GpsA in
een EutE-expressie stam, in combinatie met een verwijdering van Ald6, maakte onmiddellijke
groei mogelijk bij hoge osmolariteit. Bovendien vertoonde de GpsA-expressiestam een
gelijkwaardige acetaatreductie als een Gpd- stam, zonder de normaal in Gpd—stammen
waargenomen gevoeligheid voor hoge osmolariteit, en een 13% hogere ethanolopbrengst dan
werd waargenomen in een S. cerevisiae-stam die geen acetaat kan reduceren. De strategieén die
worden besproken in Hoofstuk 3 en 4 kunnen een belangrijke rol spelen bij het implementeren
van de acetaat-reductieroute in industriéle giststammen, evenals bij tests in industriéle
kweekmedia en onder industriéle procescondities.

Naast het economisch belang van een verhoogde ethanolopbrengst, kan tweede-
generatie bio-ethanolproductie het voordeel hebben van een verkorte fermentatieduur, hetgeen
de productiviteit en de robuustheid van het proces tegen contaminaties kan verhogen. S.
cerevisiae-stammen die een functionele route voor pentosefermentatie tot expressie brengen,
prefereren consumptie van glucose wanneer deze suiker naast pentoses beschikbaar is. Dit
resulteert in het achtereenvolgens benutten van verschillende suikers, wat bijdraagt aan een
lange fermentatieduur in tweede-generatie bio-ethanolproductieprocessen. Hoofdstuk 5
bespreekt hoe een combinatie van gerichte aanpassingen in de stofwisseling en
laboratoriumevolutie succesvol werd toegepast om genetische modificaties te identificeren die

leiden tot een versneld gebruik van xylose door S. cerevisiae in de aanwezigheid van glucose.
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Verwijdering van PGI1 en RPEI, twee genen die coderen voor respectievelijk fosfoglucose-
isomerase en ribulose-5-fosfaat epimerase, in een xylose-consumerende S. cerevisiae-stam met
een gemodificeerde pentose-fosfaatroute, forceerde het gelijktijdig gebruik van glucose en
xylose in  batchculturen. Laboratoriumevolutie in medium met toenemende
glucoseconcentraties, gevolgd door het bepalen van de volledige DNA-volgorden van
geévolueerde stammen, leidde tot identificatie van mutaties in HXK2, RSP5 en GAL83. De
gecombineerde introductie van de gevonden mutaties in HXKZ en GAL83 in een niet-
geévolueerde xylose-consumerende stam resulteerde in een 2,5 maal hogere xyloseconsumptie-
snelheid in aanwezigheid van glucose in anaérobe batchculturen die werden gekweekt op een
mengsel van glucose en xylose. Deze veranderingen leidden tot een kortere xyloseconsumptie-
fase en een verkorting van de duur van anaérobe fermentatie experimenten met meer dan 24
uur. De combinatie van gerichte modificatie van de stofwisseling en gestuurde evolutie, zoals
besproken in Hoofdstuk 5, kan in de toekomst worden ingezet voor het vinden van verdere

gunstige mutaties in verschillende giststammen en/of onder verschillende procescondities.
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CHAPTER 1

Introduction: Saccharomyces cerevisiae strains for first- and second-

generation ethanol production

Adapted from the publication entitled “Saccharomyces cerevisiae strains for second-generation
ethanol production: from academic exploration to industrial implementation” by Mickel L.A.
Jansen, Jasmine M. Bracher, loannis Papapetridis, Maarten D. Verhoeven, Hans de Bruijn, Paul P.
de Waal, Antonius J.A. van Maris, Paul Klaassen and Jack T. Pronk in FEMS Yeast Research,

Volume 17, Issue 5, August 2017 (https://doi.org/10.1093 /femsyr/fox044)



1.1 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 (CH20), — %n C;HeO + %4n COy). Its product, ethanol, has been used as an
automotive fuel for over a century [1]. With an estimated annual global production of 100 Mton
[2], ethanol is the largest-volume product in industrial biotechnology. Its production is,
currently, mainly based on fermentation of sugar cane sucrose or hydrolysed corn starch by 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)-1), ethanol titers of up to 21% (w/w) and volumetric productivities of 2
to 3 kgm3h1[3-5].

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 [6]. Incentives for this effort, whose relative impact depends on geographical
location and varies over time, include reduction of the carbon footprint of ethanol production
[7], prevention of competition with food production for arable land [8, 9], energy security in
fossil-fuel importing countries [10] and development of rural economies [11]. Techno-economic
forecasts of low-carbon scenarios for global energy supply almost invariably include liquid
biofuels as a significant contributor [12]. 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 [13].

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 [14].

Consistent with their natural functions, chemical diversity and complexity, mobilization of these
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polymers by naturally occurring cellulose-degrading microorganisms requires complex arrays of
hydrolytic enzymes [15, 16].

The second-generation ethanol processes that are now coming on line at demonstration
and 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 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, [17]). Alternative process
configurations, including simultaneous saccharification and fermentation (SSF) and consolidated
bioprocessing (CBP) by yeast cells expressing heterologous hydrolases are intensively
investigated [18, 19]. 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 [18,
20].

Over the past decade, metabolic and evolutionary engineering strategies to increase the
ethanol yield and productivity in yeast-based first- and second-generation bioethanol
production have been developed. This Chapter provides a review of key advances in the field

that contribute to the generation of strain platforms with improved phenotypes.
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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 [21, 22], data for other
countries [21, 22] reflect status in 2016.

Company/Plant Country Feedstock Capacity
(State) ML y1

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

Fiberight Demonstration Plant Us (VA) Waste stream 1.9

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

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

Iogen Corporation Canada (ON) Crop residue 2.0

GranBio Brazil Bagasse 82.4

Longlive Bio-technology Co. Ltd. - commercial China Corn cobs 63.4
demo

Borregaard Industries AS - ChemCell Ethanol Norway Wood pulping residues 20

For sale as of January 2018  2With expansion capacity to 94.6 ML per year



enzyme yeast
production propagation

hydrolysate

biomass enzymatic
pre-treatment hydrolysis

feedstock fermentation recovery product

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.
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1.2 Metabolic engineering strategies for maximization of ethanol yield

In both first- and second-generation bioethanol production, the feedstock represents the largest
cost contributor [23]. Even small improvements in the product yield on feedstock can therefore
substantially improve the economics of industrial processes [24, 25]. Suboptimal ethanol yields
during fermentation of industrial substrates occur due to the formation of biomass, COz and by-
products, with glycerol accounting for up to 4% of total sugar consumption [24, 26]. The
formation of biomass can be minimized by modifications to process unit operations, i.e. by
introducing a biomass recycling step in between fermentations [4]. Alternatively, genetic
modifications to the sugar assimilation pathways leading to increased ATP expenditure or
decreased ATP generation can be made, causing a shift from biomass to ethanol production.
Basso et al. eliminated extracellular hydrolysis of sucrose to fructose and glucose in S. cerevisiae
[27]. After laboratory evolution of the engineered strains, in which uptake of sucrose completely
relied on proton symport (at a cost of 1 mol ATP per mol sucrose), this modification resulted in a
11% higher ethanol yield in sucrose-limited chemostats [27]. Replacement of the native yeast
glyceraldehyde-3-phosphate dehydrogenase by a non-phosphorylating, NADP+-linked, bacterial
enzyme was shown to lead to an increased carbon flow to ethanol production in multiple strain
backgrounds [28-30].

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 [31, 32]. The pathway intermediate glycerol-3P forms the backbone of
glycerolipids [33, 34]. Furthermore, glycerol is the main compatible solute in S. cerevisiae for
adaptation against hyperosmotic stress [35, 36]. Modulation of GPD1 and GPDZ2 expression can
decrease glycerol formation at the expense of anaerobic growth rate [37], with deletion of both
genes resulting in complete abolishment of anaerobic growth. In gpd14 gpd24 strains, anaerobic
growth is restored upon addition of external electron acceptors that can be reduced with NADH

as the donor. For example, inclusion of acetoin in fermentation media, which can be reduced to
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2,3-butanediol in an NADH-dependent reaction, can restore anaerobic growth of Gpd- strains
[31]. However, the operational costs resulting from external addition of electron acceptors and
subsequent removal of the reduced product from fermentation broths during downstream
processing would negate any economic benefits of decreased glycerol production in industrial
processes. Alternatively, engineering of redox metabolism to decrease NADH formation during
anabolism can result in significant decreases in glycerol formation. In a pioneering study, Nissen
et al. replaced the NADPH-dependent pathway for glutamate biosynthesis from ammonium and
a-ketoglutarate by an alternative route requiring ATP and NADH [38]. Introduction of this
additional NADH sink resulted in a 10% higher ethanol yield and 38% low glycerol yield.

Despite the success of strategies such as the above in laboratory conditions, the decrease
in available ATP for biomass formation and the requirement for specific medium compositions
could limit applicability in industrial processes. Such limitations do not occur when CO2, which
can be reduced to ethanol, is used as an alternative electron acceptor, as its production is
stoichiometrically linked to alcoholic fermentation. Reduction of CO> to ethanol by S. cerevisiae
requires the heterologous expression of two key Calvin-cycle enzymes, phosphoribulokinase
(PRK) and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). Guadalupe-Medina et
al. successfully co-expressed Spinacea oleracea PRK together with Thiobacillus denitrificans
CbbM and Escherichia coli chaperones GroEL/GroES in S. cerevisiae, resulting in 90% lower
glycerol yield in anaerobic glucose/galactose-grown chemostat cultures and 60% lower glycerol
yield in galactose-grown batch cultures, with concomitantly higher ethanol yields [39].
Alternative strategies for eliminating glycerol formation can take advantage of ubiquitous
fermentation media constituents. In particular, in second-generation bioethanol production
processes, pretreatment of lignocellulosic biomass releases substantial amounts of acetic acid to
the hydrolysates, due to the degradation of acetylated hemicellulose [40]. Replacement of GPD1
and GPD2 with a heterologous gene (E. coli MhpF) encoding an acetylating acetaldehyde
dehydrogenase (A-ALD) and supplementation with acetic acid eliminated glycerol formation in

anaerobic S. cerevisiae cultures on synthetic media [41]. By enabling NADH-dependent reduction
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of acetic acid to ethanol (Figure 2), this strategy enabled a significant increase in the final
ethanol yield, while decreasing the concentration of the inhibitor acetic acid. This engineering
strategy has recently been expanded by altering the redox-cofactor specificity of alcohol
dehydrogenase [42], resulting in increased NADH availability for acetate reduction. The A-ALD
strategy was also shown to decrease xylitol formation in XR/XDH-based xylose-fermenting

engineered strains by reoxidation of excess NADH formed in the XDH reaction [43, 44].
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1.3 Fermenting lignocellulosic hydrolysates: additional 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 [45]. 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 [46]. 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.

1.3.1 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 [47]. In addition to readily fermentable hexoses such as
glucose and mannose, lignocellulosic biomass contains substantial amounts of D-xylose and L-
arabinose. These pentoses, derived from hemicellulose and pectin polymers in plant biomass,
cannot be fermented by wild-type S. cerevisiae strains. D-xylose and L-arabinose typically
account for 10 to 25% and 2 to 3%, respectively, of the carbohydrate content of lignocellulosic
feedstocks [48]. However, in some feedstocks, such as corn fiber hydrolysates and sugar beet
pulp, the arabinose content can be up to ten-fold higher [49, 50]. 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 [51-54].

1.3.2 Acetic acid inhibition

In addition to its ubiquitous presence in lignocellulosic hydrolysates, bacterial contamination
during biomass storage, pretreatment and/or fermentation may further increase the acetic acid

concentrations to which yeasts are exposed in fermentation processes. First-generation
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bioethanol processes are typically run at pH values of 4 to 5 to counter contamination with lactic
acid bacteria [55]. 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 [56-58]. The
accompanying accumulation of the acetate anion in the cytosol can cause additional toxicity
effects [59-61]. Acetic acid concentrations in some lignocellulosic hydrolysates exceed 5 g L1,
which can cause strong inhibition of anaerobic growth and sugar fermentation by S. cerevisiae
[62]. Acetic acid tolerance at low culture pH is therefore a key target in yeast strain development
for second-generation ethanol production. The conversion of acetic acid to ethanol can decrease

its extracellular concentration and contribute to process robustness [41].

1.3.3 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, (ii) 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 (iii) hydrolysis with cocktails of fungal cellulases and hemicellulases to release fermentable
sugars [63-65]. 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 values [59, 66, 67].
These furan derivatives inhibit yeast glycolysis, alcoholic fermentation and TCA cycle [68-70]
while, additionally, depleting intracellular pools of NAD(P)H and ATP [71]. Their further
degradation, during biomass deconstruction, yields formic acid and levulinic acid [66, 67],

whose inhibitory effects overlap with those of acetic acid [59]. Inhibitor profiles of hydrolysates
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depend on biomass structure and composition as well as on the type and intensity of the
biomass deconstruction method used [71, 72]. 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 [71].
Ferulic acid, a phenolic compound that is an integral part of the lignin fraction of herbaceous
plants [73, 74] is a potent inhibitor of S. cerevisiae fermentations [75]. 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 [76].

Concentrations of inorganic salts in hydrolysates vary depending on the feedstock used
[77]. Moreover, pH adjustments during pretreatment can result in high salt concentrations in
hydrolysates [78]. Salt- and osmotolerance can therefore be important additional requirements
in yeast strain development [79].

The inhibitors in lignocellulosic hydrolysates do not always act independently but can
exhibit complex synergistic effects, both with each other and with ethanol [59, 80, 81], while
their impact can also be modulated by the presence of water-insoluble solids [82]. 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 [78, 83-85], 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 optimization of
biomass deconstruction processes continues, tolerance to the chemical environments generated

by current methods is a key design criterion for yeast strain development.

1.4 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
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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.
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1.4.1 Xylose fermentation

Efficiently linking D-xylose metabolism to glycolysis requires two key modifications of the S.
cerevisiae metabolic network (Figure 2) [150, 151]: introduction of a heterologous pathway that
converts D-xylose into D-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 D-xylose into D-xylulose have been implemented in S. cerevisiae: (i)
simultaneous expression of 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 [87]. Due to the non-
matching redox-cofactor preferences of these enzymes, these strains produced large amounts of
the by-product D-xylitol [52, 87, 152]. Modification of these cofactor preferences by protein
engineering resulted in reduced xylitol formation under laboratory conditions [153, 154]. 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 [155-159]. 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 [110].

Combined expression of a fungal XI [160] and overexpression of the native S. cerevisiae
genes encoding xylulokinase and non-oxidative PPP enzymes enabled anaerobic growth of a
laboratory strain on xylose. In anaerobic cultures of this strain, in which the aldose-reductase
encoding GRE3 gene was deleted to eliminate xylitol formation, ethanol yields on xylose were
the same as on glucose [161]. This metabolic engineering strategy, complemented with
laboratory evolution under anaerobic conditions, has been successfully reproduced in different
S. cerevisiae genetic backgrounds and/or with different XI genes [101, 162-166].

Laboratory evolution (Box 1) for faster xylose fermentation and analysis of evolved

strains identified high-level expression of XI as a major contributing factor [112, 121, 167].
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Multi-copy introduction of XI expression cassettes, optimization of their codon usage, and
mutagenesis of their coding sequences have contributed to higher xylose fermentation rates
[140, 162, 168]. Whole-genome sequencing of evolved xylose-fast-fermenting strains expressing
Piromyces XI identified mutations affecting intracellular homeostasis of Mn2+, a preferred metal
ion for this XI [169]. Other mutations affected stress-response regulators and, thereby, increased
expression of yeast chaperonins that assisted functional expression of XI [121]. Consistent with
this observation, co-expression of the Escherichia coli GroEL and GroES chaperones enabled in
vivo activity of E. coli XI in S. cerevisiae [170]. 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 [171-174]. 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. in genes involved in iron-sulfur cluster assembly and in the MAP-kinase signaling
pathway [175, 176], the mechanisms by which they affect xylose metabolism remain to be

identified.

1.4.2 Arabinose fermentation

The metabolic engineering strategy for constructing L-arabinose-fermenting S. cerevisiae strains
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) [177]. Together with the non-oxidative PPP and
glycolysis, these reactions enable redox-cofactor-balanced alcoholic fermentation of arabinose
(Figure 2).

Combined expression of Bacillus subtilis or B. licheniformis araA and E. coli araBD [91, 93,
178] allowed aerobic growth of S. cerevisiae on arabinose. Anaerobic growth of S. cerevisiae on
arabinose was first achieved by expressing the Lactobacillus plantarum araA, B and D genes in
an XI-based xylose-fermenting strain that already overexpressed the enzymes of the non-

oxidative PPP (Figure 2), followed by evolutionary engineering under anaerobic conditions [90].
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Increased expression levels of GAL2, which encodes a galactose transporter that also transports
arabinose [179], was essential for arabinose fermentation [91, 95, 180, 181]. Increased
expression of the transaldolase and transketolase isoenzymes Nqm1 and TkI2 contributed to an
increased rate of arabinose fermentation in strains evolved for fast arabinose fermentation
[181]. 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 chaperones

[170].

1.4.3 Engineering of sugar transport and mixed-substrate fermentation

In early S. cerevisiae strains engineered for pentose fermentation, uptake of xylose and arabinose
exclusively relied on their native hexose transporters. While several of the 18 S. cerevisiae Hxt
transporters (Hxt1-17 and Gal2) transport xylose, their Ky, values for this pentose are one to two
orders of magnitude higher than for glucose [130, 182-185]. High-affinity glucose transporters,
which are only expressed at low glucose concentrations [186], display a lower K, for xylose than
low-affinity glucose transporters [182, 183]. The galactose transporter Gal2, which also
catalyses high-affinity glucose transport [185] also has a much higher K, for arabinose than for
glucose [95, 180].

The higher affinities of Hxt transporters for glucose, combined with the transcriptional
repression of Gal2 [187, 188] and other high-affinity Hxt transporters [186, 189] 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 Kn 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
[190-192]. 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 [193, 194].
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Evolutionary engineering experiments have played a major role in accelerating mixed-
sugar utilization by engineered pentose-fermenting strains [108, 110-112, 195]. Repeated batch
cultivation on a sugar mixture can favor 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 [111]. 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 [111].

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 xylose or arabinose in the presence of high glucose
concentrations [119, 130, 196, 197]. Several of the evolved HXT alleles were confirmed to
encode transporters whose xylose-transport kinetics were substantially less sensitive to glucose
inhibition [119, 130, 196, 197]. Remarkably, independent evolutionary engineering studies
aimed at selecting glucose-insensitive xylose and 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) [119, 130, 197]. Additional Hxt variants with improved
relative affinities for pentoses and glucose were obtained by in vitro directed evolution and
knowledge-based protein engineering [130, 198] (Box 1).

Low-, moderate- and high-affinity pentose transporters from pentose-metabolizing
filamentous fungi or non-Saccharomyces yeasts, have been functionally expressed in S. cerevisiae
[95, 199-209]. Expression and/or activity of several of these transporters were further
improved by directed evolution [129, 201, 208] or evolutionary engineering [194, 210]. 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
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with Hxt-like transporters, which mediate facilitated diffusion, causes futile cycles and

negatively affects inhibitor tolerance.

1.4.4 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 [211-213]. Similarly, combined
overexpression of the aldehyde dehydrogenase Ald5, the decarboxylase Pad1 and the alcohol
acetyltransferases Atf1l and Atf2 increased resistance to several phenolic inhibitors [214].

Genome-wide expression studies have revealed intricate, strain- and context-dependent
stress-response networks as major key contributors to inhibitor tolerance [61, 71, 215-219]. An
in-depth transcriptome analysis implicated SFP1 and ACEZ, 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 [220].

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 [105, 113, 122, 221, 222]. Physiological and evolutionary
engineering experiments demonstrated the importance of high sugar fermentation rates for
acetic acid tolerance [192, 223]. 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 [223]. Constitutive tolerance

to acetic acid was shown to reflect the fraction of yeast populations able to initiate growth upon
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exposure to acetic acid stress [224]. 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 [221].

Exploration of the natural diversity of inhibitor tolerance among S. cerevisiae strains
[225-227] 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 [123] (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.

1.5. 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 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 (qxyiose, ethanol, €Xpressed in g

(g biomass) ! h-1that are essential for strain comparison and process design. Table 3 summarizes
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results of studies on fermentation of biomass hydrolysates that include or enable calculation of

biomass-specific conversion rates and ethanol yields.
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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.

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 [231], was attributed to its innate tolerance to the sulfuric-
acid washing steps that are employed between fermentation cycles to combat bacterial
contamination [232]. 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 [233, 234]. 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 [235-237]. 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 [90, 181], some of which need to be present in multiple copies (e.g. for high-level
expression of XI genes [112, 167, 169, 238]). 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).
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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, [239]). 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 [105,
111, 116].

Even when Kkinetics 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 L1 that are used in first-generation processes without biomass recycling [240].
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 [241-243]. Especially when biomass propagation uses non-lignocellulosic
feedstocks [244, 245] 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.

Metabolic engineering strategies to further improve yeast performance in second
generation bioethanol processes are already being explored. For example, the option is
investigated to implement the strategies discussed above in non-Saccharomyces yeasts with
industrially interesting properties, such as high-temperature and low-pH tolerance strains [246-

249]. Other research focuses on the improvement of these characteristics in S. cerevisiae [250,
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251]. Furthermore, as production volumes increase, the economic relevance of the conversion of
minor, potentially fermentable substrates such as uronic acids and deoxysugars into ethanol
[252] will increase. Co-feeding of additional, low-value carbon sources can be explored as a
strategy to further increase ethanol yield. For example, glycerol, derived from fermentation stills
or biodiesel manufacturing [253] is considered as a potential co-substrate. Significant rates of
glycerol utilization have already been achieved in S. cerevisiae strains by simultaneously (over-)
expressing glycerol dehydrogenase (GCY1), dihydroxyacetone kinase (DAK1) and a heterologous
glycerol transporter [98]. These glycerol conversion pathways can be combined with the
engineered pathways for acetic acid reduction discussed above to further optimize ethanol
yields and process robustness [254, 255].

Consolidated bio-processing (CBP), i.e., the full integration of pretreatment, hydrolysis
and fermentation towards ethanol in a single microbial process step, remains a ‘holy grail’ in
lignocellulosic ethanol production. Engineered starch-hydrolysing S. cerevisiae strains are
already applied in first-generation processes [256]. The first important steps towards efficient
cellulose and xylan hydrolysis by S. cerevisiae have been made by functional expression of
heterologous polysaccharide hydrolases [18, 19]. The resulting engineered strains often produce
significant amounts of di- and/or trisaccharides [257-259]. The ability to ferment cellobiose has
been successfully introduced into S. cerevisiae by combined expression of a heterologous

cellobiose transporter and 3-glucosidase (Galazka et al. 2010, Hu et al. 2016).

1.6 Scope of this thesis

The main objective of this thesis was maximizing ethanol yield in anaerobic Saccharomyces
cerevisiae cultures, with an emphasis on designing, implementing and testing strategies with
potential for industrial implementation. To this end, redox engineering strategies for
minimization of glycerol formation that did not require additional or modified unit operations in
industrial fermentation processes were implemented by genetic modification and tested in lab-

scale bioreactor experiments.
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The use of CO; as electron acceptor for oxidation of excess NADH formed in biosynthesis
can significantly decrease glycerol formation in anaerobic S. cerevisiae cultures. The goal of
Chapter 2 was to investigate the genetic requirements for developing fast-growing yeast strains
that rely on CO2 reduction via the RuBisCO/PRK pathway for redox cofactor balancing. CRISPR-
Cas9 genome editing was used to construct strains with differentially regulated PRK expression.
Their physiology was quantitatively analysed in anaerobic batch and chemostat cultures.
Additional modifications in glycerol metabolism and pentose phosphate pathway genes enabled
the generation of strains that showed an almost complete elimination of glycerol formation and
improved ethanol yield in anaerobic batch cultures, while growing at wild-type rates.

Reduction of acetic acid to ethanol can replace glycerol formation as a redox sink in
anaerobic S. cerevisiae cultures, thereby enhancing ethanol yields while simultaneously
contributing to detoxification of fermentation media. The goal of Chapter 3 was to develop a
redox engineering strategy for increasing cytosolic NADH formation in S. cerevisiae, with the aim
of enhancing anaerobic acetic acid utilization by engineered strains. The strategy was based on
replacement of the native, NADP+-dependent, 6-phosphogluconate dehydrogenase by a
heterologous NAD+*-dependent enzyme, with combined deletion of the NADP+-dependent
acetaldehyde dehydrogenase Ald6, in an acetate-reducing strain. The engineered strains showed
significant increases in acetate reduction in anaerobic bioreactor batch cultures.

Abolishment of glycerol production increases the osmosensitivity of S. cerevisiae
mutants. Therefore, optimization of acetate reduction in strains still capable of glycerol
formation can be beneficial for industrial implementation. The goal of Chapter 4 was to develop
metabolic engineering strategies to optimize acetate reduction in low- and high-osmolarity
anaerobic cultures of S. cerevisiae. To this end, modifications of the native glycerol production
pathway were performed using CRISPR-Cas9 genome editing. Deletion of GPD2 significantly
enhanced acetate reduction in low-osmolarity anaerobic batch cultures. Replacement of GPD1
and GPD2 by a NADP+-dependent heterologous glycerol-3-phosphate dehydrogenase, combined

with deletion of ALD6, enabled optimal acetate reduction in both low- and high-osmolarity
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anaerobic batch cultures, while maintaining a substantial osmotolerance of the engineered
strains.

In second-generation bioethanol production processes, increased rates of sugar
consumption not only directly improve volumetric productivity but can also contribute to
inhibitor tolerance. The introduction of a NAD+-dependent 6-phosphogluconate dehydrogenase
discussed in Chapter 3 can enable increased fluxes through the oxidative pentose-phosphate
pathway by decreasing NADPH overflow. In Chapter 5 this modification was used as part of a
novel laboratory evolution approach to select for mutants in which xylose metabolism occurred
simultaneously with glucose fermentation. Deletion of phosphoglucose-isomerase and ribulose-
5-phosphate epimerase in a xylose-consuming strain with a modified oxidative pentose-
phosphate pathway forced the resulting yeast cells to co-consume xylose and glucose.
Laboratory evolution for faster growth was followed by whole genome sequencing for
identifying potential causal mutations in the evolved strains. Introduction of several of these
mutations in non-evolved, xylose-fermenting S. cerevisiae strains enabled significant increases in

xylose utilization in the presence of glucose in anaerobic batch cultures.
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Abstract

Reduction or elimination of by-product formation is of immediate economic relevance in
fermentation processes for industrial bioethanol production with the yeast Saccharomyces
cerevisiae. Anaerobic cultures of wild-type S. cerevisiae require formation of glycerol to maintain
the intracellular NADH/NAD+ balance. Previously, functional expression of the Calvin-cycle
enzymes ribulose-1,5-bisphosphate carboxylase (RuBisCO) and phosphoribulokinase (PRK) in S.
cerevisiae was shown to enable reoxidation of NADH with CO; as electron acceptor. In slow-
growing cultures, this engineering strategy strongly decreased glycerol yield, while increasing
the ethanol yield on sugar. The present study explores engineering strategies to improve rates of
growth and alcoholic fermentation in yeast strains that functionally express RuBisCO and PRK,
while maximizing the positive impact on the ethanol yield. Multi-copy integration of a bacterial-
RuBisCO expression cassette was combined with expression of the E. coli GroEL/GroES
chaperones and expression of PRK from the anaerobically inducible DANI promoter. In
anaerobic, glucose-grown bioreactor batch cultures, the resulting S. cerevisiae strain showed a
31% lower glycerol yield and a 31% lower specific growth rate than a non-engineered reference
strain. Growth of the engineered strain in anaerobic, glucose-limited chemostat cultures
revealed a negative correlation between its specific growth rate and the contribution of the
Calvin-cycle enzymes to redox homeostasis. Additional deletion of GPD2, which encodes an
isoenzyme of NAD*-dependent glycerol-3-phosphate dehydrogenase, combined with
overexpression of the structural genes for enzymes of the non-oxidative pentose-phosphate
pathway, yielded a CO,-reducing strain that grew at the same rate as a non-engineered reference
strain in anaerobic bioreactor batch cultures, while exhibiting a 86% lower glycerol yield and a
15% higher ethanol yield. The metabolic engineering strategy presented here enables an almost
complete elimination of glycerol production in anaerobic, glucose-grown batch cultures of S.
cerevisiae, with an associated increase in ethanol yield, while retaining near wild-type growth
rates and a capacity for glycerol formation under osmotic stress. Using current genome-editing

techniques, the required genetic modifications can be introduced in one or a few
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transformations. Evaluation of this concept in industrial strains and conditions is therefore a
realistic next step towards its implementation for improving the efficiency of first- and second-

generation bioethanol production.

2.1 Introduction

Transport fuels derived from microbial fermentation combine compatibility with current
combustion-engine technology with the potential to achieve lower carbon footprints than those
of petrochemistry-derived fuels [1]. Bioethanol, the biofuel with the highest current global
production volume (ca. 100 billion liters in 2015 [2]), is almost exclusively made via the
fermentation of sugars by the yeast Saccharomyces cerevisiae [3, 4]. First-generation bioethanol
processes, which mainly use hydrolysed corn starch or sucrose from sugar cane as feedstocks,
reach high ethanol productivities and yields [5]. For example, sugar-cane based bioethanol
production in Brazil often approaches 92% of the theoretical maximum of 0.51 g Zhexose! [6].
Since the feedstock is the largest cost contributor in first-generation industrial ethanol
production [7], even modest improvements in ethanol yield can significantly improve process
economics.

Carbon losses during anaerobic bioethanol production result from the formation of
biomass, CO2, and by-products, with glycerol formation requiring up to 4% of the sugar
substrate in industrial processes [2, 8]. Glycerol plays multiple roles in the physiology of S.
cerevisiae. While sugar dissimilation via the enzymes of glycolysis and alcoholic fermentation is
redox-neutral, yeast cells still need to reoxidize an ‘excess’ of NADH formed in biosynthetic
reactions [9, 10]. In anaerobic cultures, which cannot reoxidize NADH by respiration, this
essential role is fulfilled by NADH-dependent reduction of dihydroxyacetone-phosphate to
glycerol-3-phosphate (catalysed by the isoenzymes Gpdl and Gpd2), followed by its
dephosphorylation to glycerol (catalysed by the isoenzymes Gpp1 and Gpp2) [9, 10]. Glycerol-
3P, an intermediate in this pathway, also provides the glycerol backbone of glycerolipids [11,
12]. This role of glycerol-3P is, however, non-essential, since glycerolipids can also be formed

from dihydroxyacetone-phosphate via the reactions catalysed by dihydroxyacetone-phosphate
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acyltransferase and 1-acylglycerol-3-phosphate acyltransferase [12]. Furthermore, glycerol has
been identified as the major compatible solute in osmotically stressed, glucose-grown S.
cerevisiae cultures [13, 14]. In contrast, trehalose has recently been reported to be the
predominant compatible solute in ethanol-grown cultures [15].

In S. cerevisiae, GPD1 is up-regulated under osmotic stress, while GPDZ2 is up-regulated
during anaerobiosis [16-19]. Despite their differential regulation, complete elimination of
glycerol production requires deletion of both genes. Anaerobic growth of Gpd- strains requires
addition of external electron acceptors such as acetoin, which can be reduced to 2,3-butanediol
[19]. Additionally, acetate-dependent anaerobic growth of gpd14 gpd2A S. cerevisiae strains has
been demonstrated in strains expressing an engineered pathway for NADH-linked reduction of
acetate to ethanol [20]. When the decreased osmotolerance of these strains is addressed by
evolutionary or targeted metabolic engineering [21, 22], this acetate reduction strategy is
particularly attractive for ethanol production from lignocellulosic hydrolysates, in which acetic
acid is a ubiquitous inhibitor of yeast performance [23, 24].

Several strategies have been explored to decrease glycerol production by S. cerevisiae in
first-generation bioethanol processes, including redox engineering of ammonium assimilation
[8], expression of a non-phosphorylating, NADP+dependent glyceraldehyde-3-phosphate
dehydrogenase [25] and reduction of biomass yields by forcing increased ATP turnover, e.g. by
addition of weak organic acids to bioreactors [26, 27]. While resulting in significantly reduced
glycerol yields in laboratory cultures, these strategies also led to reduced growth rates and/or
depended on specific growth conditions.

In a previous study, our group functionally expressed the Calvin-cycle enzymes
phosphoribulokinase (PRK) and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in
S. cerevisiae, thereby enabling the use of CO; as alternative electron acceptor for reoxidation of
cytosolic NADH [28]. Together, these enzymes convert one mol of the pentose-phosphate-
pathway intermediate ribulose-5-phosphate and one mol of CO; into two moles of 3-

phosphoglycerate, thus bypassing NADH formation in glycolysis. Since CO> is abundantly present
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in fermenting yeast cultures, implementation of this strategy is not limited by the composition of
industrial media. Co-expression of a plant PRK gene (Spinacia oleracea prk), a bacterial RuBisCO
gene (Thiobacillus denitrificans chbm), and the Escherichia coli chaperone genes groEL and groES
yielded a S. cerevisiae strain that displayed a 90% decrease in glycerol yield in anaerobic
glucose/galactose-grown chemostat cultures and a 60% decrease in glycerol yield in anaerobic
galactose-grown batch cultures [28]. These results were obtained without deletion of GPD1 or
GPD2, indicating that, especially in the chemostat cultures, NADH oxidation enabled by
expression of the RuBisCO/PRK pathway could compete efficiently with the native glycerol
pathway for NADH oxidation. Retaining a low background capacity for glycerol production is
attractive for industrial application in view of its positive impact on osmotolerance [22]. The
proof-of-principle strain described in our earlier paper required galactose as a carbon source to
induce gene expression, which led to low specific growth rates in batch cultures [28]. Moreover,
its different performance in batch and chemostat cultures indicated that further analysis and
optimization of this redox-engineering strategy is required before implementation in industry
can be considered.

The goal of the present study was to investigate and address requirements for efficient
carbon dioxide reduction via heterologously expressed Calvin-cycle enzymes in fast-growing
anaerobic batch cultures on glucose. To this end, we used CRISPR-Cas9-mediated genome
editing for integration of constitutively expressed gene cassettes for RuBisCO and PRK in the
yeast genome. The performance of the constructed strains was quantitatively analysed in
anaerobic glucose-limited chemostats and batch cultures. Based on the results of these analyses,
additional metabolic engineering steps were implemented, yielding S. cerevisiae strains that
displayed the full benefit of glycerol yield reduction and ethanol yield improvement in

anaerobic, glucose-grown batch cultures growing at near-wild-type specific growth rates.
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2.2 Methods

2.2.1 Maintenance of strains

All yeast strains used in this study (Table 1) originate from the CEN.PK lineage of S. cerevisiae
strains [29, 30]. Cultures were propagated in synthetic medium [31] supplemented with 20 g L-!
glucose. Uracil (0.14 g L-1) was added when auxotrophic strains were propagated. E. coli XL-1
blue stock cultures were grown in LB medium (5 g L-! Bacto yeast extract, 10 g L1 Bacto
tryptone, 5 g L1 NaCl), supplemented with 100 pg mL-* ampicillin or 50 pg mL- kanamycin.
Frozen stocks were prepared by addition of glycerol (30% v/v final concentration) to growing

cultures and subsequent storage at -80 °C.

2.2.2 Plasmid and cassette construction

All plasmids used in this study are listed in Table 2. CRISPR/Cas9-based genome editing was
used to perform genetic modifications in all constructed strains [32]. Unique CRISPR/Cas9
sequences targeting GPD2, SGA1 or X-2 were identified using a publicly available list [32]. A list
of all primers and oligonucleotides used in this study is given in Additional File 1. Phusion High
Fidelity DNA Polymerase (Thermo-Scientific, Waltham, MA) was used for PCR amplification of

plasmids and expression cassettes in all cases, according to the manufacturer’s guidelines.
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Table 2. Plasmids used in this study.

Name Characteristics Origin
p426-TEF 2 um ori, URA3, pTEF1-tCYC1 empty vector [38]
pMEL10 2 um ori, KIURA3, pSNR52-gRNA.CAN1-tSUP4 [34]
pMEL11 2 um ori, amdS, pSNR52-gRNA.CAN1-tSUP4 [34]
pROS10 URA3, gRNA.CAN1-2 pm ori-gRNA.ADE2 [34]
pROS11 amdsS, gRNA.CAN1-2 pm ori-gRNA.ADE2 [34]
puD232 Delivery vector, pTEF1-groEL-tACT1 [28]
puD233 Delivery vector, pTPI1-groES-tPGI1 [28]
pUDE046 2 pum ori, pGAL1-prk-tCYC1 [28]
pBTWWO002 2 um ori, URA3, pTDH3-cbbM-tCYC1 [28]
pUD344 pPGI1-NQM1-tNQM1 PCR template vector [48]
pUD345 pTPI1-RKI1-tRKI1 PCR template vector [48]
pUD346 pPYK1-TKL2-tTKL2 PCR template vector [48]
pUD347 pTDH3-RPE1-tRPE1 PCR template vector [48]
pUD348 pPGK1-TKL1-tTKL1 PCR template vector [48]
pUD349 pTEF1-TAL1-tTAL1 PCR template vector [48]
pUDR103 2 um ori, KIURA3, pSNR52-gRNA.SGA1-tSUP4 [22]
pUDR119 2 um ori, amdS, pSNR52-gRNA.SGA1-tSUP4 This study
pUDR164 2 um ori, KIURA3, pSNR52-gRNA.X-2-tSUP4 This study
PJET-cbbM PCR template vector for cbbM amplification This study

For markerless genomic integration of gene cassettes, plasmids expressing unique gRNAs
targeting the SGAI locus or the intergenic region X-2 [33] were constructed. The plasmid
backbones of puDR119 and pURD164 were obtained by PCR amplification using the primer
combination 5792-5980 and plasmids pMEL11 and pMEL10 [34], respectively, as templates. The
plasmid inserts of pUDR119 and pUDR164, containing the expression cassettes coding for the
unique 20-bp gRNA sequences targeting SGAI and X-2 respectively, were obtained by PCR
amplification using the primer combinations 5979-7023 for SGA1, 5979-7374 for X-2, and
plasmids pMEL11 and pMEL10, respectively, as templates. The assembly of plasmids pUDR119
and pUDR164 was performed in vitro using the Gibson Assembly Cloning kit (New England
Biolabs, Ipswich, MA) following the supplier’s guidelines. The assembly was enabled by
homologous sequences present at the 5’ and 3’ ends of the PCR-amplified plasmid backbones
and inserts. In each case, 1 ul of the Gibson-assembly mix was used for E. coli XL-1 blue
transformation by electroporation, performed in a Gene PulserXcell Electroporation System

(Biorad, Hercules, CA). Correct assembly of plasmids was confirmed by diagnostic PCR
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(Dreamtaq, Thermo-Scientific) or restriction digestion. The constructed plasmids pUDR119 and
pUDR164 were isolated from transformed E. coli cultures using a Sigma GenElute Plasmid kit
(Sigma-Aldrich, St. Louis, MO) and used in transformations of S. cerevisiae.

For markerless deletion of GPD2, the plasmid backbone of pROS10 (URA3 marker) or
pROS11 (amdS marker) was PCR amplified using primer combination 5793-5793 (double-
binding). The plasmid insert, containing the expression cassette coding for the unique 20-bp
gRNA sequence targeting GPD2, was obtained using primer combination 6966-6966 (double
binding) and plasmid pROS10 as template.

A yeast codon-optimized cassette for T. denitrificans chbm overexpression [28] was
obtained by PCR amplification using plasmid pPBTWW002 as template and primer combination
7549-7550. The resulting fragment was ligated to a pJET/1.2 blunt vector (Thermo-Scientific)
following the supplier’s protocol and cloned to E. coli. The resulting plasmid was used as PCR
template to generate chbm integration cassettes, using primer combinations 11206-6285, 6280-
6273, 6281-6270, 6282-6271, 6284-6272, 6283-6275, 6287-6276, 6288-6277, 6289-7075. The
overexpression cassettes of chbm (pTDH3-cbbm-tCYC1) were genetically identical, except for
different overhangs present at the 5 and 3’ ends of the fragments to allow for in vivo
homologous recombination. Codon-optimized yeast expression cassettes of groEL (pTEFI-
groEL-tACT1) and groES (pTPI1-groES-tPGI1) were obtained using plasmids pUD232 and
pUD233 as templates and primer combinations 7076-7077 and 7078-7079 respectively.

The genomic sequence corresponding to the constitutive promoter of YENI [35] was
obtained by PCR amplification with primer combination 7933-7295 and genomic DNA of
IMX585 as template. The genomic sequence of the anaerobically-inducible promoter of DAN1
[35] was obtained by PCR amplification with primer combinations 7930-7931 (integration at X-
2) and 7978-7931 (integration at SGAI), using genomic DNA of IMX585 as template. The
terminator sequence of PGK1 was obtained by PCR amplification using primer combinations
7084-7934 (integration at X-2) and 7084-11205 (integration at SGA1), using genomic DNA of

IMX585 as template.
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The S. oleracea prk-ORF was obtained by PCR amplification using primer combinations
7297-7081 (pYENI1-prk cassette construction), 7932-7081 (pDAN1-prk cassette construction),
and plasmid pUDE046 as template. The various primer combinations resulted in prk-ORF
fragments with homologous overhangs to the different promoter sequences and the terminator
sequence of PGK1. The complete expression cassettes (pYEN1-prk-tPGK1 and pDAN1-prk-tPGK1)
were assembled by in vivo homologous recombination after transformation to yeast and correct
assembly was verified by diagnostic PCR and Sanger sequencing (Baseclear, Leiden, The
Netherlands).

An integration cassette for RPE1 overexpression (pTDH3-RPE1-tRPE1) was PCR
amplified using primer combination 11593-3290 and pUD347 as a template. Similarly,
integration cassettes for overexpression of TKL1 (pPGK1-TKL1-tTKL1), TAL1 (pTEF1-TALI-
tTAL1), NQM1 (pPGI1-NQM1-tNQM1), RKI1 (pTPI1-RKI1-tRKI1) and TKL2 (pPYK1-TKL2-tTKLZ2)
were obtained by PCR amplification using primer combinations 5909-4068, 3274-3275, 3847-
3276, 4691-3277, and 3283-11595, respectively, with plasmids pUD348, pUD349, pUD344,
pUD345, and pUD346, respectively, as templates. The integration cassettes included overhang
sequences to allow for in vivo assembly of overexpression cassettes of the complete non-

oxidative pentose-phosphate pathway and integration at the GPD2 locus.

2.2.3 Yeast genome editing and strain construction

The lithium-acetate transformation protocol [36] was used for yeast transformations.
Transformation mixtures were plated on synthetic medium agar plates [31] (2% Bacto Agar, BD,
Franklin Lakes, NJ]), supplemented with 20 g L1 glucose (final concentration) in the case of
transformations with plasmids expressing the URA3 marker. In transformations with plasmids
expressing the amdS marker, agar plates were prepared as described previously [37].
Confirmation of the desired genotypes in each case was performed by diagnostic colony PCR
using Dreamtaq polymerase (Thermo-Scientific), according to manufacturer’s guidelines

(Additional File 1). Counter-selection of plasmids expressing URA3 was performed using 5-
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fluoro-orotic acid (Zymo Research, Irvine, CA), following the supplier’s guidelines. Counter-
selection of plasmids expressing amdS was performed as described previously [12].

Co-transformation and chromosomal integration of pUDR119, 9 copies of the chbm
expression cassette and single copies of the expression cassettes of groEL and groES to IMX581
(after plasmid recycling from the correct mutant) yielded the RuBisCO-expressing strain
IMX765. Overhangs present at the 5’ and 3’ ends of the molecules allowed for in vivo assembly of
the entire construct (11 fragments) and for integration at the SGA1 locus.

Co-transformation of the pYENI and pDAN1 sequences, respectively, the prk-ORF and the
tPGK1 fragments, along with plasmid pUDR164 to strain IMX765 yielded strains IMX773 and
IMX774. For construction of strain IMX949, in which GPD2 was deleted, the two fragments of the
gRNA-expressing plasmid (pROS10 backbone) and the repair oligo-nucleotides 6969-6970 were
co-transformed to IMX774 (after recycling of pUDR164). For construction of strain IMX1443, in
which GPD2 was deleted and the genes of the non-oxidative branch of the pentose-phosphate
pathway were overexpressed, the two fragments of the gRNA-expressing plasmid (pROS11
backbone), along with the integration cassettes pTDH3-RPE1-tRPE1, pPGK1-TKL1-tTKL1, pTEF1-
TAL1-tTAL1, pPGI1-NQM1-tNQM1, pTPI1-RKI1-tRKI1 and pPYK1-TKL2-tTKL2, were co-
transformed to IMX774. The entire construct (6 fragments) was assembled in vivo and
integrated at the GPD2 locus. Before stocking of strain IMX1443, the GPD2-targeting CRISPR
plasmid was recycled by counter-selection against its amdS marker [12].

Co-transformation of the two fragments of the GPD2-targeting CRISPR plasmid (pROS11
backbone) and the non-oxidative pentose-phosphate pathway integration cassettes to strain
IMX581 yielded strain IMX1472. The RuBisCO/PRK-expressing strain IMX1489 was obtained by
co-transformation of pUDR103, the pDAN1, prk-ORF, tPGKI1 sequences, 9 copies of the
expression cassette of chbm and the expression cassettes of groEL and groES (14 fragments) to
strain IMX1472 (integration at the SGAI locus, GPD2-targeting CRISPR plasmid recycled). The
reference strains IME324 and IME369 were obtained by transformation of p426-TEF (empty)

[38] to strains IMX581 and IMX673, respectively.
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2.2.4 Bioreactor cultivation

Physiological characterization of S. cerevisiae strains was performed in anaerobic batch and
chemostat cultures in 2-L bioreactors (Applikon, Delft, The Netherlands), with 1-L working
volume. Salt solutions were sterilized by autoclaving at 120 °C for 20 min.

Glucose solutions were autoclaved separately at 110 °C for 20 min and subsequently
added to the sterile salt solutions. All cultures were grown on synthetic medium with vitamins
[31], supplemented with 20 g L-! glucose and with sterile solutions of the anaerobic growth
factors ergosterol (10 mg L) and Tween 80 (420 mg L), as well as with 0.2 g L sterile
antifoam C (Sigma-Aldrich). Anaerobic conditions were maintained by sparging of a gas mixture
of N2/CO2 (90%/10%, <10 ppm oxygen) at a rate of 0.5 L min-! and culture pH was maintained
at 5 by automatic addition of 2 M KOH. All cultures were grown at a stirrer speed of 800 rpm and
at a temperature of 30 °C. Oxygen diffusion in the bioreactors was minimized by equipping them
with Norprene tubing and Viton O-rings, and evaporation was minimized by cooling of outlet gas
to4°C.

To generate bioreactor inocula, two pre-culture shake flasks were grown in 500-mL
flasks containing 100 mL synthetic medium (20 g L1 glucose). Initial pH was adjusted to 6 by
addition of KOH. Cultures were grown, under an air atmosphere, at 30 °C and shaken at 200 rpm.
In each case, initial pre-culture flasks were inoculated from frozen S. cerevisiae stock cultures.
After incubation for 8-12 h, cultures from these flasks were used to inoculate fresh pre-culture
flasks for bioreactor inoculum propagation. In all cases, bioreactors were inoculated when pre-

cultures reached mid-exponential phase (ODsso 4-5), to a starting ODeeo of 0.15-0.25.

2.2.5 Analytical methods

Off-gas analysis, biomass dry weight measurements, HPLC analysis of culture supernatants and
correction for ethanol evaporation in bioreactor experiments were performed as described
previously [20]. Optical density was determined at 660 nm, using a Libra S11
spectrophotometer (Biochrom, Cambridge, United Kingdom). In batch cultures, yields of

products were calculated from samples taken at mid-exponential phase (minimum of five
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samples), as described previously [39]. Biomass and product yields in chemostat cultures were
determined from residual glucose, biomass and metabolite concentrations in steady-state
cultures, analysed after rapid quenching of culture samples [40].
For calculation of the degree of reduction (electron) balances in cultures, the degrees of n
reduction of biomass, CO;, NHs* and extracellular metabolites (glucose, ethanol, glycerol,
succinate, pyruvate, lactate, acetate) were defined as described in [41].
Calculations of statistical significance of differences in yields between strains were
determined with two-tailed Student’s t-tests. All values are represented as averages + mean

deviation of independent biological replicate cultures, performed at least in duplicate.

2.2.6 Enzyme-activity assays

For in vitro enzyme activity assays of PRK [28], cells (65 mL culture volume) from
exponentially growing (ODe¢so 4), anaerobic shake-flask cultures (100 mL working volume in 500
mL conical shake-flasks) on glucose synthetic medium were harvested and cell extracts were
prepared as described previously [42]. The harvesting and sonication buffer contained 100 mM
Tris-HCl, 20 mM MgCl;'6H,0 and 5 mM 1,4-dithiothreitol (pH 8.2). The assay mixture [43]
contained 50 mM Tris-HCl (pH 8.2), 40 mM KCl, 10 mM MgCl;'6H0, 0.15 mM NADH, 1 mM ATP,
3 mM phosphoenolpyruvate, 1 mM 1,4-dithiothreitol, 5 U of pyruvate kinase (EC 2.7.1.40, Sigma-
Aldrich), 6 U of L-lactate dehydrogenase (EC 1.1.1.27, Honeywell Fluka, Bucharest, Romania) and
20, 30, 40 or 50 pL cell extract in 1 mL total volume. Reactions were started by addition of D-
ribulose-5-phosphate (2.5 mM final concentration) and PRK activity was measured at 30 °C
using a Hitachi 100-60 spectrophotometer, by monitoring of NADH oxidation at 340 nm over

time. Protein concentrations in cell extracts were quantified with the Lowry method [44].

2.2.7 Protein extraction and proteomics analysis

For proteomics analysis, 5 mL were harvested from mid-exponential-phase (OD¢so 2),
anaerobic shake-flask cultures on synthetic medium (20 g L-! glucose or 20 g L galactose),
washed with ice-cold MilliQ H:0, and subsequently stored at -80 °C. Frozen cells were lysed

using mechanical disruption in a Precellys-24 homogeniser (Bertin Technologies, Montigny-le-
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Bretonneux, France) in 0.5 mL cold methanol (-20 °C, Sigma-Aldrich). The protein concentration
of the disrupted cell suspension was measured using a Qubit 2.0 fluorometer (Thermo-
Scientific). A total of 250 pg protein was taken from each methanol suspension and 10 pg
bovine-serum albumin was spiked to all samples for quality control. Proteins were extracted
from the disrupted cell suspension using chloroform (Sigma-Aldrich) and 20% TCA (Sigma-
Aldrich). The obtained protein pellet was dissolved in 100 mM NH4HCO3 buffer (pH 7) to a final
concentration of 0.5 g L1 In each sample, 5 pl of 500 mM Tris-(2-carboxyethyl)phosphine
hydrochloride solution (TCEP, Sigma-Aldrich) was added, and samples were incubated at 55 °C
for 30 min to facilitate disulfide reduction. Alkylation was performed through the addition of 5 pl
of 550 mM iodoacetamide and subsequent incubation at 25 °C in the dark for 30 min.

Proteolysis was carried out overnight at 37 °C with Trypsin Gold (Promega, WI, USA),
which specifically cleaves C-terminally at lysine and arginine, at an enzyme to substrate ratio of
1:25. Gradient elution of peptides was performed on a C18 (Acquity UPLC CSH C18 Column, 130
A, 1.7 um, 2.1 mm X 100 mm, Ultimate 3000) (Thermo-Scientific). 20 uL of injected peptides
were separated using a gradient ratio of mobile phase A (99.9% water and 0.1% formic acid;
VWR) to 20% B (99.9% acetonitrile and 0.1% formic acid; VWR) for 20 min, and to 50% B for 30
min (60 min total duration).

Data acquisition was carried out using a data-dependent method using a Q Exactive Plus
mass spectrometer (Thermo-Scientific). The top 15 precursors were selected for tandem-MS/MS
(MS2) analysis after higher-energy collisional dissociation (HCD) fragmentation. Full MS scans
covering a mass range of 400 to 1600 were acquired at a resolution of 70000 (at m/z 200), with
a maximum fill time of 75 ms, and an automatic gain control (AGC) target value of 3-106. MS2
scans were acquired at a resolution of 17500 (at m/z 200), with a maximum fill time of 75 ms,
and an AGC target value of 105. An isolation window of 2 m/z with a fixed first mass of 110 m/z
was applied in all experiments. HCD fragmentation was induced with a normalized collision
energy of 27 for all peptides. Charge-state exclusion was set to ignore unassigned 1 charge.

Isotope exclusion was enabled and peptide match was preferred.
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All LC-MS/MS results were searched against the S. cerevisiae protein database, to which
the amino acid sequences of the heterologous introduced enzymes (PRK, CbbM, GroEL, GroES)
were manually added, in Proteome Discoverer 1.4 Sequest HT (Thermo-Scientific). The cleavage
preference of trypsin was selected, allowing for up to 2 missed cleavages (C-Term K/R restrict
P). Dynamic modifications were set to carbamidomethyl (C), deamidation (N/Q) and oxidation
(M). Precursor mass tolerance was set to 10 ppm and fragment mass tolerance 0.6 Da. Following
peptide identification, their g-values were calculated based on a target decoy approach with a
1% false discovery rate.

2.2.8 Spot plate assay

Spot plates on synthetic medium (pH 6) were prepared as described previously [45]. Sterile
solutions of glucose (180 g L-1) and of the anaerobic growth factors ergosterol (10 mg L) and
Tween 80 (420 mg L) were additionally supplemented. All plates were inoculated with serial
dilutions of exponentially growing shake-flask cultures in sterile demineralized water, prepared
as described above. Plates were incubated under anaerobic conditions (10% COz) at 30 °C for 48

h.

2.2.9 Ploidy determination by flow cytometry

For determination of yeast ploidy, ca. 107 cells were harvested from mid-exponential phase
shake-flask cultures on synthetic medium (20 g L-1 glucose), washed twice with demineralized
water and stored in 70% ethanol at 4 °C. Sample preparation and staining was performed as
described previously [46]. Samples were processed using a BD Accuri C6 flow-cytometer (BD
Biosciences, San Jose, CA) and analysed using the Flow]Jo software package (Flowjo LLC, Ashland,

OR).

2.2.10 Genome sequencing

DNA was isolated from yeast cells harvested from shake-flask cultures of strain IMX774 on
synthetic medium (20 g L glucose) using a Qiagen Blood & Cell Culture DNA kit (Qiagen,
Germantown, MD), following manufacturer’s specifications. Paired-end sequencing (22 mln

reads) was performed on a 350-bp PCR-free insert library using an Illumina HiSeq PE150
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sequencer (Novogene Company Limited, Hong Kong) with a sample size of 3.3 Gb, accounting for
a total coverage of 275x. Sequence data was mapped to the CEN.PK113-7D genome [30], to
which the sequences of the pDANI1-prk-tPGK1, pTDH3-cbbm-tCYC1, pTEF1-groEL-tACT1, and
pTPI1-groES-tPGI1 cassettes were manually added. Data processing and chromosome copy

number analysis were carried out as described previously [47-51].

2.3 Results

2.3.1 Impact of PRK expression levels on in vivo COz reduction via the RuBisCO
pathway in glucose-grown batch cultures

In the engineered strain used for the first demonstration of the effect of expression of the Calvin-
cycle enzymes RuBisCO and PRK on the anaerobic physiology of S. cerevisiae, the coding
sequence of S. oleracea prk was placed under the control of the galactose-inducible GAL1
promoter [28]. Use of galactose as an inducer of gene expression in S. cerevisiae is, however, not
a realistic option in large-scale industrial fermentations for ethanol production due to the price
of galactose and repression of the GAL1 promoter by glucose [52]. Furthermore, this strain
expressed the T. denitrificans RuBisCO gene cbbm, as well as the E. coli chaperones groEL/groES,
from a centromeric plasmid. Expression from plasmids with auxotrophic markers limits
applicability in industrial processes [53] and the use of a centromeric vector restricted the
number of chbm-cassettes per cell to 1-2 [54]. The low RuBisCO activity in cell extracts of strain
IMU033 (4.6 = 0.3 nmol (mg protein)-! mint) [28] suggested that introduction of additional
copies of the chbm cassette might be relevant for improved strain performance.

In vivo tandem assembly by homologous recombination and CRISPR-mediated targeted
integration at a single locus was previously shown to be an effective way to introduce multiple
copies of expression cassettes without the use of multi-copy plasmids [48, 55]. To construct a
galactose-independent RuBisCO-expressing platform strain with an increased number of chbm
cassettes, 9 copies of the chbm overexpression cassette, along with single expression cassettes of
groEL/groES, were first integrated at the SGAI locus of IMX581 using CRISPR/Cas9 single-step

transformation and assembly [34], yielding strain IMX765. Since high-level expression of
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heterologous PRK in microbes has been previously shown to be toxic [56, 57], two expression
cassettes were constructed, in which the prk open reading frame was either placed under the
control of pYEN1 (low-level constitutive expression under a wide range of cultivation conditions,
[35]) or under the control of pDAN1 (medium-level expression induced under anaerobic
conditions, [35]). These expression cassettes were integrated at the X-2 locus [33] of strain
IMX765, yielding strains IMX773 and IMX774 respectively.

Enzyme-activity assays in cell extracts of anaerobic, glucose-grown shake-flask cultures
of strains IMX773 and IMX774 showed PRK activities of 0.14 + 0.01 and 0.68 + 0.33 pmol (mg
protein)-! min- respectively. These activities were 100-fold and 20-fold lower than previously
measured in cell extracts of strain IMU033 under galactose-induced conditions (14.4 + 1.5 pmol
(mg protein)-1 min-1) [28]. Analysis of protein abundance of RuBisCO and PRK in strains IMU033
(pGAL1-prk cbbm) and IMX774 revealed 10-fold higher CbbM levels and 9-fold lower PRK levels

in the latter, newly engineered strain (Figure 1).
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To investigate the effect of PRK and RuBisCO expression on the physiology of glucose-
grown S. cerevisiae, growth and metabolite formation of strains IME324 (congenic reference
strain not expressing Calvin-cycle enzymes or E. coli chaperones), IMX773 (pYENI1-prk chbm)
and IMX774 (pDAN1-prk chbm) were analysed in anaerobic bioreactor batch cultures on 20 g L1
glucose (Table 3; Additional File 2). In these cultures, the maximum specific growth rates of
strains IMX773 and IMX774 were 13% and 31% lower, respectively, than that of the reference
strain IME324 (Table 3). A lower specific growth rate of the engineered S. cerevisiae strains
overexpressing PRK, RuBisCO and GroEL/GroES might reflect a metabolic burden resulting from

increased protein synthesis (Figure 1) [58]. This interpretation is consistent with the

74



observation that biomass yields on glucose of strains IMX774 and IME324 were the same, even
though stoichiometric analyses predicted that use of the RuBisCO/PRK pathway can lead to an
up to 13.5% higher biomass yield [28]. Comparison of PRK activities in cell extracts and specific
growth rates (Table 3) of strains IMX773 and IMX774 suggested that, in particular, high-level
expression of PRK might have negatively affected the specific growth rate. Toxicity of high-level
PRK expression is consistent with observations on galactose-grown cultures of S. cerevisiae

IMUO033 (pGAL1-prk cbbm) [28] and on PRK overexpression in E. coli [56, 57].
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Strain IMX773, in which prk was expressed from the weak constitutive YEN1 promoter,
did not show significant differences in glycerol or ethanol yields relative to the reference strain
IME324 (Table 3). This result confirms that functional expression of PRK is essential for the use
of CO as an electron acceptor for NADH oxidation by the engineered S. cerevisiae strains. In
contrast, strain IMX774, which expressed prk from the anaerobically induced, medium-strength
pDAN1 promoter, exhibited a 31% lower glycerol yield and a 10% higher ethanol yield than the
reference strain (Table 3). Furthermore, the glycerol production per gram biomass of strain
IMX774 was 38% lower than that of the reference strain (Table 3). These observations indicated
that the engineered PRK/RuBisCO pathway significantly contributed to NADH oxidation in

anaerobic cultures of this engineered strain.

2.3.2 The impact of the RuBisCO pathway on NADH oxidation is negatively
correlated with the specific growth rate

The reduced glycerol yield of strain IMX774 (pDANI1-prk cbbm) in anaerobic, glucose-grown
bioreactor batch cultures resembled the change in glycerol yield that was previously observed in
similar galactose-grown cultures of strain IMU033 (pGALI-prk cbbm) [28]. However, the
observed reduction in glycerol yield relative to the reference strain IME324, which did not
express RuBisCO or PRK, was still far from the 90% reduction that was previously observed in
sugar-limited anaerobic chemostat cultures of strain IMU033, grown at a dilution rate of 0.05 h-!
on glucose/galactose mixtures [28]. Specific growth rates in the batch cultures were much
higher than in those in chemostat cultures (Table 3, [28]). To investigate a possible relation
between specific growth rate and relative contribution of NADH oxidation via the engineered
PRK/RuBisCO pathway, growth and product formation of strains IMX774 (pDAN1-prk cbbm)
and IME324 (reference) were analysed in anaerobic, glucose-limited chemostat cultures grown
at dilution rates of 0.05 h-* and 0.15 h-1 (Table 4; Additional File 2).

At a dilution rate of 0.05 h-, strain IMX774 showed glycerol and ethanol yields on
glucose of 0.005 g gt and 0.451 g g1, respectively. These yields were 90% lower and 7% higher,

respectively, than in chemostat cultures of the reference strain IME324 grown at the same
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dilution rate (Table 4; Figure 2). In these slow-growing chemostat cultures the glycerol
production per gram biomass of strain IMX774 was only 0.66 mmol (g biomass)-1, which was
90% lower than observed for strain IME324 (Figure 2). These results indicate that, at this low
specific growth rate, the RuBisCO pathway almost completely replaced reoxidation of ‘excess’
NADH via glycerol formation, in agreement with previous results on IMU033 glucose/galactose-

grown chemostat cultures on the same dilution rate [28].

Table 4. Yields (Y) of biomass and ethanol on glucose in anaerobic chemostat cultures of S. cerevisiae
reference strain IME324 and the RuBisCO/PRK-expressing strain IMX774. Cultures were grown on
synthetic medium containing 20 g L-* glucose (pH 5). Values represent averages + mean deviations of
measurements on independent duplicate cultures. * (p<0.05) denotes statistical significance of differences
between strains IME324 and IMX774 at the same dilution rate, and # (p<0.01) indicates statistical
significance of differences between analyses at different dilution rates in cultures of the same strain in
Student’s t-tests. Degree of reduction balances of steady-state analyses yielded electron recoveries

between 99% and 101%.

Strain IME324 IMX774

Relevant Genotype GPD1 GPD2 GPD1 GPD2 pDAN1-prk chbm
Dilution rate (h-1) 0.05 0.15 0.05 0.15

Y biomass/glucose (g g1) 0.083 £ 0.001 0.087 +0.007 0.082 +0.002 0.086 + 0.002
Y ethanol/glucose (g g'1) 0.421+0.001 0.411+0.006 0.451+0.001 * # 0.432+0.001 * #
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Figure 2. Yields (Y) of glycerol on glucose and stoichiometric relationships between glycerol production
and biomass formation in anaerobic chemostat cultures of S. cerevisiae reference strain IME324 (white
bars) and the RuBisCO/PRK-expressing strain IMX774 (pDAN1-prk cbbm, blue bars). Cultures were grown
on synthetic medium containing 20 g L-! glucose (pH 5). Values represent averages + mean deviations of
measurements on independent duplicate cultures. * (p<0.05) denotes statistical significance of value
differences between IME324 and IMX774 at the same dilution rate, and # (p<0.01) indicates statistical

significance of differences between the two dilution rates in cultures of the same strain in Student’s t-tests.

The reference strain IME324 showed no significant differences in glycerol yield on
glucose or in glycerol production per gram biomass when grown at a dilution rate of either 0.05
h-1 or 0.15 h-1 in anaerobic, glucose-limited chemostat cultures (Figure 2). In contrast, strain
IMX774 showed a 5-fold higher glycerol yield on glucose and glycerol production per gram
biomass when grown at a dilution rate of 0.15 h-! than in cultures grown at 0.05 h-! (Figure 2).
The glycerol production per gram biomass of strain IMX774 at 0.15 h-1 (3.88 mmol (g biomass)-
1) was only 50% lower than that of strain IME324 grown at the same dilution rate (Figure 2).
These results demonstrated that, in strain IMX774, higher specific growth rates, which coincided
with a higher glycolytic flux, resulted in a smaller contribution of the engineered PRK/RuBisCO

pathway to NADH reoxidation, thereby reducing its beneficial impact on (by)product formation.
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2.3.3 Deletion of GPDZ improves CO:z reduction to ethanol in anaerobic batch
cultures of RuBisCO/PRK-expressing S. cerevisiae

The lower impact on product formation of RuBisCO/PRK expression at high specific growth
rates identified the glycerol-3-phosphate dehydrogenases Gpdl and Gpd2 as potential
engineering targets for increasing the contribution of the engineered PRK/RuBisCO pathway to
NADH reoxidation. Deletion of GPD2 was previously reported to decrease glycerol formation in
other engineered S. cerevisiae strains, without affecting osmotolerance [16-19, 22]. GPD2 was
therefore deleted in strain IMX774 (GPD1 GPD2 pDAN1-prk chbm), yielding strain IMX949 (GPD1
gpd2A pDAN1-prk cbbm). This deletion did not affect the specific growth rate in anaerobic
bioreactor batch cultures grown on 20 g L1 glucose (Table 3). Since deletion of GPD2 has a
strong negative effect on anaerobic growth of wild-type S. cerevisiae in the absence of an
external electron acceptors [59, 60], this result further supported our conclusion that the
RuBisCO pathway can effectively contribute to redox cofactor balancing in fast-growing
anaerobic S. cerevisiae cultures. In these anaerobic bioreactor batch cultures, the glycerol and
ethanol yields on glucose of strain IMX949 were 62% lower and 13% higher, respectively, than
those of the reference strain IME324 (GPD1 GPDZ2) (Table 3). Furthermore, glycerol production
per gram biomass of strain IMX949 was 65% and 43% lower than that of strains IME324 and
IMX774, respectively (Table 3). These results clearly indicated that deletion of GPD2 enables a
higher contribution of the engineered PRK/RuBisCO pathway to anaerobic NADH reoxidation in

engineered S. cerevisiae strains.

2.3.4 Optimization of precursor supply to the RuBisCO pathway further decreases
glycerol yield and enables wild-type specific growth rates in anaerobic cultures

In S. cerevisiae, the substrate of PRK, ribulose-5-phosphate, can be formed either by NADPH-
generating oxidative decarboxylation of 6-phosphogluconate, or from glyceraldehyde-3-
phosphate and fructose-6-phosphate via the re-arrangement reactions of the non-oxidative
pentose-phosphate pathway (PPP, [28]). If ribulose-5-phosphate used in the RuBisCO pathway

were exclusively derived from 6-phosphogluconate, this would cause an NADPH/NADP+
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imbalance when the RuBisCO pathway completely replaces glycerol formation [10]. While
formation of ribulose-5- phosphate via the non-oxidative PPP does not present such a redox
constraint, extensive research on metabolic engineering of S. cerevisiae for pentose fermentation
indicates that this pathway has a limited capacity in wild-type strains [61-64].

To test if fermentation performance of strain IMX949 (GPD1 gpd2A pDANI1-prk chbm)
could be further improved by optimization of the ribulose-5-phosphate supply, overexpression
cassettes for the non-oxidative PPP genes RPE1, TKL1, TAL1, NQM1, RKI1 and TKLZ were
simultaneously integrated at the GPD2 locus of IMX774, yielding strain IMX1443 (GPD1 gpd2A
non-ox PPPT pDAN1-prk chbm). In anaerobic, glucose-grown bioreactor batch cultures, grown
under identical conditions to the previously discussed RuBisCO/PRK-expressing strains, the
specific growth rate of strain IMX1443 was virtually identical to that of the reference strain
IME324 (GPD1 GPD2) and 36% higher than that of its parental strain IMX774 (GPD1 GPDZ2
pDAN1-prk cbbm) and of strain IMX949 (Table 3; Additional File 2). Furthermore, strain
IMX1443 showed a 9% higher biomass yield on glucose than the reference strain IME324 (Table
3), which closely corresponds to the maximum theoretical increase for a RuBisCO/PRK-
expressing strain of 13.5% [28]. These observations showed that the reduced growth rates of
strains IMX774 and IMX949 were not primarily caused by accumulation of ribulose-1,5-
biphosphate or ATP depletion, resulting from an imbalance of the in vivo activities of PRK and
RuBisCO. Instead, they indicate that the reduced growth rates of these strains resulted from a
reduced intracellular pool of ribulose-5-phosphate, which is a key precursor for the formation of
the PPP-derived biosynthetic building blocks ribose-5-phosphate and erythrose-4-phosphate.

The glycerol yield on glucose of strain IMX1443 (GPD1 gpd24 non-ox PPPT pDAN1-prk
cbbm) was 81% and 87% lower than that of its parental strain IMX774 (GPD1 GPD2 pDAN1-prk
cbbm) and of the reference strain IME324 (GPD1 GPDZ2), respectively (Table 3). Consistent with
an almost complete replacement of redox cofactor balancing via glycerol production by the
RuBisCO pathway, its glycerol production per gram biomass was 88% lower than that of strain

IME324 and closely matched the phenotype observed in slow-growing glucose-limited
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chemostat cultures of strain IMX774 (Table 4). Furthermore, the ethanol yield on glucose of
strain IMX1443 was 15% and 5% higher than that of the reference strain IME324 and of its
parental strain IMX774, respectively. The phenotype of strain IMX1443 thereby approaches the
theoretical maximum benefits in glycerol reduction and increased ethanol yield, without a
reduction of its specific growth rate in anaerobic, glucose-grown batch cultures. Further, the
osmotolerance of strain IMX1443 was not impacted by these modifications, as shown by plate

growth tests on high osmolarity (1M glucose) medium (Additional File 3).

2.3.5 The physiological benefit of RuBisCO/PRK-expression in S. cerevisiae is
independent of strain ploidy

In the context of another study, the ploidy of strains IMX765, IMX773, and IMX774 was analysed
by flow cytometry. Surprisingly, strain IMX765, the parental strain of all RuBisCO/PRK-
expressing strains constructed in this study, was found to have undergone a whole-genome
duplication (Additional File 4). To determine whether this diploidization was accompanied by
any other chromosomal copy number variations or rearrangements, the genome of strain
IMX774 (GPD1 GPD2 pDAN1-prk cbhbm) was sequenced [Genbank PRJNA415562] and compared
to that of the haploid congenic reference strain CENPK.113-7D [30]. This analysis showed that a
‘clean’ genome duplication had occurred, without chromosomal or segmental aneuploidies
(Additional File 5).

The differences in glycerol and ethanol yields between strains IME324 (haploid, GPD1
GPD2 reference) and IMX774 (diploid, GPD1 GPD2 pDAN1-prk cbbm) were not expected to be
influenced by ploidy variation, as biomass formation and requirements for NADH oxidation are
stoichiometrically linked and the biomass yields on glucose of these strains were not
significantly different (Table 3). However, as ploidy variation might affect specific growth rate
[65], two additional strains were constructed to investigate whether ploidy differences affected
the interpretation of our results.

Strain IME369 was constructed by transformation of p426-TEF (empty) to IMX673,

thereby generating a new diploid reference strain (GPD1/GPD1 GPD2/GPDZ2). Additionally, the
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genetic modifications introduced in the best performing RuBisCO/PRK-expressing strain
(IMX1443) were reconstructed in a haploid background, resulting in strain IMX1489 (Additional
File 4). Anaerobic growth of both strains was analysed in bioreactor batch cultures, under the
same conditions used for the other strains analysed in this study (Table 5; Additional File 2). The
new diploid reference strain IME369 showed no significant differences in specific growth rate,
biomass or ethanol yields on glucose or glycerol production per gram biomass when compared
to the haploid reference strain IME324 (GPD1 GPDZ2) (Tables 3 and 5). Furthermore, the specific
growth rates of the engineered strains IMX1489 (haploid) and IMX1443 (diploid) were the
same, while their biomass and product yields also very closely corresponded (Tables 3 and 5,
Figure 3). Similarly to strain IMX1443, the osmotolerance of IMX1489 did not differ from that of
a GPD1 GPD2 reference strain (Additional File 3). These results indicate that the impact of the
engineering strategy presented in this study does not differ for haploid and diploid S. cerevisiae

strains.

Table 5. Specific growth rates (p), yields (Y) of biomass, ethanol and glycerol on glucose and
stoichiometric relationships between glycerol production and biomass formation in anaerobic bioreactor
batch cultures of S. cerevisiae strains IME369 and IMX1489. Cultures were grown on synthetic medium
containing 20 g L-! glucose (pH 5). Specific growth rates and stoichiometries were calculated from sample
points during the mid-exponential growth phase. Values represent averages * mean deviations of
measurements on independent duplicate cultures. * (p<0.02) and ** (p<0.01) denote statistical
significance of differences between IME324 (Table 3) and strains IME369 and IMX1489 in Student’s t-
tests. Degree of reduction balances constructed over the exponential growth phase yielded electron

recoveries between 96% and 100%.

Strain IME369 IMX1489
Relevant Genotype GPD1 GPD2 GPD1 gpd2A pDAN1-prk
chbm non-ox PPPT

p (h1) 0.31+0.00 0.30+0.01

Y biomass/glucose (g g'1) 0.091 £ 0.009 0.096 £ 0.001 *

Y ethanol/glucose (g g'1) 0.376 £ 0.005 0.421 +£0.002 *

Y glycerol/glucose (g g1) 0.107 £ 0.004 0.014 £ 0.000 **
Glycerol produced/biomass 12.189 +1.080 1.669 + 0.082 **

(mmol (g biomass)1)
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Figure 3. Growth, glucose consumption and product formation in anaerobic bioreactor batch cultures of S.
cerevisiae strains IME324 (GPD1 GPD2) (A) and IMX1489 (GPD1 gpd2A pTDH3-RPE1, pPGK1-TKL1, pTEF1-
TAL1, pPGI1-NQM1, pTPI1-RKI1, pPYK1-TKL2 pDAN1-prk cbbm) (B). Cultures were grown on synthetic
medium containing 20 g L glucose (pH 5). Symbols: e, glucose; m, biomass; o, glycerol; o, ethanol.

Representative cultures of independent duplicate experiments are shown.

2.4 Discussion

Fixation of CO; via the Calvin-cycle enzymes RuBisCO and phosphoribulokinase (PRK) plays a
key role in the biological carbon cycle [66]. The Calvin cycle’s role in carbon fixation by photo-
and chemoautotrophs is well established and its improvement remains a major target of
research [67, 68]. Additionally, in nature as well as in engineered industrial microorganisms,
Calvin-cycle enzymes can increase the flexibility of intracellular redox cofactor balancing in
chemoorganoheterotrophs [69, 70].

Here, we present a metabolic engineering strategy, based on expression of Calvin-cycle
enzymes for redox cofactor balancing in S. cerevisiae [28], that enabled a near-complete
elimination of glycerol production in anaerobic, glucose-grown batch cultures, with an
associated increase in ethanol yield. In addition to multi-copy chromosomal integration of
expression cassettes for T. denitrificans chbm, this strategy encompassed expression of the E. coli

chaperone genes groEL and groES [28], expression of the spinach prk gene from the
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anaerobically inducible DANI promoter, deletion of GPD2 and overexpression of the S. cerevisiae
structural genes for the enzymes of non-oxidative pentose-phosphate pathway.

A high specific growth rate of industrial S. cerevisiae strains is important in view of its
impact on volumetric productivity and competition with microbial contaminants [2, 71]. Many
previously reported redox engineering strategies for decreasing glycerol formation in S.
cerevisiae resulted in reduced specific growth rates or requirements for specific media [8, 20, 59,
72]. Reduced growth rates of metabolically engineered microorganisms are often attributed to
the metabolic burden caused by high-level expression of heterologous and/or homologous
proteins [58, 73]. Despite the high-level expression of RuBisCO and yeast PPP-enzymes, the
specific growth rates of haploid and diploid engineered S. cerevisiae strains in anaerobic batch
cultures were the same as those of non-engineered reference strains.

Previous research had already shown that co-expression of the E. coli chaperones GroEL
and GroES is required for functional heterologous expression of CbbM in S. cerevisiae [28].
Functional expression of a plant RuBisCO in E. coli was also recently shown to require co-
expression of no fewer than five plant chaperones [74], highlighting the importance of
expression of folding-assisting proteins in the formation of functional RubisCO complexes. In the
case of GroEL and GroeS specifically, it was recently shown that their expression facilitates
functional expression of several heterologous proteins in yeasts [28, 75, 76]. Further, their
expression can potentially be beneficial in improving strain robustness against industrial
fermentation conditions [77]. In the present study, their expression may have contributed to the
apparent absence of a metabolic burden in the engineered strains, by preventing cellular stress
and increased protein-turnover caused by incorrect protein folding. Since multi-copy integration
of expression cassettes for the form-II RuBisCO CbbM supported wild-type growth rates in
anaerobic glucose-grown cultures, its replacement by an alternative RuBisCO with superior
catalytic properties [68, 78] is not necessary in this experimental context. The high K. of
RuBisCO for CO; [67] implies that microorganisms that heterologously express Calvin-cycle

enzymes require high CO; concentrations in the cultures for in vivo pathway activity [28, 70].

85



Since industrial ethanol production processes very rapidly become CO; saturated,
implementation of this redox engineering strategy in industry does not impose specific
requirements on process design or medium composition [8].

As recently demonstrated in engineered E. coli strains expressing RuBisCO and PRK [56,
57], expression levels of PRK in engineered S. cerevisiae strains needed to be ‘tuned’ to strike a
balance between generating sufficient ribulose-1,5-bisphosphate for in vivo RuBisCO activity and
avoiding negative effects of high-level PRK overexpression. Use of the medium-strength,
anaerobically inducible DANI promoter was shown to meet these requirements. An additional
advantage of using an anaerobically inducible promoter for prk expression is that it minimizes
any negative effects of PRK expression during the aerobic biomass propagation phase that
precedes anaerobic industrial processes for bioethanol production [79].

In the original strain design, which carried a functional GPD2 gene and in which the PPP
enzymes were not overexpressed, the contribution of the engineered PRK/RuBisCO pathway to
in vivo NADH oxidation was negatively correlated with specific growth rate. The effect of
additional overexpression of the non-oxidative pentose-phosphate pathway genes RPE1, TKL1,
TAL1, NQM1, RKI1, and TKLZ2 identified supply of ribulose-5-phosphate and/or other
intermediates of the PPP as a key factor in the PRK/RuBisCO-mediated CO; reduction in S.
cerevisiae. Overexpression of non-oxidative PPP genes is a well-documented element in the
construction of xylose- and arabinose-fermenting S. cerevisiae strains for fermentation of
lignocellulosic hydrolysates [61, 80, 81], which should facilitate implementation of
PRK/RuBisCO-enabled CO; reduction in such strains. The positive effect of the deletion of GPD2
on CO; reduction is consistent with its reported beneficial effect on strains utilizing acetic acid as
an external electron acceptor for redox cofactor balancing [22].

A mechanistic, quantitative understanding of the mechanisms by which glycerol
formation and RuBisCO/PRK-mediated CO; reduction interact in a growth-rate dependent
manner would require advanced analyses of intracellular metabolite concentrations in the yeast

cytosol, which are beyond the scope of the present study. Clearly, the cytosolic NADH/NAD+
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ratio, which affects regulation of GPD2 [17] and is involved in the reductive reactions in both
pathways, would be of special interest in such studies. In addition, the triose-phosphate node in
glycolysis is of special interest, since Gpd1 and Gpd2 use dihydroxyacetone phosphate (DHAP)
as a substrate, while the glycolytic intermediate glyceraldehyde-3-phosphate (GAP) is a
substrate of transketolase, a key enzyme for provision of the RuBisCO substrate ribulose-5-
phosphate via the non-oxidative PPP. Intracellular concentrations of DHAP in glucose-grown
cultures of S. cerevisiae increase with increasing specific growth rate [82], presumably reflecting
the higher glycolytic flux in fast-growing cultures. The equilibrium of the triose phosphate
isomerase lies far toward DHAP [83], whose intracellular concentrations in S. cerevisiae have
been reported to be in the low mM range [84]. Intracellular concentrations of GAP are therefore
likely to be below the reported high K., value of yeast transketolase for this substrate (ca. 5 mM,
[85]), which may well contribute to the impact of overexpression of the PPP pathway on flux
distribution at this branchpoint.

Whole genome duplications have been previously shown in S. cerevisiae strains obtained
by evolutionary engineering [86, 87]. However, its occurrence in our initially constructed
strains, which were only subjected to targeted, CRISPR-mediated genetic modification, was
unexpected. Since 5-fluoro-orotic acid has been reported to affect chromosome segregation in
yeasts [88], we cannot exclude the possibility that genome duplication was related to counter-
selection with 5-fluoro-orotic acid to recycle the gRNA-expressing plasmid during the
construction of strain IMX765, the parental strain of IMX773 and IMX774. When using
traditional genetic modification techniques, such as one-step gene replacement, aneuploidies or
genome duplications are easily identified by simple diagnostic PCR experiments. However, the
high efficiency of CRISPR/Cas9-based genome editing generally results in simultaneous
modification of both copies of a target locus in diploid or aneuploid strains [89]. In this light, it is
advisable to perform flow-cytometry-based ploidy analysis and whole genome sequencing to
detect genome duplications and aneuploidy, respectively [65], when CRISPR technology is used

for strain construction.
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The characteristics of the engineered strains make this engineering strategy very
interesting for further testing in industrial settings. In contrast to a previously published
strategy for minimizing glycerol production by the reduction of acetic acid, by expression of a
heterologous acetylating-acetaldehyde dehydrogenase in combination with the native alcohol
dehydrogenases [20, 22], the current strategy does not require an organic electron acceptor. It is
therefore compatible with fermentation of ‘first generation’ feedstocks that contain little or no
acetic acid.

Research on production of alternative compatible solutes is ongoing, with trehalose
production being a promising candidate, but so far glycerol remains the key metabolite involved
in tolerance of sugar-grown S. cerevisiae cultures to osmotic stress [90-92]. The presence, in the
CO;-reducing strains described in this study, of a functional GPD1 gene was sufficient to
maintain osmotolerance. At high osmolarity, upregulation of GPD1 [16, 93] might reduce the
stoichiometric benefits of CO»-fixation in RuBisCO/PRK-expressing yeast strains. It may be
possible to prevent such an effect by promoter replacement of GPD1 by lower-strength ones
[59]. Alternatively, the entire GPD1 gene may be replaced by a heterologous gene encoding an
NADP+-linked glycerol-3-phosphate dehydrogenase, thereby uncoupling the roles of glycerol in

redox homeostasis and osmotolerance [22].

2.5 Conclusions

Overexpression of the Calvin-cycle enzymes RuBisCO and PRK, in combination with deletion of
GPD2 and overexpression of the genes of the non-oxidative branch of the pentose-phosphate
pathway, yielded a S. cerevisiae strain that displayed a ca. 90% decreased glycerol production
and a 15% increase in the ethanol yield on sugar, without affecting the maximum specific growth
rate of the strain. Based on our experiments in synthetic media, the presented metabolic
engineering strategy has the potential to enable significant improvements in the ethanol yields

in industrial processes. The industrial application of this strategy should not require special
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process conditions or media compositions and is ready for implementation in industrial strain

backgrounds and subsequent evaluation in first- and second-generation industrial substrates.
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Undiluted 101 102 103

Additional File 3. Osmotolerance assay of engineered strains. Cells were grown on synthetic medium (180
g L1 (1M) glucose, initial pH 6) and incubated at 30 °C for 48h under anaerobic conditions (10% COz). A:
IME324 (GPD1 GPD2); B: IMX1443 (GPD1 gpd24 pDAN1-prk cbbm non-ox PPPT, diploid); C: IMX1489
(GPD1 gpd2A pDAN1-prk cbbm non-ox PPPT, haploid).
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Additional File 4. Ploidy assessment of engineered RuBisCO/PRK-expressing strains. DNA content of each
strain (blue) was measured by flow cytometric analysis and compared to the haploid strain CEN.PK113-
5D (red; upper panel) and the diploid strain CEN.PK122 (red; bottom panel). A: IMX581 (GPD1 GPD2,
parental of lineage); B: IMX765 (GPD1 GPD2 cbbm); C: IMX773 (GPD1 GPD2 pYEN1-prk cbbm); D: IMX774
(GPD1 GPD2 pDAN1-prk cbbm); E: IMX1489 (GPD1 gpd2A pDAN1-prk cbbm).
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Abstract

Acetic acid, an inhibitor of sugar fermentation by yeast, is invariably present in lignocellulosic
hydrolysates which are used or considered as feedstocks for yeast-based bioethanol production.
Saccharomyces cerevisiae strains have been constructed, in which anaerobic reduction of acetic
acid to ethanol replaces glycerol formation as a mechanism for reoxidizing NADH formed in
biosynthesis. An increase in the amount of acetate that can be reduced to ethanol should further
decrease acetic acid concentrations and enable higher ethanol yields in industrial processes
based on lignocellulosic feedstocks. The stoichiometric requirement of acetate reduction for
NADH implies that increased generation of NADH in cytosolic biosynthetic reactions should
enhance acetate consumption. Replacement of the native NADP+-dependent 6-phosphogluconate
dehydrogenase in S. cerevisiae by a prokaryotic NAD*-dependent enzyme resulted in increased
cytosolic NADH formation, as demonstrated by a ca. 15% increase in the glycerol yield on
glucose in anaerobic cultures. Additional deletion of ALD6, which encodes an NADP+-dependent
acetaldehyde dehydrogenase, led to a 39% increase in the glycerol yield compared to a non-
engineered strain. Subsequent replacement of glycerol formation by an acetate reduction
pathway resulted in a 44% increase of acetate consumption per amount of biomass formed, as
compared to an engineered, acetate-reducing strain that expressed the native 6-
phosphogluconate dehydrogenase and ALD6. Compared to a non-acetate reducing reference
strain under the same conditions, this resulted in a ca. 13% increase in the ethanol yield on
glucose. The combination of NAD*-dependent 6-phosphogluconate dehydrogenase expression
and deletion of ALD6 resulted in a marked increase in the amount of acetate that was consumed
in these proof-of-principle experiments, and this concept is ready for further testing in industrial
strains as well as in hydrolysates. Altering the cofactor specificity of the oxidative branch of the
pentose-phosphate pathway in S. cerevisiae can also be used to increase glycerol production in
wine fermentation and to improve NADH generation and/or generation of precursors derived

from the pentose-phosphate pathway in other industrial applications of this yeast.
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3.1 Introduction

The intensive use of fossil resources by mankind presents one of the great challenges of our time
and many research efforts focus on seeking sustainable alternatives for petrochemistry-based
production of transport fuels and chemicals. One of these alternatives is the microbial
conversion of hydrolysates of lignocellulosic plant biomass into fuel ethanol. Saccharomyces
cerevisiae is a major candidate for this application, because of its naturally high ethanol yield on
sugar and tolerance to inhibitors and low pH values [22,38,64]. In addition to these natural
attributes, robust performance of S. cerevisiae in lignocellulosic hydrolysates requires tolerance
to the organic acids, furans and phenols that are released during biomass pre-treatment.

One of the most important inhibitors released during hemicellulose hydrolysis is acetic
acid, whose concentration in lignocellulosic hydrolysates can exceed 10 g L-1 [28]. As for all weak
organic acids in solution, the relative concentrations of the un- and dissociated (acetate) forms
of acetic acid are determined by its acid-dissociation constant (pKa) and by the extant pH.
Industrial fermentation processes with S. cerevisiae are typically performed at pH values close to
the pKa of acetic acid (4.75). This implies that a substantial fraction of the acid will be present in
its non-dissociated form, which can diffuse across the yeast plasma membrane. Upon entry into
the near-neutral yeast cytosol (pH 6.5-7 during exponential growth [42]), acetic acid will
dissociate and release a proton. To avoid acidification of the cytosol, protons have to be expelled
by the yeast plasma membrane ATPase. This proton export requires 1 ATP per proton, while
additional metabolic energy may be required to expel the acetate anion [44,46]. At low to
moderate concentrations of acetic acid (1-3 g L-1) and at pH values of 4 to 5, this increased
demand for ATP results in lower biomass and glycerol yields and a higher ethanol yield on
glucose in anaerobic cultures of S. cerevisiae [2,27,46]. However, at higher acetic acid
concentrations (or at a lower pH), cells can no longer meet the energy requirements for pH
homeostasis and can no longer prevent acidification of the cytosol, leading to inhibition of
fermentation and growth [32,60]. Inhibition by acetic acid is even more pronounced when

engineered yeast strains utilise xylose, a major component of lignocellulosic hydrolysates, as a
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carbon source [2]. The variability in acetic acid sensitivity of glucose- and xylose-grown cultures
has been attributed to the sugar fermentation rates with these sugars, with a slower
fermentation of xylose constraining the maximum rate of proton export via the plasma-
membrane ATPase. In addition to the impact of acetic acid on intracellular pH homeostasis,
intracellular accumulation of the acetate anion has been linked to increased oxidative stress and
inhibition of key enzymes, such as aldolase [45], transaldolase and transketolase [23].

Although removal of acetic acid and other inhibitors from lignocellulosic hydrolysates
can be achieved through chemical or biological detoxification, such additional steps are costly
and can cause loss of fermentable substrate [28,43,47,59]. Therefore, development of stress-
resistant yeast strains has received considerable attention. Acetic acid tolerance, which differs
among S. cerevisiae strains, is a multi-gene trait [23,35,58] which has been the objective of
metabolic and evolutionary engineering studies [51,55,70]. Guadalupe-Medina et al. [20] first
explored the in situ reduction of acetic acid to ethanol as an alternative strategy to combat acetic
acid toxicity. Under anaerobic conditions, wild-type strains of S. cerevisiae cannot metabolise
acetic acid [44]. Expression of the E. coli mhpF gene, which encodes an NAD+*-dependent
acetylating acetaldehyde dehydrogenase, introduced a pathway for NADH-dependent reduction
of acetic acid to ethanol into S. cerevisiae. When combined with inactivation of the GPD1 and
GPD2 genes, which encode glycerol-3-phosphate dehydrogenase and are essential for glycerol
production, reoxidation of NADH formed in biosynthesis was coupled to the reduction of acetic
acid to ethanol [20]. This approach completely abolished the formation of glycerol which, after
biomass and CO, is the most important by-product of industrial ethanol production. The
ensuing 13% increase in the apparent ethanol yield on sugar was caused by the elimination of
carbon loss to glycerol and the conversion of acetic acid to additional ethanol. In addition to
improving the ethanol yield on sugar, this metabolic engineering strategy enabled a partial in
situ detoxification of acetic acid by the yeast. However, the amount of acetic acid that can be

converted by the engineered yeast strain is limited by the amount of NADH resulting from
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biosynthesis which, in anaerobic cultures of wild-type yeast, is reoxidized via the formation of
glycerol [63,68].

The goal of the present study is to explore a metabolic engineering strategy for
increasing the amount of acetic acid that can be reduced to ethanol in anaerobic S. cerevisiae
cultures. The proposed strategy aims to increase the formation of surplus cytosolic NADH in
biosynthesis by replacing the native NADP+dependent yeast 6-phosphogluconate
dehydrogenase (encoded by GND1 and GNDZ [54]) with a prokaryotic NAD+-dependent enzyme.
6-phosphogluconate dehydrogenase (6-PGDH) catalyses the oxidative decarboxylation of 6-
phospho-D-gluconate to D-ribulose-5-phosphate. In S. cerevisiae, this reaction is strictly NADP+-
dependent and part of the oxidative pentose-phosphate pathway, the major NADPH-providing
pathway in this yeast [4,54]. First, the predicted impact of this strategy on increasing NADH
availability was evaluated by a theoretical stoichiometric analysis. Subsequently, three candidate
genes encoding heterologous NAD+-dependent 6-phosphogluconate dehydrogenases were
tested for functional expression in S. cerevisiae. One of these genes was then expressed in a
reference strain of S. cerevisize and in strain backgrounds that contained additional
modifications. The final set of strains also included strains in which the glycerol production
pathway had been replaced by an acetate reduction pathway. The physiological impact of these
redox-cofactor engineering interventions on product yields and acetate conversion was

quantitatively analysed in anaerobic bioreactor cultures.

3.2 Methods

3.2.1 Strains and maintenance

All S. cerevisiae strains used in this study (Table 1) were based on the CEN.PK lineage [13,39].
Stock cultures of S. cerevisiae were propagated in synthetic medium [67] or YP medium (10 g L1
Bacto yeast extract, 20 g L-1 Bacto peptone). 20 g L-1 glucose was added as carbon source. Stock
cultures of E. coli XL-1 blue were propagated in LB medium (10 g L-! Bacto tryptone, 5 g L-1 Bacto

yeast extract, 5 g L1 NaCl), supplemented with 100 pg mL-! ampicillin or 50 pg mL-1 kanamycin.
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After addition of glycerol to a concentration of 30% v/v to stationary-phase cultures, samples

were frozen and stored at -80 °C.

Table 1. S. cerevisiae strains used in this study.

Strain name Relevant Genotype Origin
CEN.PK113-7D MATa MAL2-8¢SUC2 [13]
IMX585 MATa MAL2-8c SUC2 can1::cas9-natNT2 [33]
IMK643 MATa MAL2-8c SUC2 can1::cas9-natNT2 gnd2A This work
IMX899 MATa MAL2-8c SUC2 can1::cas9-natNT2 ald6A This work
IMX705 MATa MAL2-8c SUC2 can1::cas9-natNT2 gnd2A gnd1::gndA This work
IMX706 MATa MAL2-8c SUC2 can1::cas9-natNT2 gnd2A gnd1::6pgdh This work
IMX707 MATa MAL2-8c SUC2 can1::cas9-natNT2 gnd2A gnd1:gox1705 This work
IMX756 MATa MAL2-8c SUC2 can1::cas9-natNT2 gnd24 gnd1::gndA ald6A This work
IMX817 MATa MAL2-8c SUC2 can1::cas9-natNT2 gnd2A gnd1::gndA ald6A gpd2::eutE This work
IMX860 MATa MAL2-8c SUC2 can1::cas9-natNT2 gnd2A gnd1::gndA ald6A gpd2::eutE gpd1A This work
IMX883 MATa MAL2-8c SUC2 can1::cas9-natNT2 gpd2::eutE This work
IMX888 MATa MAL2-8c SUC2 can1::cas9-natNT2 gpd2::eutE gpd1A This work

Table 2. Plasmids used in this study.

Name Characteristics Origin
pBOL199 Delivery vector, p426-TDH3p-eutE [36]
pMEL11 2 pm ori, amdS, SNR52p-gRNA.CAN1.Y-SUP4t [33]
pROS11 AmdSYM-gRNA.CAN1-2mu-gRNA.ADE2 [33]
pUDE197 2 pm ori, p426-TDH3p-eutE-CYC1t This work
pUDIO76 pRS406-TDH3p-eutE-CYC1t This work
pUDR122 2 pm ori, amdS, SNR52p-gRNA.GND2.Y-SUP4t This work
pUDR123 2 um ori, amdS, SNR52p-gRNA.GND1.Y-SUP4t This work
pMK-RQ-gndA Delivery vector, TPI1p-gndA-CYCIt GeneArt, Germany

PMK-RQ-6pgdH
pMK-RQ-gox1705

Delivery vector, TP1Ip-6pgdh-CYC1t
Delivery vector, TPI1p-gox1705-CYCIt

GeneArt, Germany

GeneArt, Germany

3.2.2 Plasmid and cassette construction

Yeast genetic modifications were performed using a chimeric CRISPR/Cas9 genome-editing

system [11]. Plasmid pMEL11 [33] was used to individually delete GND1, GND2 and ALD6.

Plasmid pROS11 [33] was used to delete GPD1 and GPD2. Unique CRISPR/Cas9 target sequences

in each of these genes were identified based on a provided list [11]. Plasmid backbones of

pMEL11 and pROS11 were PCR amplified using primers 5792-5980 and the double-binding

primer 5793 (Supplementary Table S1), respectively. Oligonucleotides were custom synthesized
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by Sigma-Aldrich, St. Louis, MO, USA. Plasmid insert sequences, expressing the 20 bp gRNA-
targeting sequence, were obtained by PCR with primer combinations 5979-7365 for GNDI1,
5979-7231 for GND2 and 5979-7610 for ALD6, using pMEL11 as a template. Insert sequences
expressing the gRNA sequences targeting GPD1 and GPD2 were obtained by PCR using the
double-binding primers 6965 and 6966, respectively, with pROS11 as template. PCR
amplifications for construction of plasmids and expression cassettes were performed using
Phusion® High Fidelity DNA Polymerase (Thermo Scientific, Waltham, MA, USA), according to
the manufacturer’s guidelines. Plasmid pre-assembly was performed using the Gibson
Assembly® Cloning kit (New England Biolabs, Ipswich, MA, USA) according to the supplier’s
protocol, downscaled to 10 pl total volume. Assembly was enabled by homologous sequences at
the 5’ and 3’ ends of the generated PCR fragments.

Assembly of the pMEL11 backbone and the insert sequences coding for the gRNAs
targeting GND1 and GNDZ2 yielded plasmids pUDR122 and pUDR123, respectively. In each case, 1
uL of the Gibson-assembly mix was used for electroporation of E. coli XL-1 blue cells in a Gene
PulserXcell Electroporation System (Biorad, Hercules, CA, USA). Plasmids were re-isolated from
E. coli cultures using a Sigma GenElute Plasmid kit (Sigma-Aldrich). Correct assembly of
plasmids was confirmed by diagnostic PCR (Dreamtaq®, Thermo Scientific) or restriction
analysis. A list of the plasmids used in this study is presented in Table 2. The ALD6-, GPD1- and
GPD2-gRNA-expressing plasmids were not pre-assembled. Instead, the backbone and insert
fragments were transformed directly into yeast and plasmids were assembled in vivo.

Sequences of Methylobacillus flagellatus KT gndA [Genbank: AAF34407.1], Gluconobacter
oxydans 621H gox1705 [Genbank: AAW61445.1] and Bradyrhizobium japonicum USDA 110
6pgdh were codon optimized based on the codon composition of highly expressed glycolytic
genes [69]. In the case of B. japonicum, the sequence of 6pgdh was obtained by aligning its
translated genomic sequence [Genbank: NC_004463.1] with the other two proteins (45% and
57% similarity respectively). In yeast integration cassettes, the codon-optimized coding

sequences of these bacterial genes were flanked by the native yeast promoter of TPI1 and the
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terminator of CYC1. Complete expression cassettes [Genbank: KU601575, KU601576,
KU601577] were synthesized by GeneArt GmbH (Regensburg, Germany) and delivered in pMK-
RQ vectors (GeneArt). After cloning in E. coli, plasmids were re-isolated and used as templates
for PCR amplification of the integration cassettes. The integration cassettes TPI1p-gndA-CYCIt,
TPI1p-6pgdH-CYC1t and TPI1p-gox1705-CYC1t were obtained by PCR using, respectively, primer
combination 7380-7381 and plasmids pMK-RQ-gndA, pMK-RQ-6pgdH and pMK-RQ-gox1705 as
templates.

A gene encoding E. coli eutE [Genbank: WP_001075673.1], codon-pair optimized for
expression in S. cerevisiae [49] was obtained from pBOL199 by digestion with Xhol/Spel and
ligated into pAG426GPD-ccdB (Addgene, Cambridge, MA, USA), yielding the multi-copy plasmid
pUDE197. For integration cassette preparation, Sacl/Eagl-digested pRS406 (Addgene) was used
as a plasmid backbone and ligated with the TDH3p-eutE-CYC1t cassette [Genbank: KU601578],
which was obtained from pUDE197 by digestion with the same restriction enzymes, yielding
plasmid pUDIO76.

The integration cassette TDH3p-eutE-CYC1t was amplified using primers 7991 and 7992
with plasmid pUDI076 as template. These primers were designed to add 60 bp of DNA sequence
at the 5’ and 3’ ends of the PCR products, corresponding to the sequences directly upstream and
downstream of the open-reading frames of the targeted chromosomal genes. The TPI1p-gndA-
CYC1t, TPI1p-6pgdH-CYCIt and TPI1p-gox1705-CYCIt expression cassettes were targeted to

GND1 and the TDH3p-eutE-CYC1t cassette was targeted to GPD2.

3.2.3 Strain construction

Yeast transformations were performed using the lithium acetate method [16]. Selection of
mutants was performed on synthetic medium agar plates (2% Bacto Agar, BD, Franklin Lakes,
NJ) [67] with 20 g L1 glucose as carbon source and with acetamide as sole nitrogen source [56].
In each case, correct integration was verified by diagnostic PCR, using primer combinations

binding outside the targeted loci as well as inside the coding sequences of the integrated
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cassettes (Supplementary Table S1). Plasmid recycling after each transformation was performed
as described previously [56].

Strain IMK643 was obtained by markerless CRISPR/Cas9-based deletion of GND2 by co-
transformation of the gRNA-expressing plasmid pUDR123 and the repair oligo nucleotides
7299-7300. The TPI1p-gndA-CYC1t, TPI1p-6pgdH-CYC1t and TPI1p-gox1705-CYCIt integration
cassettes were transformed to IMK643, along with the gRNA expressing plasmid pUDR122,
yielding strains IMX705, IMX706 and IMX707 respectively. Co-transformation of the pMEL11
backbone, the ALD6-targeting gRNA-expressing plasmid insert and the repair oligonucleotides
7608-7609 to strains IMX705 and IMX585 yielded strains IMX756 and IMX899 respectively, in
which ALD6 was deleted without integration of a marker. Co-transformation of the pROS11
backbone, the GPD2-targeting gRNA-expressing plasmid insert and the TDH3p-eutE-CYCIt
integration cassette to strains IMX756 and IMX585 yielded strains IMX817 and IMX883
respectively. Markerless deletion of GPD1 in strains IMX817 and IMX883 was performed by co-
transformation of the pROS11 backbone, the GPD1-targeting gRNA-expressing plasmid insert

and the repair oligo nucleotides 6967-6968, yielding strains IMX860 and IMX888 respectively.

3.2.4 Cultivation and media

Shake-flask cultures were grown in 500-mL flasks containing 100 mL of synthetic medium [67]
supplemented with glucose to a final concentration of 20 g L-! under an air atmosphere. The pH
was adjusted to 6 by addition of 2 M KOH before autoclaving at 120 °C for 20 min. Glucose
solutions were autoclaved separately at 110 °C for 20 min and added to the sterile flasks.
Vitamin solutions [67] were filter sterilized and added to the sterile flasks separately. Cultures
were grown at 30 °C and shaken at 200 rpm. Initial pre-culture shake flasks were inoculated
from frozen stocks in each case. After 8 to 12h, fresh pre-culture flasks were inoculated from the
initial flasks. Cultures prepared in this way were used for shake-flask experiments or as
inoculum for anaerobic bioreactor experiments. Bioreactors were inoculated from exponentially
growing pre-culture flasks to an initial ODgso of 0.2-0.3. Anaerobic batch cultivations were

performed in 2-L Applikon bioreactors (Applikon, Schiedam, The Netherlands) with a 1-L
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working volume. All anaerobic batch fermentations were performed in synthetic medium (20 g
L-1 glucose), prepared as described above. Anaerobic growth media additionally contained 0.2 g
Lt sterile antifoam C (Sigma-Aldrich), ergosterol (10 mg L-1) and Tween 80 (420 mg L-1), added
separately. Bioreactor cultivations were performed at 30 °C and at a stirrer speed of 800 rpm.
Nitrogen gas (<10 ppm oxygen) was sparged through the cultures at 0.5 L min-! and culture pH
was maintained at 5 by automated addition of 2 M KOH. Bioreactors were equipped with
Norprene tubing and Viton O-rings to minimize oxygen diffusion. All strains and conditions were

tested in independent duplicate cultures.

3.2.5 Analytical methods

Determination of optical density at 660 nm was done using a Libra S11 spectrophotometer
(Biochrom, Cambridge, UK). Off-gas analysis, biomass dry weight measurements, HPLC analysis
of culture supernatants and correction for ethanol evaporation in bioreactor experiments were
performed as described previously [20]. For anaerobic batch cultures, biomass concentrations
were estimated from ODesso measurements, using calibration curves based of a minimum of six
samples taken in mid-exponential phase for which both biomass dry weight and ODesso were
measured. Yields of each fermentation were calculated from a minimum of six samples taken
during the mid-exponential growth phase by plotting either biomass against substrate, ethanol
against substrate, glycerol against substrate, acetate against substrate, glycerol against biomass
or acetate against biomass and calculating the absolute value of the slopes of the resulting linear

fits.

3.2.6 Enzyme-activity assays

Cell extracts for in vitro enzyme-activity assays were prepared as described previously [30] from
exponentially growing shake-flask cultures harvested at an ODeso between 4 and 5.
Spectrophotometric assays were performed at 30 °C and conversion of NAD+*/NADP+ to
NADH/NADPH was monitored by measuring absorbance at 340 nm. For NAD*- or NADP+-linked
6-phosphogluconate dehydrogenase, the 1-mL assay mixture contained 50 mM Tris-HCl (pH

8.0), 5 mM MgCl;, 0.4 mM NAD* or NADP+ and 50 or 100 pL of cell extract. Reactions were
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started by addition of 6-phosphogluconate to a concentration of 5 mM. Glucose-6-phosphate
dehydrogenase activity was routinely measured as a quality check of the cell extracts, using an
assay mix containing 50 mM Tris-HCI (pH 8.0), 5 mM MgCl, 0.4 mM NADP+ and 50 or 100 pl of
cell extract in a volume of 1 mL. The reaction was started by addition of glucose-6-phosphate to
a concentration of 5 mM. NADP+-linked glucose-6-phosphate dehydrogenase activities in
different cell extracts varied between 0.43 and 0.55 pmol (mg protein)-! min-.. All assays were

performed in duplicate and reaction rates were proportional to the amount of cell extract added.

3.3 Results

3.3.1 Theoretical analysis of the stoichiometric impact of altering the cofactor
specificity of 6-PGDH

Based on the assumption that the oxidative pentose-phosphate pathway is the predominant
source of NADPH in glucose-grown cultures of S. cerevisiae [4,68], replacing the native NADP+-
dependent 6-phosphogluconate dehydrogenase with an NAD*-dependent enzyme should result
in an increased growth-coupled formation of cytosolic NADH. To predict the impact of this
cofactor switch on the glycerol yield in anaerobic, glucose-grown cultures, a stoichiometric
analysis with lumped reactions for biosynthesis, NADPH formation, NADH reoxidation and ATP-
generating alcoholic fermentation was performed (Supplementary Table S2). Calculations were
based on a previous analysis of anaerobic, glucose-limited chemostat cultures of wild-type S.
cerevisiae growing at a fixed specific growth rate of 0.10 h-t [68]. The flux distribution in central
metabolism was determined for the formation of 1 g of biomass (indicated as gy; Fig. 1; top
numbers) based on an experimentally determined biomass yield on glucose of 0.103 gy g1 [68],
which corresponds to a glucose requirement of 53.94 mmol gy!. In the analysis, lumped
stoichiometries for biosynthesis, NADPH formation via the pentose-phosphate pathway, NADH
reoxidation through glycerol formation and redox-neutral, ATP-generating alcoholic

fermentation were described by Equations 1, 2, 3 and 4, respectively [68].
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Figure 1. Theoretical stoichiometric comparison of the anaerobic metabolism of S. cerevisiae expressing a
strictly NAD+*-dependent 6-PGDH to wild-type S. cerevisiae. Numbers in boxes represent the carbon
distribution and grey numbers in boxes represent the requirement for glucose and cofactors in mmol gx1,
normalized for the formation of 1 g of biomass in the two scenarios: native, NADP+-dependent 6-PGDH
(top, blue colour) and heterologous, NAD+*-dependent 6-PGDH (bottom, red colour). Blue: Glycolysis and
alcoholic fermentation; Green: Pentose-phosphate pathway; Purple: Glycerol formation pathway; Grey:
Biosynthesis according to [68], which, together with the ATP requirement for biosynthesis, was assumed
to be identical for both scenarios. The oxidative branch of the pentose phosphate pathway was assumed to

be the only NADPH formation pathway. Figure adapted from [21].
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6.69 C¢H1206 + 6.3 NH3 + 6.48 NADPH + 11.02 NAD*+ 6.48 H* > 1 g C375He.6No.6302.1 + 6.48
NADP+ + 11.02 NADH + 2.61 COz+ 11.02 H* + 11.05 H;0 (Eq. 1)

CsH1206+ 2 NADP+ + H20 + 1.67 ADP + 1.67 P; >1.67 C;HsO + 2 NADPH + 2H* + 1.67 ATP + 1.67
H.0 + 2.67 CO2 (Eq. 2)

CsH1206+ 2 NADH + 2 H* + 2 ATP - 2 C3HgO3 + 2 NAD* + 2 ADP + 2 P; (Eq. 3)

CsH1206+ 2 ADP + 2 P; 22 C:H¢O + 2 ATP + 2 CO; (Eq. 4)

From Equations 1-4, anaerobic formation of 1 g of wild-type S. cerevisiae biomass from
glucose can be calculated to require 71.38 mmol ATP for biosynthesis and 11.02 mmol ATP for
NAD* regeneration and to result in the formation of 11.02 mmol glycerol g,! and 82.4 mmol
ethanol gy!. This corresponds to a predicted glycerol yield on glucose of 0.104 g g and an
ethanol yield on glucose of 0.391 g g1

When the cofactor specificity of 6-phosphogluconate dehydrogenase is changed from
NADP+ to NAD+, formation of NADPH in the oxidative branch of the pentose-phosphate pathway
only occurs in the glucose-6-phosphate dehydrogenase reaction. As a result, only 1 mol of
NADPH is formed for each mol of glucose converted via this pathway and, moreover, its
formation is coupled to the formation of 1 mol of NADH (Fig. 1; bottom numbers). In this
scenario, Eq. 2 should therefore be replaced by NADPH formation according to Eq. 5.

CsH1206 + NADP++ NAD* + H20 + 1.67 ADP + 1.67 Pi »1.67 C2H¢O + NADPH + NADH + 2H* + 1.67
ATP +2.67 CO; (Eq.5)

Assuming an identical ATP, NAD* and NADPH requirement for biosynthesis of 1 g of
biomass (Eq. 1) and exclusive formation of NADPH via this modified version of the oxidative
pentose-phosphate pathway (Eq. 5), the flux through the pentose-phosphate pathway should, at
the same specific growth rate, be twice as high in the engineered strain as in the wild type (Fig.
1). As a result, an additional 6.48 mmol g1 NADH are generated which, under anaerobic
conditions, need to be reoxidized to NAD+ via glycerol formation (Eq. 3). The increased ATP
requirement for glycerol formation also requires an increased conversion of glucose into

ethanol, according to the stoichiometry shown in Equation 4. The total amount of glucose that is
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required for production of 1 g of biomass in this scenario increases to 60.96 mmol g,! (Fig. 1). As
a result, the glycerol yield on glucose is predicted to increase to 0.147 g g1 (41% increase
relative to wild type), while the ethanol yield on glucose is predicted to decrease to 0.373 g gt
(5% decrease relative to wild type). Furthermore, the biomass yield on glucose is predicted to
decrease to 0.091 g g1 (12% decrease relative to wild type) in the engineered strain. This

corresponds to an increase of 59% on the glycerol formed per g of biomass relative to wild type.

3.3.2 Characterization of S. cerevisiae strains expressing NAD*-dependent 6-PGDH

To assess the feasibility of changing the cofactor specificity of 6-PGDH from NADP+ to NAD*, two
bacterial genes expressing NAD+-dependent enzymes (from M. flagellatus and B. japonicum)
[8,57] and one expressing an NAD+-preferring enzyme (from G. oxydans) [48] were expressed in
S. cerevisiae. To this end, GNDI and GNDZ2, which encode the major and minor isoform
respectively, of NADP+-dependent 6-PGDH in S. cerevisiae, were first deleted using CRISPR/Cas9
genome-editing. The three bacterial genes were codon-optimized for expression in S. cerevisiae,
placed under the control of the strong constitutive TPI1 promoter and individually integrated at
the GND1 locus. In shake-flask cultures on glucose-containing synthetic medium, the gndiA
gnd2A strains expressing either M. flagellatus gndA or G. oxydans gox1705 grew at nearly the
specific growth rate of the parental GND1 GNDZ2 strain (Table 3). Strain IMX706, which
expressed B. japonicum 6pgdh, showed a 22% lower growth rate than the reference strain.
Expression of the heterologous 6-PGDH enzymes in S. cerevisiae was further investigated
by measuring NAD+- and NADP+-linked enzyme activities in cell extracts of glucose-grown
shake-flask cultures (Fig. 2). All three gnd14 gnd2A strains expressing bacterial 6-PGDH genes
showed high specific activities with NAD+ as the electron acceptor and low activities with NADP+
(Fig. 2). Therefore, replacing the native S. cerevisiae 6-PGDH isoenzymes with the bacterial
enzymes resulted in an up to 4000-fold increase of the ratio of the in vitro activities, with NAD+
and NADP+ as the cofactors (Table 3). Strain IMX705, expressing gndA from M. flagellatus,
showed the highest in vitro NAD*-dependent 6-PGDH activity (0.49 * 0.1 pmol mg protein-! min-

1) (Fig. 2) as well as the highest ratio of NAD+- versus NADP+-linked activities (46 + 10) (Table 3).
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Based on these results, strain IMX705 (gnd24 gnd1::gndA) was used to further investigate the

physiological impact of changing the cofactor specificity of 6-PGDH from NADP+ to NAD*.

0.0 ; =, ===\ 'I.—I | — T
IMX585 IMX705 IMX706 IMX707

Enzymatic activity (Lmol mg protein'1 min™)

Figure 2. Activities of NADP*-dependent 6-PGDH (left, white bars) and NAD+*-dependent 6-PGDH (right,
grey bars) in cell extracts of exponentially growing shake-flask cultures on synthetic medium containing
20 g L glucose. From left to right: S. cerevisiae strains IMX585 (GND1 GND2), IMX705 (gnd24 gnd1::gndA),
IMX706 (gnd24 gnd1::6pgdh) and IXM707 (gnd24 gnd1::gox1705). Data represent the average and mean

deviation of independent duplicate experiments.

Table 3. Maximum specific growth rates in shake-flask cultures and ratio of NAD*- and NADP+-linked 6-
phosphogluconate dehydrogenase activity in cell extracts of a reference S. cerevisiae strain with native
NADP+-dependent 6-phosphogluconate dehydrogenase (IMX585) and three strains expressing different
heterologous NAD*-dependent 6-phosphogluconate dehydrogenases (IMX705-707). Shake-flask cultures
(initial pH 6) were grown on synthetic medium containing 20 g L-! glucose under an air atmosphere and
cell extracts were prepared from exponentially growing cultures. Data represent the average and mean

deviation of data from independent duplicate cultures.

Strain Relevant genotype pu(h1) NAD+/NADP+ linked activity ratio
IMX585 GND1 GND2 0.38+0.01 <0.01

IMX705 gnd2A gnd1::gndA 0.36 +0.00 46+ 10

IMX706 gnd2A gnd1::6pgdh 0.28 +0.01 5+0.2

IMX707  gnd2A gnd1::gox1705 0.36 +0.00 11+0.5
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For a quantitative analysis of the impact of the 6-PGDH cofactor change, growth and
product formation were studied in anaerobic, glucose-grown bioreactor batch cultures of S.
cerevisiae strains IMX585 (GND1 GND2) and IMX705 (gnd24 gnd1::gndA). Glycerol formation of
strain IMX585 was 12.19 mmol g, (Table 4), which closely corresponded to the theoretically
predicted 11.02 mmol g,1. As observed in the shake-flask experiments, the specific growth rate
of the two strains in anaerobic bioreactors was similar (Table 4), resulting in complete
consumption of glucose within ca. 12 h after inoculation (Fig. 3a-b). This result is consistent with
earlier reports [6,7] which show that NADPH metabolism in S. cerevisiae is sufficiently flexible
and likely still able to provide a sufficient flux of NADPH formation following a switch in cofactor
specificity of 6-PGDH. Glycerol formation of strain IMX705 (gnd24 gnd1::gndA) was 15.14 mmol
g1, which corresponds to an increase of 24% compared to the reference strain IMX585. The
corresponding glycerol yield on glucose of strain IMX705 in these anaerobic batch cultures was
0.121 g g, which was 15% higher than that of the reference strain IMX585 (GND1 GNDZ2) (Table
4). Although the change in cofactor specificity of 6-PGDH resulted in increased glycerol
formation, the magnitude of the increase was below the predicted 59% increase in glycerol per

biomass and 41% increase of the glycerol yield on glucose.
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Figure 3. Fermentation product profiles in anaerobic bioreactor batch cultures of S. cerevisiae strains
IMX585 (panel A; GND1 GNDZ2), IMX705 (panel B; gnd2A gnd1::gndA), IMX899 (panel C; GND1 GND2
aldé64) and IMX756 (panel D; gnd2A gnd1::gndA ald64). Glucose = filled circles; Biomass = filled squares;

Glycerol = open squares; Ethanol = open circles; Acetate = open triangles. All cultures were grown on

synthetic medium containing 20 g L' glucose (pH 5; Panel E: Glycerol yields on glucose of the above

cultures; Panel F: Ethanol yields on glucose of the above cultures, corrected for ethanol evaporation.

Panels A-D display single representative cultures from a set of two independent duplicate cultures for

each strain. Data on yields represent the average and mean deviation of independent duplicate cultures.
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Table 4. Maximum specific growth rate (p), yields (Y) of glycerol, biomass and ethanol on glucose and the
ratios of glycerol and acetate formation to biomass formation in anaerobic bioreactor batch cultures of S.
cerevisiae strains IMX585, IMX705, IMX899 and IMX756. Cultures were grown on synthetic medium
containing 20 g L! glucose (pH 5). Yields and ratios were calculated from the exponential growth phase.
The ethanol yield on glucose was corrected for evaporation. Values represent average and mean deviation

of data from independent duplicate cultures. Carbon recovery in all fermentations was between 95-100%.

Strain IMX585 IMX705 IMX899 IMX756
Relevant genotype GND1 GND2 gnd24 gnd1:gndA GND1 GND2 ald6A gnd2A gnd1::gndA ald6A
pn (h1) 0.32 +0.00 0.30+0.01 0.29+0.01 0.26 +0.01

Y glycerol/glucose (g g'1) 0.105 £ 0.000 0.121 £ 0.001 0.106 + 0.000 0.146 + 0.000

Y biomass/glucose (gx g1) 0.094 + 0.004 0.087 +0.002 0.088 +0.001 0.083 £0.002

Y EtOH/glucose (g g1) 0.372 £ 0.001 0.379 £ 0.001 0.386 + 0.000 0.374 + 0.002
Ratio glycerol formed/biomass (mmol gx1) 12.19+0.44 15.14 £ 0.22 12.83 +0.39 18.90 + 0.56
Ratio acetate formed/biomass (mmol gx1) 1.50 £0.03 1.63+£0.02 <0.05 <0.05

Anaerobic cultures of strain IMX705 (gnd24 gnd1::gndA) showed a ca. 9% higher
production of extracellular acetate than those of the reference strain IMX585 (Table 4). Acetate
can be formed via cytosolic NADP+-dependent acetaldehyde dehydrogenase, which is encoded
by ALD6 and provides an alternative route of cytosolic NADPH formation [18]. NADPH
formation through Ald6 is not desirable in an ethanol producing strain, since it decreases the
impact of the cofactor switch of 6-PGDH and results in the production of acetate instead of
ethanol. To eliminate this alternative NADPH-forming route, ALD6 was deleted in strain IMX705,
yielding strain IMX756 (gnd24 gnd1::gndA ald6A). To distinguish the impact of ALD6 deletion
alone and in combination with NAD+*-dependent 6-PGDH, ALD6 was also deleted in strain
IMX585, yielding strain IMX899 (GND1 GNDZ2 ald64). Strains IMX899 (GND1 GNDZ2 ald6A) and
IMX756 (gnd24 gnd1::gndA ald6A) were then characterized in anaerobic bioreactor experiments
under the same conditions as the previous experiments with their parental strains IMX585 and
IMX705 (Table 4, Fig. 3 c-d). Deletion of ALD6 in strains of IMX899 (GND1 GNDZ2 ald64) and
IMX756 (gnd2A gnd1::gndA ald6A) resulted in slightly lower specific growth rates (90% and
81%, respectively) than those observed in the case of the reference strain IMX585 (GND1 GNDZ2).
The additional growth rate decrease of strain IMX756 could be an indication of a limited

capacity of NADPH formation in the absence of both Ald6 and NADP+-dependent 6-PGDH.
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Inactivation of ALD6 resulted in a strong decrease in the production of acetate during the
early stages of the anaerobic cultures, and acetate concentrations even dropped to below
detection level during the later stages of cultivation in both IMX899 (GND1 GNDZ2 ald64) and
IMX756 (gnd2A gnd1::gndA ald64) (Fig. 3). In strain IMX899, the deletion of ALD6 resulted in a
glycerol production of 12.83 mmol g1 compared to 12.19 mmol g«?! for IMX585 (Table 4). This
small difference suggested that, in the presence of native 6-PGDH, the contribution of Ald6 to
NADPH formation is limited in this strain background. However, in combination with gndA
overexpression and deletion of GND1 and GNDZ2, deletion of ALD6 resulted in a 55% increase of
the glycerol formation, from 12.19 mmol g,! in IMX585 to 18.90 mmol g,! in strain IMX756
(Table 4), which closely corresponds to the theoretically predicted 59% increase. The biomass
yield of strain IMX756 (gnd24 gndl1::gndA ald6A) was 13% lower than the reference strain
IMX585 (GND1 GND2), as compared to a theoretically predicted 12% decrease. The
corresponding glycerol yield on glucose of strain IMX756 was 39% higher (0.146 g g1 compared

to 0.105 g g1) than the glycerol yield of the GND1 GNDZ reference strain IMX585 (Table 4).

3.3.3 Theoretical analysis of the impact of changing the cofactor specificity of 6-
PGDH in an acetate-reducing strain

Guadalupe Medina et al. [20] showed that expression of an E. coli acetylating acetaldehyde
dehydrogenase (MhpF, EC 1.2.1.10) could complement the anaerobic growth defect on glucose
of a gpd1A gpd2A S. cerevisiae strain when acetate was added to growth media. Expression of the
E. coli mhpF gene completed a functional pathway for NADH-dependent reduction of acetate to
ethanol in S. cerevisiae that further involved the native acetyl-CoA synthetases Acs1 and/or Acs2
[62] and the native alcohol dehydrogenases Adh1-Adh5 [9]. As a result, NADH reoxidation
through glycerol formation (Eq. 3) was functionally replaced by reduction of acetate to ethanol,
according to the following lumped stoichiometry:
C2H402 + 2 NADH + 2H* + ATP - C;HsO + 2 NAD+ + AMP + PP; (Eq. 6)

First, the stoichiometry of central metabolism for the formation of 1 g of biomass was

analysed for such an acetate-reducing strain under the assumption of identical to wild-type ATP,

125



NAD* and NADPH requirements for biosynthesis (Eq. 1) and cofactor regeneration according to
Eq. 2 and Eq. 6 (Supplementary Table S2). Under these conditions, a glucose requirement of
48.43 mmol gt (Fig. 4; top numbers) is predicted for an acetate-reducing strain. NADH
reoxidation in this scenario requires 5.51 mmol g, acetate which, together with ATP-generating
alcoholic fermentation (Eq. 4), results in the formation of 87.91 mmol ethanol per gram of
biomass (Fig. 4; top numbers). In this situation, the glycerol yield on glucose is assumed to be
zero and the predicted ethanol yield on glucose increases to 0.464 g g, compared to 0.391 g g'!

in anaerobic cultures of wild-type S. cerevisiae.
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Figure 4. Theoretical stoichiometric comparison of the anaerobic metabolism of acetate reducing S.
cerevisiae expressing a strictly NAD*-dependent 6-PGDH to acetate reducing S. cerevisiae expressing the
native 6-PGDH. Numbers in boxes represent the carbon distribution and grey numbers in boxes represent
the requirement for glucose and cofactors in mmol gx!, normalized for the formation of 1 g of biomass in
the two scenarios: native, NADP*-dependent 6-PGDH (top, blue colour) and heterologous, NAD*-
dependent 6-PGDH (bottom, red colour). Blue: Glycolysis and alcoholic fermentation; Green: Pentose-

phosphate pathway; Purple: Glycerol formation pathway; Black: Acetate to ethanol reduction pathway.
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Grey: Biosynthesis according to [68], which, together with the ATP requirement for biosynthesis, was
assumed to be identical for both scenarios. Glycerol formation in this case was assumed to be zero. The
Acs-catalysed reaction requires the hydrolysis of ATP to AMP and pyrophosphate, which is
stoichiometrically equivalent to hydrolysis of 2 ATP to 2 ADP. The oxidative branch of the pentose
phosphate pathway was assumed to be the only NADPH formation pathway. Figure adapted from [21].

Changing the cofactor specificity of 6-PGDH from NADP+ to NAD+ (Eq. 5) in an acetate-
reducing strain should result in an increase in the acetate requirement to 8.75 mmol gt (Figure
4; bottom numbers). This corresponds to an increase of 59% relative to the strain expressing the
native enzyme. As reduction of acetate to ethanol requires ATP (Eq. 6), the requirement for
glucose in this scenario increases to 52.21 mmol g« resulting in the formation of 97.63 mmol g,
1 ethanol. This scenario, therefore, results in an increase in acetate consumption per g of
consumed glucose to 0.056 g, which corresponds to an increase of 47% relative to an acetate-
reducing strain expressing native, NADP+-dependent 6-PGDH. Additionally, the apparent ethanol

yield on glucose is predicted to further increase, by an additional 3%, to 0.478 g g-..

3.3.4 Physiological impact of gndA expression and ALD6 deletion in an acetylating
acetaldehyde dehydrogenase expressing strain

To experimentally investigate the combined effect of changing the cofactor specificity of 6-PGDH,
deleting cytosolic NADP+-dependent acetaldehyde dehydrogenase, implementing a NADH-
dependent pathway for reduction of acetate to ethanol and eliminating the glycerol production
pathway, an overexpression cassette for E. coli eutE (encoding acetylating acetaldehyde
dehydrogenase) was integrated at the GPDZ2 locus of strain IMX756, yielding S. cerevisiae IMX817
(gnd24 gnd1::gndA ald6A GPD1 gpd2::eutE). Subsequent deletion of GPD1 yielded strain IMX860
(gnd24 gnd1::gndA ald6A gpd1A gpd2::eutE). The acetate-reducing IMX888 (GND1 GND2 gpd1A
gpd2::eutE) was used as a reference strain. Growth, substrate consumption and product
formation of strains IMX860 (gnd24 gnd1::gndA ald6A gpd1A gpd2::eutE) and IMX888 (GND1
GND2 gpdlA gpd2:eutE) were investigated in anaerobic bioreactor batch cultures (Fig. 5).

Except for the supplementation of 3 g L-1 acetic acid, growth conditions were identical to those
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described above. The impact of acetic-acid addition was also investigated in the parental, non-
acetate reducing strain IMX585 (GND1 GND2 GPD1 GPD2).

In the cultures of the non-acetate reducing reference strain IMX585, addition of acetic
acid caused a slight decrease in its specific growth rate, from 0.32 h-1 to 0.28 h-1 (Table 4 and 5).
Furthermore, in the presence of 3 g L-1 acetic acid, the biomass yield on glucose decreased by
19% from 0.094 g g! to 0.076 g g! and the glycerol yield on glucose decreased by 43% from
0.105 g gt to 0.060 g g'. Simultaneously, the ethanol yield on glucose (corrected for ethanol
evaporation) increased by 17% to 0.433 g g1 (Table 4 and 5). This physiological response of the
reference strain IMX585 to acetic acid addition reflects the increased requirement for ATP and,
hence, for alcoholic fermentation to meet the increased energy requirements associated with
acetic-acid diffusion into the cells, and is consistent with previously reported results [2,46].
Contrary to the assumption in the stoichiometric analysis, strain IMX585 (GND1 GND2 GPD1
GPD2) showed an acetate consumption of 2.44 mmol g«! (Table 5), which probably reflects a
combination of acetate accumulation inside the cells as well as acetate consumed for synthesis of
acetyl-CoA; an acetate consumption of ca. 1.04 mmol gy! for synthesis of cytosolic acetyl-CoA is
expected if no acetate is formed from glucose [15]. To compare the impact of the 6-PGDH
cofactor switch in strains IMX860 and IMX888, this basal-level acetate consumption will have to
be taken into account. In the presence of acetate, the formation of glycerol by IMX585 decreased
from 12.19 mmol g,! to 8.50 mmol g1, which is in line with the observation that the glycerol
yield on glucose decreased more than the biomass yield and that some acetate was used for
acetyl-CoA synthesis, thereby decreasing NADH formation.

The maximum specific growth rate of the acetate reducing strain with native 6-PGDH
(IMX888) in the presence of acetate was 93% of that of the reference strain IMX585 (Table 5).
This represents a significant improvement in the specific growth rate relative to what was
previously reported for a gpd14 gpd2A strain expressing mhpF from E. coli which, in the same
genetic background, displayed only half the growth rate of a GPD1 GPDZ2 reference strain [20].

This difference indicates that, in the previous study, the in vivo activity of the heterologous

128



acetylating acetaldehyde dehydrogenase limited the rate of acetate reduction and, thereby, the
specific growth rate. The apparent ethanol yield on glucose (corrected for ethanol evaporation
but not for use of acetate as a substrate for ethanol formation) of strain IMX888 (GND1 GND2
gpd1A gpd2::eutE) was 0.474 g g1, compared to 0.433 g g1 of the reference strain IMX585 (GND1
GND2 GPD1 GPDZ2) (Table 5). This corresponds to an increase of 9% and is consistent with a
previous report on a gpd14 gpd2A strain that overexpressed mhpF [20]. Strain IMX888 (GND1
GND2 gpd1A gpd2::eutE) showed an acetate consumption of 6.92 mmol g,! (Table 5). Corrected
for the acetate-consumption of strain IMX585 as described above, it follows that 4.48 mmol g,!
acetate were reduced to ethanol via the EutE-dependent pathway. The corresponding
regeneration of 8.96 mmol NAD* g1 is very close to the regeneration of 8.50 mmol NAD+ g,-! via

glycerol production of strain IMX585 (Table 5).
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Figure 5. Fermentation product profiles in anaerobic bioreactor batch cultures of S. cerevisiae strains
IMX585 (panel A; GND1 GND2 GPD1 GPD2), IMX888 (panel B; GND1 GND2 gpd2::eutE gpd14), IMX860
(panel C; gnd24 gnd1::gndA gpd2::eutE gpd1A). Glucose = filled circles; Biomass = filled squares; Glycerol =
open squares; Ethanol = open circles; Acetate = open triangles. All cultures were grown on synthetic
medium containing 20 g L-! glucose and 3 g L acetic acid (pH 5); Panel E: Ratio of acetate to glucose
consumption of the above cultures; Panel F: Ratio of acetate consumption per biomass formed of the
above cultures. Panels A-C display single representative cultures from a set of two independent duplicate
cultures for each strain. Data on ratios represent the average and mean deviation of independent

duplicate cultures.
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The NAD*-dependent 6-PGDH-expressing strain IMX860 (gnd24 gnd1::gndA ald6A gpd1A
gpd2::eutE) showed a growth rate that was 29% lower than that of the reference strain IMX585
(GND1 GND2 GPD1 GPD2) (Table 5). This difference in growth rate increased the overall
fermentation time by ca. 5 h (Fig. 5). The acetate consumption of strain IMX860 (gnd24
gndl:gndA ald6A gpdlA gpd2::eutE) was 8.9 mmol g1 (Table 5). Corrected for the acetate
consumption of IMX585, this corresponds to the regeneration of 12.92 mmol NADH g,! via
reduction of 6.46 mmol g.! acetate to ethanol via the EutE-dependent pathway. These
calculations indicate that increased NADH generation via NAD*-dependent 6-PGDH resulted in a
44% increase in the EutE-dependent acetate consumption per g biomass of strain IMX860,
compared to the native 6-PGDH expressing strain IMX888. In regard to the overall fermentation
performance, strain IMX860 consumed 0.042 g acetate per g of consumed glucose, which is 31%
higher than the observed consumption of strain IMX888 (GND1 GND2 gpd1A gpd2::eutE) (Fig. 5;
Table 5). Furthermore, strain IMX860 (gnd24 gnd1::gndA ald6A gpd1A gpdZ2::eutE) showed an
apparent ethanol yield on glucose of 0.489 g g1, which corresponded to an increase of 3%
compared to strain IMX888 (GND1 GND2 gpd1A gpd2::eutE) and an increase of 13% compared to
strain IMX585 under the same conditions (Table 5). In comparison to IMX585 in the absence of
(added) acetate, the combined effects of weak-acid uncoupling, acetate-consumption and the
redox-cofactor of 6-PGDH in IMX860 increased the (apparent) ethanol yield on glucose by 32%

from 0.372 to 0.489 g g1

3.4 Discussion

This study demonstrates that altering the cofactor specificity of 6-PGDH can be used to increase
generation of NADH in the yeast cytosol, as demonstrated by the increased glycerol yield of a
gndlA gnd2A S. cerevisiae strain expressing Methylobacillus flagellatus gndA. However, the
observed increase was lower than anticipated based on theoretical calculations. Additional
deletion of ALD6, which encodes an NADP+*-dependent cytosolic acetaldehyde dehydrogenase,
was required to further increase the glycerol yield to a value close to the theoretical prediction.

Previous reports already indicated that NADP+-dependent oxidation of acetaldehyde via ALD6
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accounts for ca. 20% of the NADPH demand in wild type S. cerevisiae [6,7]. Formation of acetyl-
CoA and/or acetate via Ald6, instead of via the NAD+-dependent Ald2, Ald3 or Ald4 acetaldehyde
dehydrogenases [50], also decreases the formation of NADH. A limited capacity for NADPH
formation via the pentose-phosphate pathway in the engineered gndA expressing strain may
well lead to an increased contribution of ALD6 to NADPH regeneration, as also indicated by its
increased production of acetate. A similar response has been observed in strains in which ZWF1,
encoding NADP+-dependent glucose-6-phosphate dehydrogenase, was deleted and which
showed increased expression of ALD6 [18]. In strains engineered for acetate reduction via an
acetylating acetaldehyde dehydrogenase, deletion of ALD6 may additionally affect product
formation in another way. In combination with the heterologous acetylating acetaldehyde
dehydrogenase and acetyl-coenzyme A synthetase, Ald6 could form an ATP-driven
transhydrogenase cycle, converting cytosolic NADH into NADPH (Fig. 6), thereby decreasing the
formation of NADH from biosynthesis. In view of our results, deletion of ALD6 should be an
integral part of engineering strategies that rely on NADH-dependent acetate reduction via
acetylating acetaldehyde dehydrogenase, especially when NADH for acetate reduction is derived
from pathways that are also involved in NADPH formation.

The cofactor switch from NADP+-dependent 6-PGDH to an NAD+*-dependent enzyme, in
combination with deletion of ALDG6, elimination of glycerol formation and heterologous
expression of acetylating acetaldehyde dehydrogenase, resulted in a strain with significantly
increased acetic acid consumption per g of biomass formed in synthetic media. However, even
when corrected for acetate consumption independent of acetylating acetaldehyde
dehydrogenase, the experimentally observed acetate consumption increase of 44% was lower
than the theoretically predicted 59%. This deviation can, for instance, be caused by differences
in biomass composition due to differences between strain backgrounds and/or their specific
growth rates (specific growth rate is known to affect RNA and protein content [66]), or by
suboptimal enzyme kinetics due to lower than predicted in vivo activity/affinity of GndA with

NAD+ instead of NADP+, which could result in some NADPH formation. One clear possibility for
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further improvement is the maximum specific growth rate of the acetate-reducing strains. In
strain IMX860 (gnd24 gnd1::gndA ald6A gpd1A gpdZ2::eutE) the specific growth rate was 29%
lower than that of the reference strain IMX585 under the same conditions. The superior growth
rates of strains expressing the EutE acetylating acetaldehyde dehydrogenase, instead of the
previously used MhpF [20], identifies the in vivo capacity of this enzyme as a relevant target for
further engineering studies, especially in strains with an increased requirement for NADH-
regeneration. In addition to a systematic evaluation of alternative acetylating acetaldehyde-
dehydrogenase genes, the copy number of the corresponding expression cassettes can also vary.
Alternatively, a limited in vivo capacity of NAD+-dependent 6-PGDH, for which only 3 candidate
genes were screened, and/or of the non-oxidative pentose-phosphate pathway may be
responsible for the suboptimal growth rates of the engineered strains. As an alternative
approach, cofactor engineering of the native NADP+-dependent glucose-6-phosphate
dehydrogenase [41] might be considered. The stoichiometric impact of such an intervention is

expected to be identical to that of the strategy presented in this study.

NADP* NADPH

Aldé
Acetaldehyde Acetate
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Figure 6. Putative ATP-driven transhydrogenase cycle for converting cytosolic NADH to NADPH involving
Ald6. Acetate can be converted to acetyl-CoA via Acs1p/Acs2 at the net cost of 2 ATP (ATP to AMP and
pyrophosphate, followed by pyrophosphate hydrolysis). Acetyl-CoA can be converted to acetaldehyde via
EutE, using cytosolic NADH as electron donor. Lastly, acetaldehyde is converted back to acetate via Ald6,

thereby forming NADPH.

Recently, an alternative metabolic engineering strategy to increase the reduction of n
acetate to ethanol was described [24]. This alternative strategy is based on introduction of a
heterologous NADPH-dependent alcohol dehydrogenase in combination with overexpression of
ZWF1 and/or ACS2. In contrast to the strategy described in the present study, this alternative
strategy is not dependent on NADH generation in biosynthesis. The absence of a stoichiometric
coupling to growth potentially provides more flexibility in acetate reduction but might also lead
to cells that are less stable during long-term cultivation, since mutational loss of either ZWF1
overexpression or NADPH-dependent alcohol dehydrogenase provides a benefit for the cells.
Further research is required to study how these two strategies, which can in principle be
combined, can be used to maximize acetic-acid detoxification and optimization of ethanol yields
in lignocellulosic hydrolysates. Such research should also address the question of how changes
in NADPH formation affect cellular robustness in lignocellulosic hydrolysates, since NADPH can
play a key role in the reductive detoxification of, for example, 2-furaldehyde (furfural) and 5-
hydroxymethyl furaldehyde (HMF) to the corresponding less toxic alcohols [10,17,26]. Although
the strains in this study have a gpdid gpd2A (Gpd-) genotype, which can affect strain
performance in industrial fermentations that are operated at high osmotic pressures [1,3], this
phenotype can be overcome by additional metabolic engineering steps, such as expression of
alternative compatible solutes [53], tuning of expression of Gpd1/2 [25,37], or by evolutionary
engineering of growth in high osmolarity media [19].

The possible applications of the cofactor engineering strategy presented in this study
extend beyond increasing acetate consumption in second-generation ethanol production.
Altering the balance between glycerol and ethanol production is, for example, of interest to wine

fermentation, in which a shift of carbon away from ethanol production is desirable during
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fermentation of grapes with high sugar content [31,52]. Several previous studies have
investigated increased glycerol production as a means to decrease the ethanol content of the
wine [34,61,65] without negatively affecting its organoleptic properties [40]. A benefit of the
strategy presented in this work is that formation of the NADH required for additional glycerol
formation is coupled to carbon dioxide production rather than to increased formation of organic
products such as acetate, pyruvate or acetaldehyde, which negatively affect wine quality
[5,12,52]. However, it must be noted that, in spite of an increased glycerol formation, the ethanol
yield on glucose in our study did not decrease in a strain containing NAD+-dependent 6-
phosphogluconate dehydrogenase, caused by a larger than predicted decrease in the biomass
yield. Analysis of the applicability in wine fermentation, therefore, requires a careful analysis of
product formation under actual wine fermentation conditions. In general, this novel approach
can be used to improve production of compounds that are more reduced than glucose in
glucose-based industrial processes using S. cerevisiae. Expression of a NAD+*-dependent 6-PGDH
can also be applied in metabolic engineering strategies for production of compounds that
require pentose-phosphate pathway derived precursors, such as for example erythrose-4-
phosphate for 2-phenylethanol [14] or flavonoid production [29], but that do not require (all)

the accompanying NADPH formation.

3.5 Conclusions

This work demonstrates an efficient and versatile strategy to increase cytosolic NADH
generation in S. cerevisiae by engineering the cofactor specificity of the oxidative part of the
pentose-phosphate pathway. The strategy was successfully applied to the generation of a strain
that was able to reduce more acetate and produce more ethanol than a non-engineered, acetate-

reducing reference strain.
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Abstract

Glycerol, whose formation contributes to cellular redox balancing and osmoregulation in
Saccharomyces cerevisiae, is an important by-product of yeast-based bioethanol production.
Replacing the glycerol pathway by an engineered pathway for NAD+dependent acetate
reduction has been shown to improve ethanol yields and contribute to detoxification of acetate-
containing media. However, the osmosensitivity of glycerol non-producing strains limits their
applicability to high-osmolarity industrial processes. This study explores engineering strategies
for minimizing glycerol production by acetate-reducing strains, while retaining osmotolerance.
GPD2 encodes one of two S. cerevisiae isoenzymes of NAD+*-dependent glycerol-3-phosphate
dehydrogenase (G3PDH). Its deletion in an acetate-reducing strain yielded a 4-fold lower
glycerol production in anaerobic, low-osmolarity cultures but hardly affected glycerol
production at high osmolarity. Replacement of both native G3PDHs by an archaeal NADP+-
preferring enzyme, combined with deletion of ALD6, yielded an acetate-reducing strain whose
phenotype in low-osmolarity cultures resembled that of a glycerol-negative gpd14 gpd2A strain.
This strain grew anaerobically at high osmolarity (1 mol L glucose), while consuming acetate
and producing virtually no extracellular glycerol. Its ethanol yield in high-osmolarity cultures
was 13% higher than that of an acetate-reducing strain expressing the native glycerol pathway.
Deletion of GPD2 provides an attractive strategy for improving product yields of acetate-
reducing S. cerevisiae strains in low, but not in high-osmolarity media. Replacement of the native
yeast G3PDHs by a heterologous NADP+-preferring enzyme, combined with deletion of ALD6,
virtually eliminated glycerol production in high-osmolarity cultures while enabling efficient
reduction of acetate to ethanol. After further optimization of growth kinetics, this strategy for
uncoupling the roles of glycerol formation in redox homeostasis and osmotolerance can be
applicable for improving performance of industrial strains in high-gravity acetate-containing

processes.
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4.1 Introduction

By functionally replacing fossil-fuel derived compounds, microbial production of chemicals and
transport fuels can contribute to a transition to a sustainable, low-carbon global economy [1].
The total industrial production of fuel ethanol, which reached ca. 100 billion liters in 2015, is
predicted to increase further [2]. The yeast Saccharomyces cerevisiae is the established microbial
cell factory for conversion of starch- and sucrose-derived hexose sugars to ethanol, as it
combines a high ethanol yield and productivity with robustness under process conditions [3-5].
Efforts in yeast strain improvement and process optimization of corn-starch and cane-sugar-
based bioethanol production have further improved product yields and productivity [5].
Furthermore, intensive metabolic and evolutionary engineering studies have yielded yeast
strains capable of efficiently fermenting the pentose sugars xylose and arabinose, thus paving
the way for yeast-based ‘second-generation’ bioethanol production from lignocellulosic
hydrolysates [6-8].

In industrial bioethanol production, the carbohydrate feedstock represents the single
largest cost factor [9]. Maximizing ethanol yield on sugar is therefore a key requirement,
especially in second-generation processes, whose ethanol yields and productivity are generally
still lower than those of first-generation processes [6-8]. Adequate yeast performance in
lignocellulosic hydrolysates also requires tolerance to inhibitors that are released during
biomass pre-treatment and hydrolysis [10-12]. Suboptimal ethanol yields in industrial processes
are caused by formation of biomass and low-molecular-weight metabolites, of which glycerol
accounts for a loss of up to 4% of the carbohydrate substrate [13]. Under anaerobic conditions,
wild-type S. cerevisiae strains require glycerol formation to re-oxidize NADH formed during
biosynthesis or during production of metabolites whose formation results in net NADH
formation [14,15]. As the major compatible solute in S. cerevisiae, glycerol also plays a key role in
osmotolerance [16,17].

In S. cerevisiae, glycerol formation is initiated by reduction of the glycolytic intermediate

dihydroxyacetone phosphate to glycerol-3-phosphate, a reaction catalysed by two isoenzymes of
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NAD+*-dependent glycerol-3P dehydrogenase (G3PDH), Gpdl and Gpd2 [18]. Glycerol-3P is
subsequently hydrolysed to glycerol and inorganic phosphate by glycerol-3P phosphatase,
isoenzymes of which are encoded by GPP1 and GPP2. Reoxidation of one mol of NADH through
glycerol production requires 0.5 mol glucose and 1 mol ATP [18]. Several metabolic engineering
strategies have demonstrated that altering redox-cofactor specificity of reactions in biosynthesis
[13] or in sugar dissimilation [19] can be used to decrease glycerol formation from sugars.

GPD1 and GPDZ2 are differentially regulated, as transcriptional upregulation of GPD1
mainly occurs in response to osmotic stress, while regulation of GPD2 is linked to redox
homeostasis [20-22]. Complete elimination of glycerol production by inactivation of both GPD1
and GPD2 has been reported to abolish anaerobic growth and to greatly increase osmosensitivity
[20,21,23]. Anaerobic growth of gpd14 gpd2A cultures can be restored by addition of an external
electron acceptor, such as acetoin, to growth media [23]. Recently, S. cerevisiae strains have been
engineered to use acetic acid or CO; as external electron acceptors [24-28]. Functional
expression of a heterologous acetylating-acetaldehyde dehydrogenase (A-ALD), together with
the activities of the native acetyl-CoA synthetases and alcohol dehydrogenases, enabled the
NADH-dependent reduction of acetic acid to ethanol [25]. CO, is abundantly present in all
industrial ethanol fermentation processes, while acetic acid is an important, ubiquitous inhibitor
of yeast performance in lignocellulosic hydrolysates [10,11]. Use of acetic acid as external ‘redox
sink’ is highly attractive for second-generation bioethanol processes, since its reduction to
ethanol not only increases product yields, but simultaneously contributes to detoxification of the
fermentation medium [25,29,30].

Although metabolic engineering has enabled replacement of glycerol production by the
reduction of acetic acid to ethanol, the increased osmosensitivity of gpd14 gpd2A strains has not
been fully resolved. Process intensification of bioethanol production via the introduction of high-
gravity fermentation processes will make osmotolerance ever more important [31-36]. Previous
research on improving osmotolerance of gpd14 gpd2A strains explored production of alternative

compatible solutes, including the polyols mannitol and sorbitol [37], trehalose [38-40] and
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proline [41,42]. These alternative compounds, however, did not confer the same osmotolerance
as glycerol. Evolutionary engineering of an acetate-reducing gpd14 gpd2A strain yielded a strain
that could grow anaerobically at 1 mol L-! glucose without loss of acetate reduction potential or
ethanol yield [43]. However, the underlying genetic changes were not fully resolved [43]. Tuning
the expression of the native G3PDH genes can lead to decreased glycerol production, but the
resulting strains still require the production of considerable amounts of this by-product to
maintain the redox cofactor balance [34,35,44]. To uncouple the roles of glycerol formation in
NADH reoxidation and osmotolerance in S. cerevisiae, it would be of interest to alter the redox
cofactor specificity of G3PDH. Specifically, making this reaction NADPH-dependent might
uncouple glycerol production from NAD+ regeneration. In such a scenario, NAD+ could then be
exclusively regenerated via acetate or CO: reduction. Simultaneously, NADPH-dependent
formation of intracellular glycerol would enable the synthesis of a compatible solute with
minimal losses in ethanol yield. Recently, an NADP+-preferring G3PDH, encoded by the gpsA
gene from the thermophilic archaeon Archaeoglobus fulgidus was described [45]. Based on its
unusual cofactor preference and, due to its thermophilic origin, anticipated low in vivo activity in
yeast, it was hypothesized that A. fulgidus GpsA might be an interesting candidate to replace the
NAD+-dependent Gpd1 and Gpd2 enzymes in S. cerevisiae.

The goal of this study is to explore new metabolic engineering strategies for construction
of acetate-reducing, osmotolerant S. cerevisiae strains with a minimal, non-zero production of
glycerol. To this end, acetate-reducing strains with different configurations of the native glycerol
production pathway, as well as strains in which GPD1 and GPDZ2 were replaced by A. fulgidus
gpsA, were constructed. To construct acetate-reducing strains the ethanolamine utilization
protein of E. coli, encoded by eutE [Genbank: WP_001075673.1], was overexpressed, as it was
previously shown to support near-wild-type anaerobic growth rates in a gpd14 gpd2A strain
background [29]. The impact of these engineering strategies on acetate reduction and glycerol
production was quantitatively analysed in anaerobic bioreactor batch cultures grown on low

and high osmolarity media.
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4.2 Methods

4.2.1 Strain propagation and maintenance

All S. cerevisiae strains used in this study belong to the CEN.PK lineage [46] (Table 1). S.
cerevisiae cultures were propagated in synthetic medium [47] containing 20 g L glucose. E. coli
XL-1 blue cultures for plasmid cloning were propagated in LB medium (10 g L-1 Bacto tryptone, 5
g L1 Bacto yeast extract, 5 g L-1 NaCl) containing 100 mg L-* ampicillin. All strains were stored at

-800C, after addition of sterile glycerol (30% v/v) to growing cultures.

4.2.2 Construction of expression cassettes and plasmids

Plasmids used in this study are listed in Table 2. Plasmids expressing chimeric gRNAs were used
for CRISPR/Cas9-mediated genome editing [48]. Unique Cas9-recognition sequences in GPD1,
GPD2, SGA1 and ALD6 were selected as described previously [29]. PCR for construction of
expression cassettes and diagnostic PCR were performed with Phusion High Fidelity DNA
Polymerase and Dreamtaq polymerase (Thermo Scientificc Waltham, MA), respectively,
according to the manufacturer’s guidelines. For construction of pUDR240, the backbone of the
plasmid was PCR amplified using the double-binding primer 5793 (Additional File S1) and
pROS10 as template. The insert fragment, expressing the GPDI1-targeting and GPD2-targeting
gRNA cassettes, was amplified using primers 6965-6966 and pROS10 as template. For
construction of pUDR103, the plasmid backbone of pMEL10 was PCR amplified using primers
5792-5980. The SGA1-targeting gRNA expression cassette was PCR amplified using primers
5979-7023 and pMEL10 as template. For construction of pUDR264, the plasmid backbone of
pMEL11 was PCR amplified using primers 5792-5980. The ALD6-targeting gRNA expression
cassette was PCR amplified using primers 5979-7610 and pMEL11 as a template. Plasmids were
assembled with the Gibson Assembly Cloning kit (New England Biolabs, Ipswich, MA), after
downscaling the supplier’s protocol to 10 ul reaction volumes. Plasmids pUDR240 and
pUDR264 were cloned in E. coli XL-1 blue cells after transformation by electroporation and

plasmid re-isolation with a miniprep kit (Sigma-Aldrich, St. Louis, MO). Correct clones were
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verified by restriction digestion or by diagnostic PCR (DreamTaq polymerase, Additional File
S1). For single deletion of GPD2, a plasmid backbone was PCR amplified with the double-binding
primer 5793 and pROS10 as template. The insert fragment, expressing two identical GPD2-
targeting gRNA cassettes, was amplified with primer 6966 and pROS10 as template. For single
deletion of GPD2, the two plasmid fragments were transformed directly into yeast cells and
assembled in vivo.

An S. cerevisiae codon-optimized version of Archaeglobus fulgidus gpsA [Genbank:
AAB90367.1], based on the codon preference of highly expressed yeast glycolytic genes [49],
was synthesized by GeneArt GmbH (Regensburg, Germany) [Genbank: KY554758]. An
integration cassette for replacing the coding region of GPD1 by the codon-optimized gpsA
sequence was PCR amplified with primers 7862-7863 and pMK-RQ-gpsA as template. Codon-
optimized expression cassettes for the E. coli EutE acetylating-acetaldehyde dehydrogenase gene
(TDH3p-eutE-CYC1t), aimed at integration in the GPD2 or SGAI locus, were amplified with
primers 7991-7992 or 7211-7025, respectively, using pUDI076 [29] as a template. A cassette
expressing ALD6 from its native promoter and terminator sequences, aimed at integration in the
SGA1 locus, was amplified with primers 9809-9810, using genomic DNA of S. cerevisiae IMX581
as a template. Integration cassettes were flanked by 60-bp sequences that enabled integration
by homologous recombination after CRISPR/Cas9-mediated introduction of double-strand

breaks in selected S. cerevisiae genomic loci.
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Table 1. S. cerevisiae strains used in this study.

Strain name Relevant Genotype Origin
IMX585 MAL2-8c SUC2 can1::cas9-natNT2 [48]
IMX581 ura3-52 MAL2-8c SUC2 can1::cas9-natNT2 [48]
IMZ160 ura3 leu2::LEU2 [pRS405] gpd1::loxP gpd2::hphMX4 pUDE43 [43]
IME324 ura3-52 MAL2-8c SUC2 canl::cas9-natNT2 p426-TEF (empty) This work
IMX884 ura3-52 MAL2-8¢ SUC2 can1::cas9-natNT2 gpd2::eutE pROS10 (GPD2-targeting) This work
IMX992 ura3-52 MAL2-8c SUC2 can1::cas9-natNT2 sgal::eutE pUDR119 This work
IMX776 ura3-52 MAL2-8¢ SUC2 canl::cas9-natNT2 gpd1::gpsA gpd2::eutE pUDR240 This work
IMX901 ura3-52 MAL2-8c SUC2 canl::cas9-natNT2 gpd1::gpsA gpd2::eutE ald6A pUDR240 This work
IMX888 MAL2-8c SUC2 canl::cas9-natNT2 gpd14 gpd2::eutk [29]
IMX900 MAL2-8c SUC2 canl::cas9-natNT2 gpd1A gpd2::eutE ald6A This work
IMX1039 ura3-52 MAL2-8c SUC2 canl::cas9-natNT2 gpd1::gpsA gpd2::eutE ald6A This work
IMX1120 MAL2-8¢ SUC2 canl::cas9-natNT2 gpd1A gpd2::eutE ald6A sgal::ALD6 This work
IMX1142 ura3-52 MAL2-8c SUC2 can1::cas9-natNT2 gpd1::gpsA gpd2::eutE ald6A sgal::ALD6 pUDR103 This work

Table 2. Plasmids used in this study.

Plasmid Characteristics Origin
p426-TEF (empty) 2w, URA3, TEF1p-CYC1t [75]
pMEL10 2 p, KIURA3, SNR52p-gRNA.CAN1.Y-SUP4t [48]
PMEL11 2y, amdS, SNR52p-gRNA.CAN1.Y-SUP4t [48]
pROS10 KIURA3-gRNA.CAN1-2mu-gRNA.ADE2 [48]
pUDIO76 pRS406-TDH3p-eutE-CYC1t [29]
pUDR103 2w, KIURA3, SNR52p-gRNA.SGA1.Y-SUP4t This work
pUDR119 2y, amdS, SNR52p-gRNA.SGA1.Y-SUP4t [76]
pUDR240 KIURA3-gRNA.GPD1-2mu-gRNA.GPD2 This work
pUDR264 2y, amdS, SNR52p-gRNA.ALD6.Y-SUP4t This work
pMK-RQ-gpsA Delivery vector, codon-optimized gpsA ORF GeneArt, Germany
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4.2.3 Strain construction

The lithium acetate/polyethylene glycol method [50] was used for yeast transformation. After
transformation with plasmids pUDR103, pUDR240 and after single deletion of GPD2,
transformants were selected on synthetic medium agar plates [47] containing 20 g L-1 glucose.
After transformation with plasmids pUDR119 and pUDR264, selection and counter selection
were performed as described [51]. Counter selection of plasmids carrying URA3 was performed
on YP agar plates (10 g L-1 Bacto yeast extract, 20 gL-1 Bacto peptone) supplemented with
glucose (20 g L1 final concentration) and 5-fluoroorotic acid (1 g L-! final concentration).
Diagnostic colony PCR was used for genotypic analysis of selected colonies. Co-transformation of
pUDR119 and the SGAI-flanked TDH3p-eutE-CYCI1t cassette into strain IMX581 yielded strain
IMX992, in which eutE was overexpressed in the presence of functional GPDI and GPD2 genes.
Co-transformation of the two fragments of the GPD2-targeting gRNA plasmid and the GPD2-
flanked TDH3p-eutE-CYC1t cassette to strain IMX581 yielded strain IMX884, in which GPD2 was
deleted and eutE was overexpressed. Co-transformation of pUDR240, the GPDI-flanked gpsA
coding sequence and the GPD2-flanked TDH3p-eutE-CYC1t cassette to strain IMX581 yielded
strain IMX776, in which gpsA was expressed from the native GPD1 promoter and terminator,
GPD2 was deleted and eutE was overexpressed. Co-transformation of pUDR264 and the repair
oligonucleotides 7608-7609, followed by pUDR264 counter-selection, into strains IMX776 and
IMX888 yielded strains IMX901 and IMX900 respectively, in which ALD6 was deleted. Counter-
selection of pUDR240 from IMX901 yielded strain IMX1039. Strain IMX1142, in which the native
ALDG6 gene was re-introduced in the SGA1 locus, was obtained by co-transformation of pUDR103
and the SGA1-flanked ALD6 cassette into strain IMX1039. Co-transformation of pUDR119 and
the SGAI-flanked ALD6 cassette into strain IMX900, following pUDR119 counter-selection,
yielded strain IMX1120. The empty-vector reference strain IME324 was obtained by

transformation of IMX581 with p426-TEF.
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4.2.4 Bioreactor batch cultivation

Anaerobic batch cultures were grown in 2-L bioreactors (Applikon, Schiedam, The Netherlands)
on synthetic medium [47] supplemented with acetic acid (3 g L-! final concentration). In high-
osmolarity cultures of the acetate-consuming strains IMX776, IMX901 and IMX1142, the
concentration of acetic acid was re-set to 3 g L-1 when it reached a value below 1.5 g L1, by
addition of glacial acetic acid, to prevent acetic-acid limitation [43]. After autoclaving the
mineral salt components of the synthetic medium and acetic acid at 120 °C for 20 min, anaerobic
growth media were supplemented with sterile antifoam C (0.2 g L-1) (Sigma-Aldrich), ergosterol
(10 mg L1), Tween 80 (420 mg L-1) and filter-sterilized vitamin solution [47]. Glucose solutions
were autoclaved separately at 110 °C for 20 min and added to low- and high-osmolarity media at
final concentrations of 20 g L-* and 180 g L-1 (1 M), respectively. Shake-flask cultures (100 mL)
were inoculated with frozen glycerol stock cultures (1 mL) and grown on synthetic medium
supplemented with glucose (20 g L-! final concentration). Samples from these cultures were used
as inocula for 100 mL shake-flask pre-cultures on the same medium, yielding an initial ODeso of
0.1 to 0.3. Upon reaching mid-exponential phase (ODgso 4-6), samples from these pre-cultures
were used to inoculate anaerobic bioreactor cultures, yielding an initial ODeso of 0.15-0.2.
Anaerobic conditions were maintained by continuously sparging nitrogen gas (<10 ppm oxygen)
at a rate of 0.5 L min!. Norprene tubing and Viton O-rings were used to minimize oxygen
diffusion into the reactors. In low-osmolarity cultures, the culture pH was automatically
controlled at 5 by addition of 2 M KOH. In high-osmolarity cultures (pH 5), a 12.5% v vt NH4,OH
solution was used as titrant to prevent nitrogen limitation. The stirrer speed was set at 800 rpm
and temperature was controlled at 30 °C. Evaporation was minimized by cooling the outlet gas

to 4 °Cin a condenser.

4.2.5 Enzyme-activity assays

Cell extracts were prepared by sonication [52] of biomass from exponential-phase shake-flask

cultures (ODeseo 5-6) grown on synthetic medium (20 g L glucose) in an aerobic incubator.
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Enzyme-activity assays were performed at 30 °C by continuous spectrophotometric monitoring
of the conversion of NAD(P)H to NAD(P)* at 340 nm. For determination of acetylating-
acetaldehyde dehydrogenase activity [25], cells were sonicated in 100 mM potassium phosphate
buffer (KPB, pH 7.5) with 2 mM MgCl; and 1 mM dithiothreitol. The 1-mL reaction mixture
contained 50 mM KPB (pH 7.5), 0.15 mM NADH and 50 or 70 pL cell extract. Reactions were
started by addition of acetyl-CoA to a final concentration of 0.5 mM. To assess if expression of A.
fulgidus gpsA resulted in a change in the cofactor preference of glycerol-3-phosphate
dehydrogenase (G3PDH) in S. cerevisiae, G3PDH activities were measured with a modified
version of a published assay optimized for GpsA [45]. In the modified assay, 20 mM Tris-HCI (pH
8.2) buffer supplemented with 10 mM EDTA was used for harvesting and storage of cells and
sonication was performed in 20 mM Tris-HCl (pH 8.2) buffer with 2 mM EDTA. The 1-mL
reaction mixture contained 50 mM Tris-HCI (pH 6.6), 2 mM EDTA, 0.15 mM NADH or NADPH
and 50 or 70 pL cell extract. The reaction was started by addition of dihydroxy-acetone
phosphate to a final concentration of 4 mM. All assays were performed on samples from two
independent cultures and enzyme activities were proportional to the volume of cell extract

added to the assay.

4.2.6 Intracellular glycerol determination

Shake-flask pre-cultures on synthetic medium (20 g L glucose) were inoculated from frozen
stocks. After reaching mid-exponential phase, cells were washed with sterile demineralized
water and used as inoculum for anaerobic shake-flask cultures on the same medium as the high-
osmolarity bioreactor batch cultivations. Anaerobic shake-flask cultures were grown in a
Bactron anaerobic chamber (Sheldon Manufacturing, Cornelius, OR) at 30 °C. Mid-exponential
phase cultures were harvested and centrifuged at 4000 x g for 5 min. The supernatant was
discarded, cells were resuspended in 0.005 mol L-1 H,SO4 and incubated at 100 °C for 5 min. The
cell suspension was centrifuged at 4000 x g for 5 min and the supernatant was used for HPLC

analysis. For calculation of the pellet volume, an average density of the pellet of 1.1 g mL-! was
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used [53]. For conversion of intracellular glycerol concentration from g (g dry weight)-1 to g L,

an intracellular volume of 2.6 mL (g dry weight)-! was used [54].

4.2.7 Analytical methods

Biomass dry weight determination, HPLC analysis of extracellular metabolites and correction for
ethanol evaporation were performed as previously described [25]. Culture offgas composition
was analysed as previously described [25], except for batch cultures grown under high-
osmolarity conditions with strains IMX992, IMX884, IMX776 and IMX901, in which production
of CO; was calculated from ethanol production, assuming formation of 1 mol CO; per mol
ethanol produced. Prior to glucose and ethanol concentration measurements in high-osmolarity
fermentations, culture supernatant was diluted 1:1 with demineralized water. Product yields
and ratios in batch cultures were calculated from a minimum of five samples taken during the
mid-exponential growth phase [29]. Biomass concentrations corresponding to samples taken
before the mid-exponential growth phase (ODsso < 1) were calculated based on ODseo
measurements, using calibration curves based on a minimum of five samples taken in mid-

exponential phase for which biomass dry weight and ODeso were measured [29].

4.3 Results

4.3.1 Limited impact of the expression of an acetate-reduction pathway in GPD1
GPD2Z S. cerevisiae

Previous studies on acetate reduction by anaerobic, glucose-grown S. cerevisiae cultures were
based on gpd14 gpd2A strains [25,29]. In these strains, the role of the native glycerol pathway in
NADH reoxidation was entirely replaced by reduction of externally supplied acetate to ethanol.
To investigate the impact of co-expressing an acetate-reduction pathway with a fully functional
glycerol pathway, growth and product formation of strain IMX992 (GPD1 GPD2 sgal::eutE) were
analysed in anaerobic, glucose-grown bioreactor batch cultures on 20 g L1 glucose,

supplemented with 3 g L-1 acetic acid (Fig. 1, Table 3) and compared with the acetate non-
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reducing reference strain IME324. Under these conditions and consistent with previous reports
[29,43], IME324 (GPD1 GPD2) showed an acetate consumption of 2.43 mmol (g biomass)-!
(Table 3). In acetate non-reducing strains, consumption of small amounts of acetate can reflect
intracellular accumulation and/or use of extracellular-acetate-derived acetyl-CoA as a
biosynthetic precursor [55]. Strain IMX992 (GPD1 GPD2 sgal:ieutE ) showed an acetate
consumption of 3.35 mmol (g biomass)-1, which was only 0.92 mmol (g biomass)-! higher than
the acetate consumption by the GPD1 GPDZ2 reference strain. Conversely, under identical
conditions, strain IMX888 (gpd14 gpdZ2::eutE) showed an acetate consumption of 6.92 mmol (g
biomass)-! in a previous study [29]. Consistent with its marginally higher acetate consumption,
glycerol production by strain IMX992 decreased only slightly, from 9.19 to 8.28 mmol glycerol (g
biomass)-1, relative to strain IME324 (Table 3). Clearly, in glucose-fermenting engineered S.
cerevisiae strains, EutE-based acetate reduction could not efficiently compete for NADH with a

fully functional native glycerol pathway.

4.3.2 Deletion of GPD2 improves acetate reduction by an eutE-expressing strain

GPD2 encodes the redox-regulated isoenzyme of G3PDH and its deletion has been reported to
cause impaired anaerobic growth of S. cerevisiae [23,35]. In acetate-supplemented anaerobic
cultures of strain IMX884 (GPD1 gpd2::eutE), eutE expression fully compensated for the absence
of a functional Gpd2 enzyme, both in terms of specific growth rate and in terms of biomass yield
on glucose (Table 3, Fig. 1, Additional File S3). Compared to strain IMX992 (GPD1 GPD2
sgal::eutkE), strain IMX884 showed a 4-fold lower production of glycerol (1.92 and 8.28 mmol
glycerol (g biomass)!, respectively) and a correspondingly higher EutE-based acetate
consumption (3.34 and 0.92 mmol acetate (g biomass)!, respectively, corrected for acetate
consumption by the acetate non-reducing reference strain IME324, resulting in an ethanol yield
on glucose of 0.46 g g1 (Additional File S3). These results indicate that, at least in low-osmolarity
media, inactivation of GPD2 enables the EutE-based acetate reduction pathway to efficiently

compete for redox equivalents with the glycerol pathway. This engineering strategy not only
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resulted in a markedly higher acetate consumption, but also in a higher ethanol yield on glucose

than observed in the acetate non- reducing reference strain IME324 (Table 3, Additional File S3).

Table 3. Specific growth rate (p) and stoichiometric relationships between glycerol production and
biomass formation, acetate consumption and glucose consumption, and acetate consumption and biomass
formation in anaerobic bioreactor batch cultures of S. cerevisiae strains with different genetic
modifications in glycerol and acetate metabolism. Cultures were grown on synthetic medium containing
20 g L1 glucose and 3 g L! acetic acid (pH 5). Specific growth rates and stoichiometries were calculated
from the mid-exponential growth phase and represent averages + mean deviations of data obtained from
independent duplicate cultures. In all cultures, carbon recoveries were between 95 and 100%. Enzyme
activities of acetylating-acetaldehyde dehydrogenase in cell extracts of eutE-expressing strains were

similar (Additional File S2).

Strain IME324 IMX992 IMX884 IMX776 IMX901 IMX888*

Relevant Genotype GPD1 GPD2 GPD1 GPD2 GPD1 gpd1::gpsA gpd1::gpsA gpd1A
sgal:eutk gpd2::eutk gpd2::eutk gpd2::eutk gpd2::eutk

ald6A

u (h1) 0.31+0.01 0.30+0.00 0.31+0.01 0.24+0.01 0.24+0.01 0.26+0.01

Ratio glycerol produced/biomass 9.19 +0.08 8.28+0.14 192 £0.06 <0.1 <0.1 <0.1

(mmol (g biomass)-1)

Ratio acetate consumed/biomass 243 +0.16 3.35+0.08 5.77 £0.25 6.66+0.01 6.41+0.28 6.92+0.12

(mmol (g biomass)-1)

Ratio acetate consumed/glucose (gg1) 0.010+0.000 0.015+0.000 0.026+0.001 0.031+0.001 0.031+0.000 0.032 £

0.000

*Data on strain IMX888 were taken from [29].
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Figure 1. Growth, glucose consumption and product formation in anaerobic bioreactor batch cultures of S.
cerevisiae strains with different genetic modifications in glycerol and acetate metabolism. Cultures were
grown on synthetic medium containing 20 g L glucose and 3 g L-! acetic acid (pH 5). A, strain IME324
(GPD1 GPD2); B, strain IMX992 (GPD1 GPD2 sgal::eutE); C, strain IMX884 (GPD1 gpdZ2::eutE); D, strain
IMX776 (gpd1::gpsA gpd2::eutE); E, strain IMX901 (gpd1:gpsA gpd2::eutE ald6A); F, strain IMX888 (gpd14
gpd2::eutE). Symbols: e, glucose; =, biomass; 0, glycerol; o, ethanol; A, acetate. Panels A-F display single
representative cultures from a set of two independent duplicate cultures for each strain. Data on strain

IMX888 were taken from [29].
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4.3.3 Functional expression of an NADPH-preferring G3PDH in S. cerevisiae

As outlined above, expression of the NADP+-preferring G3PDH encoded by A. fulgidus gpsA might
enable strategies to uncouple the roles of glycerol metabolism in yeast osmotolerance and redox
balancing. To investigate whether gpsA can be functionally expressed in S. cerevisiae, its coding
sequence was codon-optimized for expression in yeast and integrated at the GPD1 locus of strain
IMX581 (along with integration of eutE at the GPDZ2 locus), yielding strain IMX776 (gpd1::gpsA
gpd2::eutE). This insertion was designed to place gpsA under the control of the GPDI promoter
and terminator, in order to enable upregulation of its expression at high-osmolarity [20,21].
Enzyme activity assays in cell extracts showed that, in strain IMX776, replacement of the
native GPD1 and GPDZ genes by gpsA resulted in a switch in cofactor preference of glycerol-3-
phosphate dehydrogenase (G3PDH, Fig. 2). The gpsA-expressing strain showed in vitro activities
of 0.103 * 0.004 pmol mg protein-! min! and 0.006 pmol mg protein-! min-! with NADPH and
NADH, respectively. As a result, the ratio of NADPH- and NADH-linked rates of dihydroxy-
acetone phosphate reduction was ca. 500-fold higher in strain IMX776 that in the reference
strain IMX992, which expresses the native GPD1 and GPDZ genes. These observations are
consistent with a previous report on the cofactor preference of GpsA, expressed in E. coli [45],

and show that the enzyme was functionally expressed in yeast.
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Figure 2. Specific rates of NADH-dependent (white bars) and NADPH-dependent (blue bars) reduction of
dihydroxy-acetone phosphate by cell extracts of shake-flask cultures on synthetic medium (20 g L
glucose) of S. cerevisiae strains IMX992 (GPD1 GPDZ2), IMX884 (GPD1 gpd2::eutE) and IMX776 (gpd1::gpsA

gpd2::eutE). Data represent averages = mean deviations of assays on independent duplicate cultures.

4.3.4 Increased acetate reduction and decreased glycerol production in a gpsA-
expressing yeast strain

The combined activity of acetyl-CoA synthetase and EutE, both of which are essential for acetate
reduction and Ald6, the major NADP+dependent, cytosolic isoform of acetaldehyde
dehydrogenase [56], could potentially form an ATP-driven dehydrogenase cycle (NADH + NADP+
— NADPH + NAD+ [29]). In gpsA-expressing strains, NADPH formed via this cycle might increase
glycerol production and, consequently, decrease ethanol yields (Additional File S8). Therefore,
ALD6 was deleted in the gpsA-expressing, acetate-reducing strain IMX776 (gpdl1::gpsA
gpd2::eutE), yielding strain IMX901.

In anaerobic, acetate-supplemented bioreactor batch cultures the specific growth rate of
strain IMX776 (gpd1::gpsA gpd2::eutE) was 0.24 h-1, which was ca. 20% lower than that of the
reference strain IME324 (GPD1 GPDZ2). The physiology of strain IMX776 in these anaerobic low-
osmolarity cultures, including the stoichiometry of biomass formation and acetate consumption,
closely resembled that of strain IMX888 (gpd14 gpd2::eutE) (Table 3, Fig. 1, Additional File S3).
Virtually no extracellular glycerol was formed by strain IMX776, indicating that, under these

conditions, the in vivo activity of NADPH-dependent glycerol production in this strain was
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minimal. Consistent with this notion, growth and product formation in anaerobic cultures of
strain IMX901 (gpd1::gpsA gpd2::eutE ald6A) was similar to the observed performance of strains

IMX776 or IMX888 under these conditions.

4.3.5 Growth at high-osmolarity negatively affects acetate reduction by a gpd2A
strain

To assess the impact of high-osmolarity on the acetate reduction observed in the GPDI1
gpd2::eutE strain IMX884, its performance was compared with that of strain IMX992 (GPD1
GPD2 sgal::eutE) in anaerobic bioreactor batch cultures grown on 1 mol L1 (180 g L-1) glucose.
In contrast to the low-osmolarity cultures, in which strains continued to grow exponentially
until glucose was depleted (Fig. 1), high-osmolarity conditions showed a biphasic growth profile,
in which the exponential phase was followed by second, slower growth phase (Fig. 3). This
biphasic growth profile probably reflects a nutritional limitation other than carbon source
depletion. For example, concentrations of the anaerobic growth factors Tween-80 and ergosterol
were not increased in high-osmolarity media to avoid potential toxic effects [15]. A similar
growth pattern in high-glucose cultures has been reported previously [43].

Consistent with previously reported data on a congenic, non-acetate reducing GPD1
GPD2 strain grown under high-osmolarity conditions [43], the initial specific growth rate of
strain IMX992 (GPD1 GPD2 sgal::eutE) was not affected by increasing the glucose concentration
in the medium to 1 mol Lt (Tables 3 and 4). Acetate consumption in the high-osmolarity
cultures by this strain was even slightly lower than observed during growth on 20 g L-! glucose
(2.67 and 3.35 mmol (g biomass1), respectively). This observation indicates that, also under
high-osmolarity conditions, EutE-mediated acetate reduction could not efficiently compete for
NADH with a fully functional glycerol pathway.

Strain IMX884 (GPD1 gpdZ2::eutE) showed a 10% lower specific growth rate in high-
osmolarity medium than in cultures grown on a low glucose concentration (Tables 3 and 4).
This, only minor, difference is consistent with the reported predominant role of the Gpdl

isoenzyme in osmoregulation [20,21,57]. Relative to its performance in low-osmolarity cultures,
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growth on 1 mol L1 glucose led to a three-fold increase in extracellular glycerol production (6.34
mmol (g biomass)-! versus 1.92 mmol (g biomass)1) and a corresponding decrease in acetate
consumption (2.98 mmol (g biomass)-! versus 5.77 mmol (g biomass)-t) (Tables 3 and 4). These
changes largely eliminated the four-fold difference in glycerol production between strains
IMX992 and IMX884 that was observed in low-osmolarity cultures (Tables 3 and 4). After
complete glucose consumption, concentrations of acetic acid, glycerol and ethanol reached
similar concentrations in high-osmolarity cultures of the two strains (Fig. 3). These results
indicate that, even when GPDZ is deleted, high-osmolarity conditions impeded the competition
of the EutE-based acetate reduction pathway for NADH with the glycerol pathway, possibly due

to osmotic-stress induced upregulation of GPD1.

Table 4. Specific growth rate (), yields (Y) of biomass, ethanol and glycerol on glucose and stoichiometric
relationships between glycerol production and biomass formation, acetate consumption and glucose
consumption, and acetate consumption and biomass formation in anaerobic bioreactor batch cultures of S.
cerevisiae strains with different genetic modifications in glycerol and acetate metabolism. Cultures were
grown on synthetic medium containing 180 g L-! glucose and 3 g L1 acetic acid (pH 5). Specific growth
rates and stoichiometries were calculated from the mid-exponential growth phase and represent averages

+ mean deviations of data obtained from independent duplicate cultures.

Strain IMX992 IMX884 IMX776 IMX901
Relevant Genotype GPD1 GPD2 GPD1 gpd1::gpsA gpd1::gpsA
sgal:eutkE gpd2::eutk gpd2::eutk gpd2::eutE
ald6A
p (h1) 0.28 +0.02 0.27 £ 0.00 0.14 +0.00 0.12 +0.02
Y biomass/glucose (g g1) 0.087 £0.001 0.085+0.000 0.089+0.000 0.077+0.013
Y ethanol/glucose (g g1) 0.43 +0.01 0.42 +0.02 0.47 +0.01 0.49 £ 0.00
Y glycerol/glucose (g g'1) 0.07 £ 0.00 0.05 £ 0.00 0.02 £ 0.00 <0.001
Glycerol produced/biomass (mmol (g biomass)-1) 8.76 + 0.25 6.34£0.26 3.29+0.41 <0.1
Acetate consumed/biomass (mmol (g biomass)-1) 2.67 +0.96 2,98 +0.08 2.88+0.17 5.71+0.15
Acetate consumed/glucose (g g1) 0.011£0.001 0.015+0.000 0.016+0.000 0.027 +0.003
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4.3.6 Replacement of GPD1 and GPDZ by gpsA uncouples the roles of glycerol
formation in redox metabolism and osmoregulation

To test whether replacement of the yeast NAD*-dependent Gpd isoenzymes by an NADP+-
preferring G3PDH can uncouple the roles of glycerol formation in osmoregulation and redox
metabolism, growth and product formation of strain IMX776 (gpdl::gpsA gpdZ2::eutE) was
investigated in high-osmolarity cultures. In contrast to strains IMX992 and IMX884, strain
IMX776 showed a lag phase of ca. 50 h under these conditions (Fig. 3, Additional File S4) and its
specific growth rate was 60% lower than in low-osmolarity cultures (Tables 3 and 4). While,
under low-osmolarity conditions, this strain did not produce extracellular glycerol, high-
osmolarity batch cultures showed a glycerol production of 3.29 mmol (g biomass)-! (Table 4).
After glucose depletion, the glycerol concentration in high-osmolarity cultures of strain IMX776
was 44% lower than observed for strain IMX992 (GPD1 GPDZ2 sgal::eutE) (Fig. 3).

Strain IMX776 showed a much lower acetate consumption in the high-glucose cultures
than in low-osmolarity cultures (Tables 3 and 4). This difference could be caused by an
increased flux through the cytosolic, NADP+-dependent acetaldehyde dehydrogenase Ald6,
coupled to the increased demand for NADPH in the cytosolic GpsA reaction. Generating NADPH
via the oxidation of acetaldehyde to acetate, which can subsequently be reduced to ethanol via
acetyl-CoA synthetase, EutE and NAD+-dependent alcohol dehydrogenase, would result in less
extracellular acetate being consumed for NADH reoxidation (Additional File S8). An increased
production of acetate has been previously observed upon an increase of cytosolic NADPH
demand in anaerobic S. cerevisiae cultures [29].

Consistent with the hypothesis outlined above, deletion of ALD6 had a strong impact on
the physiology of anaerobic cultures of acetate-reducing gpsA-expressing S. cerevisiae. Although
the specific growth rates of strain IMX776 (gpdl:gpsA gpd2:eutE) and strain IMX901
(gpd1::gpsA gpd2:eutE ald64) in high-osmolarity cultures were similar (Table 4), complete
absence of a lag phase decreased the overall fermentation time of the latter strain by ca. 35 h

(Fig. 3, Additional File S4). In addition, strain IMX901 fully relied on exogenous acetic acid
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supply for its redox balancing. When, after exponential growth was finished, no additional
acetate was provided, growth and glucose consumption slowed down considerably (Additional
File S5). A similar addition of acetate to a high-osmolarity batch culture of strain IMX776 did not
affect its growth (Additional File S5).

In contrast to strains IMX884 and IMX776, strain IMX901 retained a glycerol non-
producing phenotype throughout growth in bioreactor cultures on high-osmolarity medium,
resulting in a 13% higher ethanol yield on glucose compared to strain IMX992 (GPD1 GPDZ2
sgal::eutE; Table 4). This, in combination with a measured intracellular glycerol concentration
of 5.3 + 0.04 g L-1in anaerobic shake-flask cultures of strain IMX901 on high-osmolarity medium,
indicated a complete intracellular retention of glycerol formed via GpsA in this strain. When
additional acetate was added to high-osmolarity bioreactor cultures of strain IMX901
immediately after the exponential phase, no extracellular glycerol was detectable (Fig. 3).
However, when acetate was added 20 h into the stationary phase (Additional File S5), low

concentrations of glycerol were detectable (< 1 g L-! final concentration).

4.3.7 Growth of an acetate-reducing gpdiA gpd2A strain in high-osmolarity
medium

In the experiments discussed above, the glycerol non-producing, acetate-reducing strain IMX888
(gpd1A4 gpd2::eutE) was included as a reference strain. Surprisingly, despite the absence of a
functional glycerol pathway, this strain consistently grew in anaerobic high-osmolarity cultures,
after a lag phase of ca. 75 h (Additional File S6). Furthermore, the strain retained its acetate-
reducing phenotype, with minimal concentrations of acetate and glycerol having been produced
upon glucose depletion (Additional File S7). This result contradicts earlier reports of a complete
inability of gpd14 gpd2A strains to grow at high-osmolarity [20,21,43]. We therefore re-tested
growth of strain IMZ160 (gpd14 gpdA mhpF) [43], which has been previously reported not to
grow under the high-osmolarity conditions used in the present study. Consistent with previous
observations, this strain failed to grow in high-osmolarity cultures, even after 300 h of

incubation (Additional File S6). The different phenotypes of two acetylating-acetaldehyde

165



expressing, glycerol-negative S. cerevisiae strains may reflect the lower in vivo activities of
heterologously expressed MhpF relative to EutE [25,29]. To investigate a possible involvement
of ALD6 (see above and Additional File S8), this gene was deleted in strain IMX888, yielding
strain IMX900 (gpd14 gpd2::eutE ald6A). The latter strain showed a strongly reduced lag phase
in high-osmolarity medium relative to its parental strain IMX888, thereby reducing the total
fermentation time by ca. 45 h (Additional File S6). However, the overall fermentation time of
strain IMX900 was still considerably longer than the gpsA-expressing ald64 strain IMX901
(Additional File S6, Fig. 3). Similar to its parental strain, IMX900 retained its acetate-reducing
phenotype and produced only trace amounts of extracellular glycerol (Additional File S7). When
the native S. cerevisiae ALD6 gene, including its promoter and terminator sequences, was
integrated at the SGA1 locus of strains IMX900 and IMX901, the resulting strains (IMX1120 and
IMX1142), again showed a prolonged lag phase, confirming the detrimental effect of Ald6 in this

experimental context (Additional File S6, Fig. 3).
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Figure 3. Growth, glucose consumption and product formation in anaerobic bioreactor batch cultures of S.
cerevisiae strains with different genetic modifications in glycerol and acetate metabolism. Cultures were
grown on synthetic medium containing 180 g L-! glucose and 3 g L-! acetic acid (pH 5). A, strain IMX992
(GPD1 GPD2 sgal::eutE); B, strain IMX884 (GPD1 gpd2::eutE); C, strain IMX776 (gpd1::gpsA gpd2::eutE); D,
strain IMX901 (gpd1::gpsA gpd2::eutE ald6A). Symbols: e, glucose; =, biomass; o, glycerol; o, ethanol; A,
acetate. Panels A-C display single representative cultures from a set of two independent duplicate cultures
for each strain. In the culture of IMX901, acetic acid was added externally immediately after the

exponential growth phase was finished.
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4.4 Discussion

Expression of a heterologous acetylating-acetaldehyde dehydrogenase (A-ALD) can fully restore
anaerobic growth in acetate-supplemented cultures of S. cerevisiae strains that lack a functional
glycerol pathway [25,29]. However, the minor decrease in glycerol formation observed upon A-
ALD expression in a GPD1 GPDZ2 strain (Table 3) indicated that A-ALD-based acetate reduction
cannot efficiently compete for NADH with a fully functional, native glycerol pathway. Recently, a
40% decrease in glycerol yield was reported upon A-ALD expression in an industrial S. cerevisiae
strain [58]. The higher relative impact of A-ALD expression in the industrial strain coincided
with a 2-fold lower glycerol yield relative to that of the laboratory reference strain used in this
work. These observations identify reduction of the capacity of the native glycerol pathway as an
interesting strategy for facilitating NADH reoxidation via acetate reduction. Indeed, deletion of
GPD2, which encodes the major isoenzyme of G3PDH in anaerobic, low-osmolarity cultures of S.
cerevisiae [21,23] strongly stimulated acetate reduction (Table 3). By enabling an over four-fold
lower glycerol yield and corresponding increase in ethanol production by acetate reduction,
without any reduction in specific growth rate, combined deletion of GPD2 and expression of an
A-ALD offers a promising strategy for improving ethanol production in low-osmolarity, acetic-
acid containing media. In such processes, osmolarity may be limited by fed-batch cultivation
regimes and/or by simultaneous saccharification and fermentation of polymeric feedstocks
[59,60]. Reducing the capacity of the glycerol pathway may be similarly effective in other
metabolic engineering strategies for redirecting NADH reoxidation in anaerobic yeast cultures,
such as the use of CO; by Calvin-cycle-enzyme expressing yeast cultures [24], and for expression
of A-ALD in engineered xylose-consuming S. cerevisiae strains based on expression of
heterologous xylose reductase and xylitol dehydrogenase enzymes [26].

Compared to its strong impact under low-osmolarity conditions, deletion of GPD2 had a
much smaller effect on glycerol production and acetate reduction in cultures of A-ALD-
expressing S. cerevisiae grown on 1 mol L1 glucose (Table 4). This difference probably reflects

the extensively documented, strong upregulation of GPD1 under hyperosmotic stress [20,61,62],
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which is at least partly controlled by the Hogl MAP-kinase cascade [20,63]. Together with
increased intracellular glycerol retention [17,64], upregulation of G3PDH activity plays a key
role in the yeast osmotic stress response. The dual role of G3PDH enzymes in redox homeostasis
and osmotolerance represents a challenge in redirecting NADH reoxidation in high-osmolarity,
anaerobic yeast cultures towards acetate reduction. The results presented here provide a proof
of principle for separating the roles of glycerol production in NADH reoxidation and
osmotolerance by exchanging the native NAD+-dependent G3PDH enzymes for a heterologous,
NADP+-preferring enzyme (A. fulgidus GpsA). In contrast to a gpd1A gpd2A A-ALD expressing
strain, the resulting strain was, after a lag phase, able to grow anaerobically on 1 mol L-! glucose
and showed an almost 2-fold lower glycerol yield than a GPD1 GPD2 reference strain (Table 4).
Additional deletion of ALD6 eliminated the lag phase as well as extracellular glycerol production,
yielding a strain with stoichiometric acetate consumption and a ca. 13% higher ethanol yield on
glucose in high-osmolarity cultures than observed for a GPD1 GPD2 reference strain (Table 4).
This ethanol yield improvement was consistent with results obtained in studies on glucose-
grown, acetate-reducing strains that were not further engineered for osmotolerance [25,29,30]
and in an osmotolerant acetate-reducing strain obtained after prolonged laboratory evolution
[43].

Several factors may explain the strong impact of deleting ALD6 on high-osmolarity
cultures. In glucose-grown cultures of wild-type S. cerevisiae strains, NADP+-dependent
oxidation of acetaldehyde to acetate by Ald6 can account for ca. 20% of the total cytosolic
NADPH requirement [65,66]. Even possibly higher contributions of Ald6 have been reported in
genetic backgrounds that affect NADPH supply via other pathways [29,67]. In gpsA-expressing
strains, NADPH generated by acetate formation via Ald6 can directly contribute to glycerol
production. Since, during growth on glucose, NADPH formation by Ald6 is coupled to equimolar
generation of NADH in glycolysis, increased acetate formation via Ald6 can help meet an
increased NADH demand for glycerol production via Gpd1 and/or Gpd2 during hyper-osmotic

stress [20,63]. Furthermore Ald6, together with yeast acetyl-CoA synthetases (Acs1, Acs2) and
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heterologously expressed A-ALD, have been proposed to form an ATP-driven transhydrogenase
cycle [29]. Activity of such a cycle in high-osmolarity cultures, possibly stimulated by up-
regulation of ALD6, could impose an ATP drain that impedes growth under the combined
stresses of high osmolarity and acetate uncoupling. Elimination of such an ATP drain could
explain why deletion of ALD6 eliminated lag phases in high-osmolarity, acetate-supplemented
cultures. Increased adaptation phases, reflecting a non-genetic population heterogeneity, are
well documented in acetate-stressed S. cerevisiae cultures [68,69]. Recent studies on engineered
A-ALD expressing S. cerevisiae strains in low- and medium-osmolarity cultures [26,29] lend
further support to the conclusion that deletion of ALD6 is a key step in engineering efficient
pathways for acetate reduction in S. cerevisiae.

While a gpdlA gpd2A ald6A strain expressing gpsA and eutE showed an excellent
stoichiometry in terms of ethanol yield and acetate reduction, its growth rate in high-osmolarity
cultures was substantially lower than that of strains expression GPD1 and/or GPD2. To minimize
costs of yeast propagation and to maximize ethanol productivity, a high maximum specific
growth rate is important for application in lignocellulosic ethanol production. As previously
demonstrated for a gpd14 gpd2A strain expressing mhpF [43], evolutionary engineering can
enable selection for faster growing mutants. Alternatively, growth kinetics may be improved by
optimizing the expression levels of NADPH-dependent G3PDH and/or by improving the
availability of cytosolic NADPH [65,66].

In view of the extensively documented, central role of G3PDH in the hyperosmotic stress
response of S .cerevisiae [17,70], the slow but reproducible anaerobic growth of a gpd14 gpd2A
ald6A, eutE-expressing S. cerevisiae strain in a medium containing 1 mol L glucose was an
unexpected result. In addition to possible contributions of the ald64 mutation and/or eutE
expression on osmotolerance, the lag phase of gpd14 gpd2A strains in high-osmolarity cultures
may have obscured this interesting phenotype in previous short-term growth studies [20,21].
Osmotolerance in S. cerevisiae is a complex, multi-gene phenotype [71] and, especially upon

sudden exposure to osmotic stress, G3PDH-independent mechanisms have been proposed to
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contribute to osmotolerance [64,72], such as trehalose accumulation in osmotically-challenged
cultures growing on galactose [73]. Alternatively, intracellular glycerol could be derived via a
G3PDH-independent pathway by de-acylation of acyl-glycerol-3-phosphate, which can be
formed from dihydroxyacetone phosphate (DHAP) by the combined activities of DHAP
acyltransferase and NADPH-linked 1-acylglycerol-3-phosphate acyltransferase [74]. Activity of
the latter pathway may explain low levels of glycerol production in an A-ALD-expressing gpd14
gpd2A strain evolved for increased osmotolerance [43]. The acetate-reducing, gpd14 gpd2A
strains constructed in this work provide an interesting experimental platform for further

fundamental research on G3PDH-independent mechanisms for osmotolerance in S. cerevisiae.

4.5 Conclusions

Deletion of GPD2 provides a straightforward engineering strategy for maximizing the positive
impact of A-ALD-based, engineered pathways in low-osmolarity cultures of S. cerevisiae, by
improving acetate conversion and ethanol yields. Replacement of the NAD+-dependent S.
cerevisiae glycerol-3P dehydrogenases by a heterologous NADP+-dependent enzyme enables
uncoupling of the function of glycerol as an osmoprotectant from its role in cellular redox
cofactor balancing. When combined with a deletion of ALD6, thereby eliminating the influence of
cytosolic NADP+-dependent acetaldehyde oxidation on redox metabolism, this engineering
strategy enables anaerobic growth and efficient acetate reduction, with its associated
improvement of ethanol yields, in high-osmolarity cultures. If the growth Kkinetics of the
resulting strains can be further improved, this approach is highly promising for application in

high-gravity processes for conversion of acetate-containing, lignocellulosic hydrolysates.
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Additional File S2. Specific rates of EutE-dependent reduction of acetyl-CoA by cell extracts of shake-flask
cultures on synthetic medium (20 g L!) glucose. From left to right: S. cerevisiae strains IMX992 (GPD1
GPD2 sgal:eutE), IMX884 (GPD1 gpdZ2:eutE) and IMX776 (gpdl:gpsA gpd2:eutE). Data represent

averages + mean deviations of assays on independent duplicate cultures.
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Additional File S3. Biomass and product yields in anaerobic bioreactor batch cultures of S. cerevisiae
strains with different genetic modifications in glycerol and acetate metabolism. Cultures were grown on
synthetic medium containing 20 g L glucose and 3 g L-! acetic acid (pH 5). Bars refer to the following
engineered S. cerevisiae strains: IME324 (GPD1 GPD2); IMX992 (GPD1 GPD2 sgal::eutE); IMX884 (GPD1
gpd2:eutk); IMX776 (gpdl::gpsA gpd2:eutE); IMX901 (gpdl:gpsA gpd2::eutE ald6A); IMX888 (gpdlA
gpd2::eutE). A, biomass yield on glucose; B, ethanol yield on glucose (corrected for ethanol evaporation);
C, glycerol yield on glucose. Data represent the averages * mean deviations of measurements on

independent duplicate cultures for each strain. Data on strain IMX888 were taken from [29].
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Additional File S4. Plots of In(ODeso) values versus time in anaerobic bioreactor batch cultures of S.
cerevisiae strains with different genetic modifications in glycerol and acetate metabolism (from
inoculation to mid-exponential phase). Cultures were grown on synthetic medium containing 180 g L-!
glucose and 3 g L1 acetic acid (pH 5). #, strain IMX992 (GPD1 GPD2 sgal::eutE); °, strain IMX884 (GPD1
gpd2::eutk); 0, strain IMX776 (gpd1::gpsA gpd2::eutE); A, strain IMX901 (gpd1::gpsA gpd2::eutE ald6A). The

figure shows representative cultures of independent duplicate experiments.
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Additional File S5. Growth, glucose consumption and product formation in anaerobic bioreactor batch
cultures of S. cerevisiae strains with different genetic modifications in glycerol and acetate metabolism.
Cultures were grown on synthetic medium containing 180 g L-! glucose and 3 g L1 acetic acid (pH 5). A,
strain IMX776 (gpd1:gpsA gpd2::eutE); B, strain IMX901 (gpdl:gpsA gpdZ2::eutE ald64). Symbols: e,
glucose; =, biomass; O, glycerol; o, ethanol; A, acetate. In the case of IMX776, acetic acid was added
externally immediately after the exponential growth phase was finished. In the case of IMX901, acetic acid

was added externally after 20 h in stationary phase.
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Additional File S6. CO2 production profiles in anaerobic bioreactor batch cultures of S. cerevisiae strains
with different genetic modifications in glycerol and acetate metabolism. Cultures were grown on synthetic
medium containing 180 g L1 glucose and 3 g Lt acetic acid (pH 5). A, IMZ160 (gpd1::loxP gpd2::hphMX4
mhpF-overexpressing); B, IMX888 (gpd14 gpd2::eutE); C, IMX900 (gpd14 gpd2::eutE ald6A); D, IMX1120
(gpd1A gpd2:eutE aldé6A sgal::ALD6); E, IMX1142 (gpdl:gpsA gpd2:eutE ald6A sgal::ALD6). Data

collected from online bioreactor offgas measurements. Representative cultures of independent duplicate

experiments are shown.

178

€O, (%)

€O, (%)

0 25 50 75
Time (h)

100

2.5

2.0

1.59

1.0

0.5

0.04 T T
0 50 100 150

Time (h)

200 250



Additional File S7.docx: Starting and end concentrations of acetate and glycerol in anaerobic bioreactor
batch cultures of S. cerevisiae strains IMX888 (gpd14 gpd2::eutE) and IMX900 (gpd1A gpd2::eutE ald6A).
Cultures were grown on synthetic medium containing 180 g L-! glucose and 3 g L-! acetate (pH 5). Values

represent averages + mean deviations of measurements on independent duplicate cultures.

Strain Acetate g L1 Glycerol g L1
Start End Start End
IMX888 3.26 +0.02 0 0.12 +0.00 0.30 +0.00
IMX900 2.79 +0.08 0 0.11 + 0.00 0.42 + 0.00
NADP+*
GpsA

DHAP ———— Glycerol

NADPH

Ald6 Acetate

Acetaldehyde NAD+*
Acsl/2
EutE 2 ADP

Additional File S8. Potential cytosolic transhydrogenase cycle, exchanging NADH with NADPH, catalysed
by EutE, Acs1/2 and Ald6. Formed NADPH can be used for DHAP reduction to glycerol by GpsA.
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Abstract

Simultaneous fermentation of glucose and xylose can contribute to improved productivity and
robustness of yeast-based processes for bioethanol production from lignocellulosic
hydrolysates. This study explores a novel laboratory evolution strategy for identifying mutations
that contribute to simultaneous utilization of these sugars in batch cultures of Saccharomyces
cerevisiae. To force simultaneous utilization of xylose and glucose, the genes encoding glucose-6-
phosphate isomerase (PGI1) and ribulose-5-phosphate epimerase (RPE1) were deleted in a
xylose-isomerase-based xylose-fermenting strain with a modified oxidative pentose-phosphate
pathway. Laboratory evolution of this strain in serial batch cultures on glucose-xylose mixtures
yielded mutants that rapidly co-consumed the two sugars. Whole-genome sequencing of evolved
strains identified mutations in HKX2, RSP5 and GAL83, whose introduction into a non-evolved
xylose-fermenting S. cerevisiae strain improved co-consumption of xylose and glucose under
aerobic and anaerobic conditions. Combined deletion of HXK2 and introduction of a GAL836¢673T
allele yielded a strain with a 2.5-fold higher xylose and glucose co-consumption ratio than its
xylose-fermenting parental strain. These two modifications decreased the time required for full
sugar conversion in anaerobic bioreactor batch cultures, grown on 20 g L glucose and 10 g Lt
xylose, by over 24 h. This study demonstrates that laboratory evolution and genome
resequencing of microbial strains engineered for forced co-consumption is a powerful approach

for studying and improving simultaneous conversion of mixed substrates.
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5.1 Introduction

Industrial biotechnology can contribute to reconciliating global demands for liquid transport
fuels with the almost universally accepted need to limit anthropogenic CO; emissions [1].
Bioethanol, the biofuel with the largest annual global production volume, is still predominantly
produced by fermentation of sucrose or glucose, derived from sugar cane or corn starch,
respectively [2]. These ‘first-generation’ bioethanol processes exploit the natural high
fermentation rates and ethanol yield of the yeast Saccharomyces cerevisiae. Optimization of yeast
strains and production processes enables many industrial processes to operate at >90% of the
theoretical ethanol yield on sugar [2-4]. However, the massive scaling up of production volumes
that would be required to replace a substantial fraction of petroleum-based transport fuels
cannot be sustainably achieved with corn starch and cane sugar as only feedstocks. Instead, a
large fraction of the feedstock will have to be derived from lignocellulosic plant biomass, such as
agricultural residues and energy crops [5].

In comparison with first-generation feedstocks, lignocellulosic hydrolysates pose
additional challenges for yeasts and yeast researchers. In addition to containing mixtures of
hexose and pentose (mainly D-xylose and L-arabinose) sugars, the deconstruction of
lignocellulosic biomass that precedes yeast-based fermentation releases fermentation inhibitors
[6-8]. Intensive metabolic engineering studies, encompassing functional expression of
heterologous pathways for xylose and arabinose catabolism, improvements in inhibitor
tolerance and minimization of by-product formation have yielded Saccharomyces cerevisiae
strains that are now applied in the first full-scale ‘second-generation’ industrial bioethanol
plants [7, 9]. However, further improvements in ethanol titers, yields and productivities are
important to increase the economic viability of this nascent technology.

Current strain engineering strategies for enabling pentose fermentation by S. cerevisiae
typically yield strains that, in anaerobic batch cultures grown on sugar mixtures, preferentially
ferment glucose, while xylose and/or arabinose are predominantly converted in a second,

slower fermentation phase [7]. This strong preference for glucose over pentoses persists even
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after extensive laboratory evolution on sugar mixtures [10-14]. Achieving efficient co-
fermentation of glucose and pentoses, while maintaining a high overall rate of sugar conversion,
could increase volumetric productivity of industrial processes. Moreover, since several
inhibitors of yeast performance are more harmful during the slower pentose fermentation phase
[7, 15-17], simultaneous fermentation of glucose and pentose sugars can also contribute to
robustness under industrial process conditions.

Random mutagenesis, laboratory evolution and protein engineering of xylose
transporters has yielded transporter variants with improved xylose affinity and reduced glucose
inhibition, which enabled the construction of yeast strains with improved xylose consumption in
the presence of glucose [18-21]. In an alternative approach, expression of a heterologous
cellodextrin transporter and an intracellular f-glucosidase, along with a heterologous xylose
reductase/xylitol dehydrogenase pathway, enabled simultaneous consumption of cellobiose and
xylose in S. cerevisiae by reducing the impact of glucose repression [22]. However, despite
progress in this area, engineering of yeast strains showing simultaneous, fast fermentation of
glucose and xylose remains a key challenge.

Deletion of RPE1, which encodes the pentose-phosphate-pathway (PPP) enzyme
ribulose-5-phosphate epimerase, was recently shown to result in coupling of glucose and xylose
catabolism, at a ratio of 10:1, in an engineered xylose-utilizing S. cerevisiae strain [23]. Despite a
low xylose-to-glucose consumption ratio, this strategy indicated the potential of forced
stoichiometric coupling of glucose and pentose metabolism in S. cerevisiae. In S. cerevisiae,
phosphoglucose isomerase (Pgil) catalyses interconversion of glucose-6-phosphate to fructose-
6-phosphate in upper glycolysis [24]. Since deletion of PGI1 blocks glycolysis, pgil4 strains
cannot grow on glucose as the sole carbon source unless all glucose-6-phosphate is rerouted
through the pentose-phosphate pathway. Deletion of eda, rpe and pgi in E. coli was previously
shown to enable co-consumption of xylose and glucose [25]. As conversion of 1 mol glucose-6-

phosphate to 1 mol ribulose-5-phosphate via the oxidative branch of the PPP results in a net
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generation of 2 mol NADPH, the absence of a redox imbalance relied on conversion of excess
NADPH to NADH by the native E. coli transhydrogenases.

Wild-type S. cerevisiae strains cannot reoxidize all NADPH generated by such a
redirection of metabolism and, consequently, pgiZ-null mutants cannot grow on glucose as sole
carbon source [26, 27]. Overexpression of GDHZ2, which encodes NAD+-dependent glutamate
dehydrogenase, can restore growth of pgilA strains by enabling a transhydrogenase-like cycle
that couples the interconversion of 2-oxoglutarate and glutamate to the conversion of NADPH
and NAD+* to NADP+ and NADH [26]. Based on the impact of a pgilA mutation on glucose
metabolism, we reasoned that inactivation of PGI1 might be used to construct strains with a
stringent requirement for co-utilization of xylose and glucose, at much higher ratios than
hitherto demonstrated.

The goal of this study was to explore a new strategy for identifying mutations that
stimulate glucose-xylose co-consumption by S. cerevisiae. The strategy was based on enforcing a
strict stoichiometric coupling of glucose and xylose fermentation by the combined deletion of
RPE1 and PGI1 in an engineered, xylose-isomerase-based S. cerevisiae strain [28, 29].
Furthermore, to reduce the impact of these modifications on NADP+/NADPH redox cofactor
balancing, the native NADP+-dependent 6-phosphogluconate dehydrogenases (Gnd1 and Gnd2)
were replaced by a heterologous NAD+-dependent enzyme [30]. After laboratory evolution for
improved growth on glucose-xylose mixtures, the physiology of evolved strains was analysed in
aerobic shake-flask and bioreactor batch cultures. Potential causal mutations identified by
whole-genome sequencing were introduced into a non-evolved (PGI1 RPE1 GND1 GNDZ2) xylose-
fermenting strain background. The resulting reverse engineered strains were then analysed in

shake-flask and anaerobic bioreactor batch cultures, grown on mixtures of glucose and xylose.
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5.2 Materials and Methods

5.2.1 Maintenance of strains

The CEN.PK lineage of S. cerevisiae laboratory strains [31] was used to construct and
evolve all strains used in this study (Table 1). Depending on strain auxotrophies, cultures were
grown in YP (10 g Lt yeast extract, 20 g L peptone) (BD, Franklin Lakes, NJ) or synthetic
medium (SM) [32], supplemented with glucose (20 g L-1), xylose (20 g L1), a glucose/xylose
mixture (10 g L1 of each sugar) or a xylose/fructose/glucose mixture (20, 10 and 1 g L
respectively). Propagation of E. coli XL-1 Blue cultures was performed in LB medium (5 g Lt
Bacto yeast extract, 10 g L-1 Bacto tryptone, 5 g L-1 NaCl, 100 pg mL-! ampicillin). Frozen stock

cultures were stored at -80 °C, after addition of glycerol (30% v/v final concentration).

5.2.2 Construction of plasmids and cassettes

PCR amplification for construction of plasmid fragments and yeast integration cassettes
was performed with Phusion High Fidelity DNA Polymerase (Thermo-Scientific, Waltham, MA),
according to the manufacturer’s guidelines. Plasmid assembly was performed in vitro with a
Gibson Assembly Cloning kit (New England Biolabs, Ipswich, MA), following the supplier’s
guidelines, or in vivo by transformation of plasmid fragments into yeast cells [33]. For all
constructs, correct assembly was confirmed by diagnostic PCR with DreamTaq polymerase
(Thermo-Scientific), following the manufacturer’s protocol. Plasmids used and constructed in
this work are described in Table 2. All yeast genetic modifications were performed using
CRISPR/Cas9-based genome editing [34]. Unique guide-RNA (gRNA) sequences targeting GRE3,
GAL83 and RSP5 were selected from a publicly available list [35] and synthesized (Baseclear,
Leiden, The Netherlands). Primers and oligonucleotides used in this work are listed in

Additional File 1.
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Table 2. Plasmids used in this study.

Plasmid Characteristics Origin

pMEL11 2 um, amdS, pSNR52-gRNA.CAN1-tSUP4 [34]

pUDE335 2 um, KIURA3, pSNR52-gRNA.GRE3-tSUP4 [29]

pUD345 pTPI1-RKI1-tRKI1 PCR template vector [29]

pUD347 pTDH3-RPE1-tRPE1 PCR template vector [29]

pUD349 pTEF1-TAL1-tTALI PCR template vector [29]

pUD353 pTEF1-XKS1-tXKS1 PCR template vector [29]

pUD427 PENO1-S0L3-tSOL3 PCR template vector This work

pUDR202 amdsS, gRNA.RPE1-2 pm ori-gRNA.PGI1 This work

pUDR105 hphNT, gRNA.SynthSite-2 pm ori-gRNA.SynthSite [37]

PAKX002 2 um ori, URA3, pTPI1-xylA-tCYC1 [39]
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To construct the GRE3-targeting CRISPR-plasmid pUDR204, the plasmid backbone of
pMEL11 was PCR amplified using primer combination 5980/5792. The insert fragment,
expressing the GRE3-targeting gRNA, was amplified using primer combination 5979/5978 and
pMEL11 as template. To construct the RPE1/PGI1 double-targeting CRISPR-plasmid pUDR202,
the plasmid backbone and the insert fragment were PCR amplified using primer combinations
5941/6005 and 9269/9401, respectively, using pROS11 as template. Both plasmids were
assembled in vitro in yeast and cloned in E. coli. To construct CRISPR-plasmids for single
deletion of GAL83 and RSP5, the plasmid backbone, the GAL83-gRNA insert and the RSP5-gRNA
insert were amplified using primer combination 5792/5980, 5979/11270 and 5979/11373,
respectively, using pMEL10 as template and assembled in vivo.

To generate ZWF1 and SOL3 overexpression cassettes, promoter regions of ADHI and
ENO1 and the coding regions of ZWF1 and SOL3 (including their terminator regions) were PCR
amplified using primer combinations 8956/8960, 8958/8961, 8953/8964 and 8984 /8986,
respectively, using CEN.PK113-7D genomic DNA as a template. The resulting products were
used as templates for fusion-PCR assembly of the pADH1-ZWF1-tZWF1 and pENO1-SOL3-tSOL3
overexpression cassettes with primer combinations 8956/8964 and 8958/8986 respectively,
which yielded plasmids pUD426 and pUD427 after ligation to pJET-blunt vectors (Thermo-
Scientific) and cloning in E. coli.

To generate yeast-integration cassettes for overexpression of the major genes of the
complete PPP, pADHI1-ZWF1-tZWF1, pENOI1-SOL3-tSOL3, pPGKI1-TKL1-tTKL1, pTEF1-TAL1-
tTAL1, pPGI1-NQMI-tNQM1, pTPI1-RKI1-tRKI1 and pPYKI1-TKL2-tTKL2 cassettes were PCR
amplified using primer combinations 4870/7369, 8958/3290, 3291/4068, 3274/3275,
3847/3276, 4691/3277, 3283/3288, respectively, using plasmids pUD426, pUD427, pUD348,
pUD349, pUD344, pUD345 and pUD346, respectively, as templates. To generate yeast-
integration cassettes of the genes of the non-oxidative PPP, the pTDH3-RPE1-tRPE1, pPGK1-

TKL1-tTKL1, pTEF1-TAL1-tTAL1, pTPI1-RKI1-tRKI1 overexpression cassettes were PCR-
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amplified using primer pairs 7133/3290, 3291/4068, 3724/3725, 10460/10461, respectively
and plasmids pUD347, pUD348, pUD34 and pUD345 as templates.

Yeast-integration cassettes for overexpression of Piromyces sp. xylose isomerase (pTPI1-
xylA-tCYC1) were PCR-amplified using primer combinations 6285/7548, 6280/6273,
6281/6270, 6282/6271, 6284/6272, 6283/6275, 6287/6276, 6288/6277 or 6289/6274, using
pUD350 as template. Yeast xylulokinase overexpression cassettes (pTEFI-XKS1-tXKS1) were
PCR-amplified from plasmid pUD353, using primer combination 5920/9029 or 7135/7222. A
yeast-integration cassette of pGAL83-gal83::GAL836673T-tGAL83 was PCR-amplified from genomic

DNA of IMS0629, using primer combination 11273/11274.

5.2.3 Strain construction

Yeast transformation was performed as previously described [40]. Transformation
mixtures were plated on SM or YP agar plates (2% Bacto Agar, BD), supplemented with the
appropriate carbon sources. For transformations with the amdS marker cassette, agar plates
were prepared and counter selection was performed as previously described [41]. For
transformations with the URA3 selection marker counter-selection was performed using 5-
fluoro-orotic acid (Zymo Research, Irvine, CA), following the supplier’s protocol. For
transformations with the hphNT marker, agar plates were additionally supplemented with 200
mg L1 hygromycin B (Invivogen, San Diego, CA) and plasmid loss was induced by cultivation in
non-selective medium. After each transformation, correct genotypes were confirmed by
diagnostic PCR using DreamTaq polymerase (Thermo-Scientific, see Additional File 1 for primer
sequences).

Co-transformation of pUDR204 along with the pADH1-ZWF1-tZWF1, pENO1-SOL3-tSOL3,
pPGK1-TKL1-tTKL1, pTEF1-TAL1-tTAL1, pPGI1-NQM1-tNQM1, pTPI1-RKI1-tRKI1 and pPYK1-
TKL2-tTKL2 integration cassettes to IMX705 [30] and subsequent plasmid counter-selection,
yielded strain IMX963, which overexpresses the major enzymes of the PPP. Co-transformation of
pUDR119, 9 copies of the pTPI1-xylA-tCYC1 integration cassette, along with a single copy of the

pTEF1-XKS1-tXKS1cassette, to IMX963, followed by plasmid counterselection yielded the xylose-
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fermenting strain IMX990. In IMX990, the pTPI1-xylA-tCYC1cassettes recombined in vivo to form
a multi-copy construct of xylose isomerase overexpression [29]. To construct IMX1046, in which
RPE1 and PGI1 were deleted, plasmid pUDR202 and the repair oligonucleotides
9279/9280/9281/9282 were co-transformed to IMX990. Transformation mixes of IMX1046
were plated on SM agar supplemented with a xylose/fructose/glucose mixture (20,10 and 1 g L-
1 final concentrations respectively), to avoid potential glucose toxicity [26].

To construct strain IMX994, plasmid pUDE335 was co-transformed to IMX581, along
with the pTDH3-RPE1-tRPE1, pPGK1-TKL1-tTKL1, pTEF1-TAL1-tTAL1, pTPI1-RKI1-tRKI1 and
pTEF1-XKS1-tXKS1 integration cassettes, after which the CRISPR plasmid was recycled.
Transformation of pAKX002 to IMX994 yielded the xylose-fermenting strain IMU079. Co-
transformation of pUDE327 along with the repair oligonucleotides 5888/5889 to IMX994
yielded strain IMX1384, in which HXK2 was deleted. Co-transformation of the pMEL10 backbone
fragment, along with the GAL83-gRNA insert or the RSP5-gRNA insert and repair
oligonucleotides 11271/11272 or 11374/11375, respectively, yielded strains IMX1385 (GAL83
deletion) and IMX1442 (RSP5 deletion). Counterselection of the CRISPR plasmids from IMX1384,
IMX1385 and IMX1442 yielded, respectively, strains IMX1408, IMX1409 and IMX1451.
Transformation of pAKX002 to IMX1408, IMX1409 and IMX1451 yielded, respectively, the
xylose-fermenting strains IMX1485, IMX1486 and IMX1487. To construct strain IMX1453, in
which the mutated GAL836673T gene replaced the wild-type GAL83 allele, plasmid pUDR105 was
co-transformed to IMX1409 with the pGAL83-gal83::GAL836673T-tGAL83 cassette. Transformation
of pAKX002 to IMX1453 yielded the xylose-fermenting strain IMX1488. To construct the hxk24
rsp54 strain IMX1484, plasmid pUDE327 was co-transformed to IMX1451, along with the repair
oligonucleotides 5888/5889. Counterselection of pUDE327 from [IMX1484 yielded strain
IMX1510. Transformation of pAKX002 to IMX1510 yielded the xylose-fermenting strain
IMX1515. To construct the hxk24 gal83::GAL836673T strain IMX1563, plasmid pUDE327 along

with the repair-oligonucleotides 5888/5889 was co-transformed to IMX1453. Counterselection
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of pUDE327 from IMX1563 yielded IMX1571. The xylose-fermenting strain IMX1583 was

obtained by transformation of pAKX002 to IMX1571.

5.2.4 Cultivation and media

Shake-flask growth experiments were performed in 500-mL conical shake flasks
containing 100 mL of SM with urea as nitrogen source (2.3 g L-! urea, 6.6 g L1 K;SO4, 3 g L!
KH;PO4, 1 mL L1 trace elements solution (Verduyn et al. 1992) and 1 mL L-! vitamin solution
[32] to prevent medium acidification. The initial pH of the medium was set to 6.0 by titration
with 2 mol L1 KOH. Depending on the strains grown, different mixtures of carbon sources
(glucose/xylose/fructose) were added and media were filter-sterilized (0.2 pm, Merck,
Darmstadt, Germany). The temperature was set to 30 °C and the shaking speed to 200 rpm in an
Innova incubator (New Brunswick Scientific, Edison, NJ). In each case, pre-culture shake-flasks
were inoculated from frozen stocks. After 8-12 h of growth, exponentially growing cells from the
initial shake-flasks were used to inoculate fresh cultures that, after 12-18 h of growth, were used
as inoculum for the growth experiments, to a starting ODeso of 0.4-0.5 in the case of shake-flask
growth experiments and of 0.2-0.3 in the case of bioreactor cultivation.

Bioreactor cultures were grown on SM [32], supplemented with a glucose/xylose
mixture (10 g L1 each for aerobic cultivation or 20 g L-1/10 g L-1 for anaerobic cultivation).
Sterilization of the salt solution was performed by autoclaving at 121 °C for 20 min. Sugar
solutions were sterilized separately by autoclaving at 110 °C for 20 min and added to the sterile
salt media along with filter-sterilized vitamin solution. In the case of anaerobic cultivation,
media were additionally supplemented with ergosterol (10 mg L-1) and Tween 80 (420 mg L-1).
Sterile antifoam C (0.2 g L-%; Sigma-Aldrich, St. Louis, MO) was added to all media used for
bioreactor cultivation. Batch cultures were grown in 2-L bioreactors (Applikon, Delft, The
Netherlands) with a 1-L working volume, stirred at 800 rpm. Culture pH was maintained at 5.0
by automatic titration with 2 mol L1 KOH. Temperature was maintained at 30 °C. Bioreactors
were sparged at 0.5 L min-! with either pressurized air (aerobic cultivation) or nitrogen gas (<10

ppm oxygen, anaerobic cultivation). All reactors were equipped with Viton O-rings and
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Norprene tubing to minimize oxygen diffusion. Evaporation in bioreactor cultures was

minimized by cooling the offgas outlet to 4 °C.

5.2.5 Laboratory evolution

Laboratory evolution of strain IMX1046 was performed via serial shake-flask cultivation
on SM [32]. Cultures were grown in 500-mL shake-flasks with 100 mL working volume. Growth
conditions were the same as described above. Initially, the cultures were grown on a
glucose/xylose concentration ratio of (1.0 g L1/20 g L1). After growth was observed,
exponentially growing cells (0.05 mL of culture) were transferred to SM with a glucose/xylose
concentration ratio of 2.0 g L-1/20 g L-1. During subsequent serial transfers, the glucose content
was progressively increased as high growth rates were established at each sugar composition,
reaching a final glucose/xylose ratio of 20 g L-1/20 g L-1. At that point three single colonies were
isolated from two replicate evolution experiments (IMS0628-630 and IMS0634-636,

respectively) by plating on SM with 10 g L-* glucose and 20 g L-! xylose.

5.2.6 Analytical methods

Off-gas analysis, biomass dry weight measurements, HPLC analysis of culture
supernatants and correction for ethanol evaporation in bioreactor experiments were performed
as previously described [30]. Determination of optical density was performed at 660 nm using a
Jenway 7200 spectrophotometer (Cole-Palmer, Staffordshire, UK). Yields of products and
biomass-specific sugar uptake rates in bioreactor batch cultures were determined as previously
described [10, 30]. All values are represented as averages + mean deviation of independent

biological duplicate cultures.

5.2.7 In silico determination of sugar uptake

The Yeast v7.6 consensus metabolic model [42] was used for in silico prediction of
relative xylose and glucose consumption rates in aerobic bioreactor batch cultures of strain
IMS0629. The COBRA v2 toolbox [43] was used to read the model in MATLAB vR2017b

(Mathworks, Natick, MA), supported by the SBML Toolbox v4.1 and the libSBML v5.12 [44]. The
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Gurobi v6.5 linear programming solver (Gurobi Optimization Inc, Houston, TX) was installed

and used according to the manual provided. The MATLAB script is provided in Additional File 2.

5.2.8 Genome sequencing

Genomic DNA of strains IMS0629 and IMS0634 was isolated from exponentially growing
shake-flask cultures on SM (10 g L-! glucose/20 g L-! xylose) with a Qiagen Blood & Cell culture
DNA kit (Qiagen, Germantown, MD), according to the manufacturer’s specifications. Whole-
genome sequencing was performed on an [llumina HiSeq PE150 sequencer (Novogene Company
Limited, Hong Kong), as previously described [36]. Sequence data were mapped to the reference
CEN.PK113-7D genome [45], to which the sequences of the pTPI1-gndA-tCYC1 and pTPI1-xylA-
tCYC1 cassettes were manually added. Data processing and chromosome copy number analysis

were carried as previously described [36].

5.3 Results

5.3.1 Design of an S. cerevisiae strain with a forced, high stoichiometry of

xylose and glucose co-consumption

Design of an S. cerevisiae strain whose growth depended on extensive co-consumption of
xylose and glucose was based on the observation that inactivation of PGII blocks entry of
glucose-6-phosphate into glycolysis, while inactivation of RPE1 prevents entry of ribulose-5-
phosphate into the non-oxidative PPP (Figure 1). As a consequence, a pgilA rpelA strain is
unable to grow on glucose. If conversion of xylose into xylulose-5-phosphate in such a strain is
enabled by expression of a heterologous xylose isomerase and overexpression of the native
xylulose kinase Xks1 [28], co-consumption of xylose and glucose should enable growth (Figure
1). Overexpression of native genes encoding the enzymes of the non-oxidative PPP has
previously been shown to stimulate the required conversion of xylulose-5-phosphate into the
glycolytic intermediates fructose-6-phosphate and glyceraldehyde-3-phosphate (Figure 1) [28,
46]. The predicted stoichiometry for conversion of glucose and xylose into pyruvate in a yeast

strain that combines these genetic modifications is summarized in Equation 1:
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C6H1205 +2 C5H1005 +5ADP +5 P+ 2 NADP++ 5 NAD+=> 5 C3H403 +5ATP +4 Hzo + 2 NADPH

+5NADH + 7 H* + CO, [1]

To prevent a potential excessive formation of NADPH [26, 27], the strain design further included
replacement of the native S. cerevisiae NADP*-dependent 6-phosphogluconate dehydrogenases
(Gnd1 and Gnd2) by the NAD+*-dependent bacterial enzyme GndA [30], leading to the

stoichiometry shown in Equation 2:

CsH1206 + 2 CsH1005 + 5 ADP + 5 P; + 1 NADP+ + 6 NAD+ - 5 C3H403 + 5 ATP + 4 H;0 + NADPH + 6

NADH +7H*+CO0;  [2]

As indicated by Equation 2, this strain design forces co-consumption of 2 mol xylose and
1 mol glucose for the production of 5 mol pyruvate, with a concomitant formation of 1 mol
NADPH, 6 mol NADH and 5 mol ATP. NADPH generated in this process can be reoxidized in
biosynthetic reactions [47] or via an L-glutamate-2-oxoglutarate transhydrogenase cycle
catalysed by Gdh1l and Gdh2 [26]. Actual in vivo stoichiometries of mixed-sugar consumption
will depend on the relative contribution of precursors derived from glucose and xylose to
biomass synthesis and on the biomass yield [48]. In aerobic cultures, the latter strongly depends
on the mode of NADH reoxidation (mitochondrial respiration, alcoholic fermentation and/or
glycerol production; Bakker et al. 2001). While quantitation of precise co-consumption
stoichiometries will therefore require experimental analysis, this strain design clearly has the
potential to force xylose and glucose co-consumption at much higher stoichiometries than

previously reported [14, 19, 20, 23, 49-51].
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Figure 1. Schematic representation of central carbon metabolism in yeast strain engineered for forced co-
consumption of glucose and xylose. In a pgilA rpelA Saccharomyces cerevisiae expressing a heterologous
xylose isomerase (XI, Kuyper et al. 2003), the native 6-phosphogluconate dehydrogenases (Gnd1l and
Gnd2) were replaced by a bacterial NAD*-dependent enzyme (GndA, Papapetridis et al. 2016).
Additionally, xylulokinase (Xks1) and enzymes of the pentose phosphate pathway (PPP) were
overexpressed. F6P fructose-6-phosphate; G3P glyceraldehyde-3-phosphate; DHAP dihydroxyacetone
phosphate; 6PGL 6-phosphogluconolactone; 6PG 6-phosphogluconate; RUSP ribulose-5-phosphate; XU5P
xylulose-5-phosphate; R5P ribose-5-phosphate; S7P sedoheptulose-7-phosphate; E4P erythrose-4-
phosphate.
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5.3.2 Construction, laboratory evolution and growth stoichiometry of glucose-

xylose co-consuming S. cerevisiae strains

To implement the proposed strain design for forced co-consumption of xylose and
glucose, multiple copies of a codon-optimized expression cassette for Piromyces xylA [29] were
integrated into the genome of S. cerevisiae IMX705 (gnd14 gnd2A gndA; Papapetridis et al. 2016),
along with overexpression cassettes for S. cerevisiae XKS1 and for structural genes encoding PPP
enzymes. Deletion of RPE1 and PGI1 in the resulting xylose-consuming strain IMX990, yielded
strain IMX1046, which grew instantaneously in aerobic shake-flask cultures on SM with 1 g Lt
glucose and 20 g L-! xylose as sole carbon sources. However, this strain did not grow at the same
xylose concentration when the glucose concentration was increased to 10 g L1, indicating kinetic
and/or regulatory constraints in glucose-xylose co-consumption at higher glucose
concentrations.

To select for co-consumption of xylose at higher glucose concentrations, duplicate serial-
transfer experiments were performed in aerobic shake-flask cultures on SM with 20 g L-1xylose.
During serial transfer, the glucose concentration in the medium was gradually increased from 1
g L1 to 20 g L (Figure 2). Samples of the evolving cultures were regularly inoculated in SM
containing either 20 g L1 glucose or 20 g L-! xylose as sole carbon source. Absence of growth on
these single sugars showed that laboratory evolution did not result in an escape from their
forced co-consumption. When, after 13 transfers, vigorous growth was observed on a mixture of
20 g L1 glucose and 20 g L1 xylose, three single-colony isolates were obtained from each

laboratory evolution experiment by streaking on SM agar (10 g L-* glucose/20 g L-! xylose).
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Sugar 20gL'xylose 20gLlxylose 20gL!xylose 20gL'xylose 20gL'xylose  20gL!xylose

composition: 2 g L' glucose 5 g Lt glucose 10 g L' glucose 10gL* glucose 20 gL glucose
Growth after Immediate Immediate Observed after Observed after ~ Observed after ~ Observed after
first transfer: 18 or 11 days, 9 or 7 days, 5 or 3 days, 4 days
respectively respectively respectively
# of transfersin 1 1 1 5 2 3

same medium:

Figure 2. Laboratory evolution of S. cerevisiae IMX1046 (pgilA rpelA gnd1A gnd2A gndA XylA XKS1T PPPT)
for improved co-consumption of xylose at high glucose concentrations. Cultures were grown in shake
flasks containing 100 mL SM (pH 6) supplemented with 20 g L-! xylose and progressively increasing
glucose concentrations. In every transfer, 0.05 mL of an exponentially growing culture was used to

inoculate the next shake flask.

Growth studies with the six evolved isolates in shake-flask cultures on SM with 10 g L1
glucose and 20 g L-! xylose (Additional File 3) identified isolate IMS0629 (Evolution Line 1) as
the fastest growing isolate (i = 0.21 h-1). The physiology of this strain was further characterized
in aerobic bioreactor batch cultures on SM containing 10 g L-* glucose and 20 g L-! xylose. After a
10 h lag phase (Figure 3, Additional File 4) exponential growth was observed at a specific
growth rate of 0.18 h-1. Biomass, ethanol and CO; were the main products, with additional minor
formation of glycerol and acetate (Table 3, Figure 3, Additional File 4). During the exponential
growth phase, xylose and glucose were co-consumed at a fixed molar ratio of 1.64 mol mol!
(Table 3, Figure 3). Growth ceased after glucose depletion, at which point xylose consumption
rates drastically decreased and corresponded to a simultaneous low rate of xylitol formation
(Figure 3, Additional File 4). As previously reported for XylA-expressing, xylose-fermenting S.
cerevisiae strains [28, 29], no production of xylitol was observed during the exponential growth
phase. The biomass and ethanol yields on total sugars consumed were 0.28 g biomass (g sugar)-!

and 0.18 g ethanol (g sugar)-, respectively. Together with a respiratory quotient of 1.5, these
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observations indicated a respiro-fermentative sugar dissimilation. In line with the inability of
pgilA S. cerevisiae to generate glucose-6-phosphate from ethanol and acetate, reconsumption of
these fermentation products after glucose depletion was not coupled to growth (Figure 3,
Additional File 4). However, their oxidation may have provided redox equivalents for the
observed slow production of xylitol from xylose (Figure 3).

The quantitative data on biomass and product formation obtained from the bioreactor
batch cultures enabled a comparison of the observed molar ratio of xylose and glucose
consumption with a model-based prediction. To this end, the engineered metabolic network of
strain IMX1046 was re-created in silico, using the Yeast v7.6 consensus metabolic model as a
basis (Aung et al. 2013; Additional File 2). Consistent with the experimental observations on
forced co-consumption, inactivation of either xylose or glucose uptake in the model network did
not result in any feasible growth solutions. Using the experimentally determined average
specific growth rates and oxygen consumption rates from the aerobic bioreactor batch cultures
of strain IMS0629 as constraints on the model resulted in predicted xylose and glucose uptake
rates of 2.68 and 1.93 mmol (g biomass)-! h-1, respectively, corresponding to a molar ratio of the
xylose and glucose consumption rates of 1.4. In view of the complexity of the model and the
potential impact of differences in biomass composition, this number corresponded well with the

experimentally measured value of 1.64 (Table 3).
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Table 3. Product yields, biomass specific sugar uptake and production rates in aerobic bioreactor batch
cultures of evolved strain S. cerevisiae IMS0629 (pgil4 rpelA gnd1A gnd2A gndA XylA XKS1T PPPT) on SM
supplemented with 10 g L1 glucose and 20 g L-! xylose (pH 5, 30 °C). Biomass-specific rates, yields and
ratios were calculated from samples taken during the mid-exponential growth phase and represent

averages * mean deviation of independent duplicate cultures. Ethanol yield was corrected for evaporation.

Growth rate (h-1) 0.18 £ 0.00
Glucose-xylose consumption ratio mol mol-1 1.64 £ 0.00
Spec. xylose uptake rate mmol (g biomass)-1 h-1 2.52+0.00
Spec. glucose uptake rate mmol (g biomass)-1 h-1 1.54 £0.07
Spec. glycerol production rate mmol (g biomass)-1 h-1 0.23+0.01
Spec. ethanol production rate mmol (g biomass)-1 h-1 2.25+0.37
Spec. COz production rate mmol (g biomass)-1 h-t 10.43 +0.98
Spec. Oz uptake rate mmol (g biomass)-1 h-1 6.87 £ 0.56
Respiratory quotient 1.52+0.03
Biomass yield g biomass (g sugars)-1 0.28 £ 0.00
Ethanol yield g (g sugars)-1 0.18 +0.00

5.3.3 Whole genome sequencing of evolved glucose-xylose co-consuming S.
cerevisiae

To identify causal mutations for the improved growth of the evolved glucose-xylose co-
consuming S. cerevisiae strains at high glucose concentrations, the genomes of strains IMS0629
and IMS0634 (fastest growing isolates from evolution line 1 and 2, respectively, Additional File
3) were sequenced and compared to that of their common parental strain [Genbank:
PRJNA433919]. Despite the well documented role of S. cerevisiae hexose transporters in xylose
uptake [18, 52-54], no mutations were found in the coding region of any of the 18 genes
encoding these transporters (HXT1-17 and GAL2), or in other known transporter genes. Both
evolved strains harboured mutations in HXK2 (Table 4). This gene encodes the major S.
cerevisiae hexokinase which, in addition to its catalytic role, is involved in glucose repression

[55, 56]. The mutation in IMS0629 caused a premature stop codon at position 309 of Hxk2. Both
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strains also harboured mutations in RSP5, which encodes an E3-ubiquitin ligase linked to
ubiquitination and endocytosis of membrane proteins [57]. In strain IMS0629, a substitution at
position 686 caused a glycine to aspartic acid change at position 229 of Rsp5 (Table 4). Strain
IMS0634 carried a 41 bp internal deletion in RSP5, which included the location of the mutation
in strain IMS0629 and probably caused loss of function.

Compared to strain IMS0634, strain IMS0629 harboured 4 additional nucleotide changes
in protein-coding regions (Table 4). A G-A change at position 896 of the transcriptional regulator
gene CY(C8 introduced a stop codon at position 299 of the protein. Deletion of CYC8 was
previously shown to enhance xylose uptake in the presence of glucose, albeit at the expense of
growth rate [58]. A G-T change at position 673 of the transcriptional regulator gene GAL83
caused an amino acid change from aspartic acid to tyrosine at position 225 of the protein. Gal83
plays a vital role in the function of the Snfl-kinase complex of S. cerevisiae, which is involved in
activation of glucose-repressed genes in the absence of the sugar [59-62].

Analysis of chromosomal copy number variations showed no chromosomal
rearrangements in strain IMS0629 (Additional File 5). In contrast, strain IMS0634 carried a
duplication of the right arm of chromosome 3, a duplication of the middle part of chromosome 8
and a duplication of chromosome 9 (Additional File 5). The duplications in chromosomes 8 and
9 in IMS0634 spanned the GND1, GRE3 and SGAI loci at which the expressing cassettes for
heterologous genes were integrated (Table 1). In the evolved strains IMS0629 and IMS0634,
xyIA copy numbers had increased to ca. 27 and 20, respectively. This observation is consistent
with previous research that showed a requirement for high copy numbers of xylA expression
cassettes to support fast xylose consumption [29, 63]. The duplication in of a segment of
chromosome 8 in strain IMS0634 also spanned the locations of the low-to-moderate affinity

hexose transporter genes HXT1 and HXT5 and the high-affinity hexose transporter gene HXT4.

207



I)I'T9 ‘I)IXH Jo uolssaadxa sassaidal ‘9s0on[3 uo yamo.as Surinp aseurjoxay Jueurwopald {0s014d ul as0on[3 sajejAioydsoyd ‘z swAzuaost aseur{oxaHq HEvEA 24Z0TD DIXH
sjueInuwi [JOD ul Sunjoyjeny Yg-03-13[0n Juad1yya 10j palmbail (A1anoe asedi| QNS (sapnospnu
dyzig seyemsSar wny ut ‘7z1s asedi| QNS Aq paremsSai ‘zdqn Aq pareunbigqnap ‘sejeunibiqnoine ‘Jwag pue Tzody ‘TYN ‘493 ‘€BUS ‘€Z09S Soreunmbiqn 1¥) uonaap

{A11qeIs dwosoqLl pue sisolfoopua ‘uondrdsuen ‘osuodsal 3ooys 1eay ay} ‘Sunos gAW :Surpnpul sassadoad sayemngdal asedi| uninbiqn ¢ Ajwey yqqAaN Ylysawey [CLSERN SdSy

YE90SINI
wnipaw [01924[3 U0 YImous 10j paImbal (TyYIN 9Se[eyal) [e1NSU Jo I0IqIYUI Se S}k Jrow (peLy aurpnsiy) LIH e pue Ayanoe aseyeydsoydoadd

SUIejuod ‘uone[Ausapeap 93engal 01 WSIUEYIdW XOeqpad) e Ul uondouny Aew ‘Tury sajeande ‘Suiddedap YNYW Ul PIA[OAUI SSB[OIPAY [BIIUISSI-UON doaS&ZIZA D9€£9) 1Sod
urewop ayI[-Hd e surejuod ‘uoidai .ajoword pATSTT[A 9Y3 03

spuiq yorym ‘Tdqy jo 198.1e3 A103e[NGal [EnIUS30d !SIsA[eue Aelreo.oiwr Aq umoys se paje[ndal a[4d-[[ad sI uoissardxa ‘uonounj umousun jo urejord aaneng MY90 V061D THaY

II'TD ‘I)XH Jo uolssaidxe sassaidal ‘osoon(3 uo yamoad urinp aseurnjoxay Jueurwopald Joso0lfd ur as0on[3 sare[Aroydsoyd ‘g swAZzua0s 9SEUR{OXoH dois& 60€A 0.476) DIXH
sjueInw [JOD ul Sunrpolyjen) Yg-03-13[09 JuaId1yya J0j padmbau (A1anoe asedi| QNS
dyzig seyengaa uany ut ‘7z1S ased1| QNS Aq paiemsal (zdqn Aq pajeuninbignap ‘sejeuninbiqnoine (Jwag pue Tzody ‘TYN ‘¥93S ‘SeUS ‘€Z09S Sajeuninbigqn

{A3I[1qEIS dWOSOqLI pue SIsolfoopud ‘uondrosuen) ‘Osuodsal 3ooys 3eay ay3 ‘Suntos gAN :Surpnpul sassaooad sayensau ‘asedi) uninbiqn ¢ Ajrwey yqAN aezzo V9899 Sdsy
92.1N0S Uoq.Ied

9[qeIuduLId)-uoU B Jo 90uasa.d ayy ul xa[dwod aseury TJuUS 9y} Jo UOHBZI[BIO] Ie3[ONU SMO[[E Xa[dW0d aseury TJus ay3 Jo syiungns-eaq a[qissod aa1yj jo auQ Aszzd 1£499 £87VD
[+1D0] uorid ay3 wrioj ued ‘siajowo.d 03 saxajdwod yHys

pue JNS/IMS dy3 sunadal eyl xajdwod J10jeande-od [euondrosuen e jo ded se syoe osfe ‘1dn], Yaim J1ay1ado) syoe ‘1ossardal-o0d [euondLidsuen) [elouan dois& 66ZM V9689 824D

6Z90SNI

aSueyd a8ueyd | auag pue

uondrsaq ppeoulwy | 9pnoapPNN urens

(LT0Z-Z1-¥T passad0y ‘/S10'0wouadisead mmm/ /:sd11y) aseqere awouar) S9dAWO0.IBYIIES Y3 WO.1J U9 e) d1oM SuondLIISIP dUY) *SUOIIRIIUIIUO0D

9s0on[3 Y31y e Ymoa3d 3ISej .10J PIA[OAd SUIBNIS 2DISIAS.L9D 'S SUIWINSU0I-00 3sO[Ax-9s00n[3 jo Jurouanbas swousS-ajoym Aq paynuapl suonemnjy ‘4 d[qeL

208




5.3.4 Mutations in HXK2, RSP5 and GAL83 stimulate co-consumption of xylose and
glucose in aerobic cultures of xylose-consuming S. cerevisiae

To investigate the impact of mutations in HXK2, RSP5 and/or GAL83 on mixed-sugar
utilization by an S. cerevisiae strain without forced glucose-xylose co-consumption, they were
introduced into an engineered, non-evolved xylose-consuming S. cerevisiae strain background
(Table 1). Overexpression of xyIA was accomplished by transforming strains with the multi-copy
xylA expression vector pAKX002 [39]. In aerobic shake-flask cultures grown on 10 g L-! glucose
and 10 g L1 xylose, the reference strain IMU079 (XKS1T PPPT pAKX002) displayed a pronounced
biphasic growth profile and only a minor co-consumption of the two sugars (0.13 mol xylose
(mol glucose)!; Table 5, Figure 4, Additional File 6). Co-consumption was strongly enhanced in
the congenic hxk2A strain IMX1485, which showed a 3-fold higher molar ratio of xylose and
glucose consumption (0.41 mol mol1). However, its specific growth rate before glucose
depletion (0.28 h-1) was 13% lower than that of the reference strain (Table 5). Strain IMX1487
(rsp54), which showed a 20% lower specific growth rate than the reference strain, showed a
slight improvement in co-consumption (Table 5). Deletion of GAL83 (strain IMX1486) affected
neither sugar co-consumption nor growth rate. In contrast, replacement of GAL83 by GAL836673T
(strain IMX1488) resulted in a 40% higher co-consumption of glucose and xylose than observed
in the reference strain IMU079, without affecting growth rate (Table 5).

Since independently evolved glucose-xylose co-consuming strains both contained
putative loss-of-function mutations in HXK2 and RSP5, both genes were deleted in strain
IMX1515 (hxk24 rsp5A XKS1T PPPT pAKX002). Similarly, deletion of HXK2 and introduction of
GAL836673T were combined in strain IMX1583 (hxk24 gal83::GAL836¢673T XKS1T PPPT pAKX002).
Co-consumption ratios in the two strains (0.60 and 0.49 mol xylose (mol glucose)-1, respectively)
were 4- to 5-fold higher than in the reference strain IMU079 (Table 5, Figure 4, Additional File
6). However, strain IMX1515 exhibited a 40% lower specific growth rate (0.19 h-1) than the

reference strain, resulting in a 9 h extension of the fermentation experiments (Figure 4,
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Additional File 6). In contrast, strain IMX1583 combined a high co-consumption ratio with the

same specific growth rate as that of the reference strain.

Table 5. Specific growth rates (n) and ratio of xylose and glucose consumption in aerobic shake-flask
cultures of strains IMU079 (XKSIT PPPT pAKX002), IMX1485 (hkx24 XKS1T PPPT pAKX002), IMX1486
(gal834 XKS1T PPPT pAKX002), IMX1487 (rsp54 XKS1T PPPT pAKX002), IMX1488 (gal83::GAL836673T
XKS1T PPPT pAKX002), IMX1515 (hxk24 rsp5A XKS1T PPPT pAKX002) and IMX1583 (hxk24
gal83::GAL836673T XKS1T PPPT pAKX002) grown on SM (urea as nitrogen source) with 10 g L-! glucose and

10 g L xylose (pH 6, 30 °C). Growth rates and ratios were calculated from samples taken during the mid-

exponential growth phase and represent averages = mean deviation of independent duplicate cultures.

Strain Relevant Genotype p (h1) Xylose-Glucose consumption ratio (mol mol-
9
IMU079 HXK2 RSP5 GAL83 0.32+0.01 0.13 +0.00
IMX1485 hxk2A 0.28+0.00 0.41+0.01
IMX1486 gal83A 0.31+0.00 0.14 +0.01
IMX1487 rsp54 0.26 £ 0.00 0.15+0.00
IMX1488 gal83::GAL836G673T 0.31+0.00 0.18 £ 0.01
IMX1515 hxk2A rsp5A 0.19 +0.00 0.60 + 0.00
IMX1583 hxk2A gal83::GAL836673T 0.31+0.00 0.49 + 0.00
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Figure 4. Consumption of glucose and xylose and growth of strains IMU079 (XKS1T PPPT pAKX002; a, d),
IMX1515 (hxk2A rsp5A XKS1T PPPT pAKX002; b, e) and IMX1583 (hxk24 gal83::GAL83¢673T XKS1T PPPT

pAKX002; ¢, f) in batch cultures. The three strains were grown on SM (urea as nitrogen source) with 10 g

L1 glucose and 10 g L-! xylose in aerobic shake-flask cultures (pH 6, 30 °C). a, b, c: ® glucose, © xylose, O

ODeso; d, e, f: ratio of xylose and glucose consumption during exponential growth phase.
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5.3.5 Combined mutations in HXK2 and GAL83 significantly accelerate conversion

of glucose-xylose mixtures by anaerobic cultures of xylose-consuming S. cerevisiae

To investigate the impact of the identified mutations under more industrially relevant
conditions, anaerobic growth of the reference xylose-fermenting strain IMU079 (XKSIT PPPT
pAKX002) in bioreactor batch experiments was compared with that of the two congenic double
mutants IMX1515 (hxk2A rsp54) and IMX1583 (hxk2A gal83::GAL836G673T), that showed the
highest glucose-xylose co-consumption in the aerobic shake-flask experiments. The anaerobic
cultures were grown on 20 g L1 glucose and 10 g L! xylose to simulate the relative
concentrations of these sugars typically found in lignocellulosic hydrolysates [6].

In the anaerobic batch cultures, strains IMU079, IMX1515 and IMX1583 all produced
CO2, biomass, ethanol and glycerol as main products, with a minor production of acetate (Table
6, Figure 5, Additional File 7). The strains did not produce xylitol during exponential growth and
low concentrations of xylitol in cultures of strain IMU079 (2.2 + 0.1 mmol L-1) were only
observed at the end of fermentation. As observed in aerobic cultures (Figure 4), strain IMU079
showed a clear biphasic growth profile in the anaerobic bioreactors (Figure 5, Additional File 7),
during which a fast glucose phase (ca. 16 h) was followed by a much slower and decelerating
xylose consumption phase. During the glucose phase, this reference strain maintained a specific
growth rate of 0.29 h-1 and a glucose-xylose co-consumption ratio of 0.14 mol mol-! (Table 6).
After a ca. 30 h lag phase (Figure 5, Additional File 7), strain IMX1515 exhibited an exponential
growth rate of 0.07 + 0.00 h-1, with a high glucose-xylose co-consumption ratio (0.45 + 0.03 mol
mol-1). Mainly as a result of its lag phase, strain IMX1515 took longer to consume all sugars than
the reference strain IMUO79, but its xylose-consumption phase was ca. 65% shorter (ca. 14 h
and 43 h, respectively; Figure 5, Additional File 7).

In contrast to strain IMX1515, strain IMX1583 (hxk2A gal83::GAL83¢6737 XKS1T PPPT
pAKX002) did not exhibit a lag phase but immediately started exponential growth at 0.21 h-!
(Figure 5). A comparison of biomass-specific uptake rates of xylose and glucose in the anaerobic

batch experiments showed that strain IMX1583 maintained a 44% higher xylose uptake rate
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than strain IMU079 before glucose exhaustion (Table 6). Moreover, both strains IMX1515 and
IMX1583 did not show the pronounced decline of xylose consumption after glucose exhaustion
that was observed in the reference strain (Figure 5, Additional File 7). As a result, the xylose
consumption phase in anaerobic cultures of strain IMX1583 was 80% shorter than that strain
IMUO79 (ca. 9 h compared to 43 h), thereby reducing the time required for complete sugar

conversion by over 24 h (Figure 5).

Table 6. Product yields, biomass specific rates and sugar uptake ratios in anaerobic bioreactor batch
cultures of strains IMU079 (XKS1T PPPT pAKX002), IMX1515 (hxk2A rsp5A XKS1T PPPT pAKX002) and
IMX1583 (hxk24 gal83::GAL836673T XKS1T PPPT pAKX002) grown on SM supplemented with 20 g L
glucose and 10 g L xylose (pH 5, 30 °C). Rates, yields and ratios were calculated from samples taken
during the mid-exponential growth phase and represent averages +* mean deviation of independent

duplicate cultures. Ethanol yields were corrected for evaporation.

Strain IMUO079 IMX1515 IMX1583

Relevant genotype HXK2 RSP5 hxk2A rsp54 hxk24
GAL83 gal83::GAL836G673T

p (h1) 0.29+0.01 0.07 +0.00 0.21+0.00

Spec. xylose uptake rate 2.22+0.14 2.50+0.12 3.19£0.02

mmol (g biomass)-1 h1

Spec. glucose uptake rate 15.65 +0.52 5.58 £0.08 10.09 +0.08

mmol (g biomass)-1 h-1

Glucose-xylose consumption ratio 0.14 + 0.00 0.45 +0.03 0.32 +£0.01

(mol mol-1)

Biomass yield on sugars (g biomass g-1) 0.09+0.01 0.05 = 0.00 0.09 + 0.00

Ethanol yield on sugars (g g1) 0.37 +0.00 0.43 +0.00 0.38+0.01

Glycerol yield on sugars (g g1) 0.10 £ 0.00 0.06 + 0.00 0.08 £ 0.00

Ratio glycerol production on biomass 11.5+0.60 12.0 £ 0.50 9.9 +£0.10

production (mmol (g biomass)-1)

Xylitol production (mmol L-1) 2.22£0.06 0.90 £ 0.04 0.35 £ 0.04
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Figure 5. Sugar consumption, biomass and metabolite production profiles of S. cerevisiae strains IMU079
(XKS1T PPPT pAKX002; a, b), IMX1515 (hxk24 rsp5A XKS1T PPPT pAKX002; ¢, d) and IMX1583 (hxk24
gal83::GAL836673T XKS1T PPPT pAKX002; e, f), grown on SM with 20 g L-! glucose and 10 g L xylose in
anaerobic bioreactor batch cultures (pH 5, 30 °C). Cultures were grown in duplicate, the data shown are
from a single representative culture. a, c, e: ® glucose, © xylose; b, d, f: m biomass 0 ethanol A acetate A

glycerol. Data on ethanol corrected for evaporation.
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5.4 Discussion
5.4.1 Engineering S. cerevisiae for forced co-consumption of xylose and glucose

In previous studies, laboratory evolution of glucose-phosphorylation-negative, pentose-
fermenting strains in the presence of glucose yielded valuable leads for improving utilization of
glucose-xylose mixtures, including mutations in HXT genes that improved pentose uptake in the
presence of glucose [18, 20, 58, 64]. The strategy described in this study not only enabled
selection for xylose utilization in the presence of glucose, but also for simultaneous metabolism
of the two sugars. The molar ratio of xylose and glucose co-consumption (1.64 mol xylose (mol
glucose)1) by the evolved strain IMS0629 is the highest reported to date for batch cultures of S.
cerevisiae [14, 19, 20, 23, 49-51].

Inactivation of PGI1 played a key role in the presented strategy for forcing simultaneous
utilization of xylose and glucose (Figure 1). The growth defect of S. cerevisiae pgi1A mutants on
media that contain glucose as sole carbon source is related to their inability to reoxidize the
NADPH that is generated when metabolism of glucose-6-phosphate is rerouted through the
oxidative PPP [26, 65]. Since such a rerouting was a key element in our strain design (Figure 1),
the NADPH yield from conversion of glucose-6-phosphate through the oxidative PPP was
reduced from 2 to 1 mol mol! by replacing Gnd1 and Gnd2 with the NAD+-linked bacterial 6-
phosphogluconate dehydrogenase GndA [30]. Together with the co-consumption of xylose, via
an engineered pathway that did not involve NAD(P)H generation (Figure 1), these modifications
enabled the engineered strain IMX1046 to grow on mixtures of xylose and 1 g Lt glucose,
without the fructose supplementation that is normally required for growth of pgi-null mutants
on glucose [24, 26]. The evolved strain IMS0629 consumed 8.6 mmol glucose (g biomass)! in
aerobic batch cultures (Table 3), which is close to the requirement of 9.3 mmol NADPH (g
biomass)-! for aerobic growth on glucose of wild-type S. cerevisiae [47]. However, since glucose-
6-phosphate is a key biosynthetic precursor, not all glucose consumed by the cultures can be

converted through the oxidative PPP. Additional enzymes, such as NADP+dependent
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acetaldehyde dehydrogenase Ald6 [30, 66, 67] are therefore likely to have supplemented
NADPH generation via the oxidative PPP in the ‘forced co-consumption’ strains.

The key objective of this study was to develop and test a strain platform that, via
laboratory evolution and subsequent genome resequencing, can be used to identify mutations
that support co-metabolism of xylose and glucose. However, the reported strategy for forced co-
consumption of xylose and glucose may also be used in optimizing the yeast metabolic network
for aerobic production of economically relevant compounds from lignocellulosic hydrolysates. In
particular, imposing fixed stoichiometries of glycolytic and (non-oxidative) PPP reactions may
offer interesting options for high-yield production of compounds whose synthesis requires a
large net input of PPP intermediates and/or NADPH, such as aromatic compounds derived from

the shikimate pathway and lipids [68-70].

5.4.2 Improvement of mixed-sugar fermentation in anaerobic cultures of

xylose-fermenting S. cerevisiae

Mutations in HXK2, RSP5 and GAL83 were selected to investigate whether genetic
changes that occurred during evolution of strain IMX1046 (pgilA rpelA gnd1A gnd2A gndA XylA
XKS1T PPPT) on glucose-xylose mixtures would also stimulate mixed-substrate utilization in a
genetic background that does not impose forced co-utilization. To this end, these mutations
were reverse engineered into a non-evolved strain (XKS1T PPPT). During growth on glucose-
xylose mixtures, the reference strain IMU079 (XKSIT PPPT pAKX002) displayed the typical
biphasic growth profile seen in non-evolved, xylose-consuming strains that express a basic,
functional xylose-isomerase (XI) based xylose fermentation pathway [28, 39]. Biphasic growth
was especially pronounced in anaerobic cultures, in which the xylose consumption rate
collapsed upon glucose depletion (Figure 5). Deletion of HXK2, either combined with the
deletion of RSP5 or with the introduction of a GAL836¢673T mutation, strongly improved mixed
sugar fermentation Kinetics, both by increased co-utilization and by faster conversion of xylose

after glucose had been depleted (Figures 4 and 5). While analysis of the molecular mechanisms
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by which the mutations in HXK2, RSP5 and GAL83 affected mixed substrate utilization is beyond
the scope of this study, the scientific literature enables a first interpretation.

Hxk2, the major hexokinase in S. cerevisiae, plays an additional key role in transcriptional
repression of a large set of yeast genes [71-73] by glucose. Deletion of HXK2 has been shown to
enhance co-consumption of combinations of natural substrates (glucose-galactose, glucose-
sucrose and glucose-ethanol) in batch cultures [55]. During exponential growth on glucose in
batch cultures, hxk2A mutants show increased transcription of the high-affinity hexose
transporter genes HXT2 and HXT7 and decreased transcription of the low-affinity hexose
transporter genes HXT1 and HXT3 [74]. The high-affinity Hxt transporters, which in wild-type
strains are only expressed at low glucose concentrations [75], have a much lower Ky, for xylose
than their low-affinity counterparts [53, 54]. Several studies have demonstrated that
overexpression of high-affinity hexose transporters stimulates xylose uptake [7, 18-21, 50, 76,
77]. The observed improved co-utilization of glucose and xylose upon inactivation of HXK2 may
therefore reflect an increased abundance of high-affinity hexose transporters in the yeast
plasma membrane during growth on glucose-xylose mixtures. A recent in silico study also
identified HXK2 as potential target for improving xylose uptake rates in S. cerevisiae [78].
However, when this prediction was verified by deleting HXK2 in a strain expressing a xylose
reductase/xylitol dehydrogenase-based (XR/XDH) pathway, faster xylose uptake was
accompanied by increased production of by-products and reduced ethanol productivity [78].
The absence of such negative effects in the present study is in line with previous reports that
xylose-isomerase-based strains are less prone to by-product formation than XR/XDH-based
strains (for reviews see Moysés et al. 2016; Jansen et al. 2017).

Rsp5, the only representative of the NEDD4 family of E3-ubiquitin ligases in S. cerevisiae,
is involved in regulation of a multitude of cellular processes, including intracellular protein
trafficking, regulation of the large subunit of RNA polymerase II, ribosome stability, regulation of
fatty acid synthesis and stress response [57, 79-81]. This multitude of roles may explain the

reduced growth rate of the rsp54 strains (Tables 5 and 6) in this study. Involvement of Rsp5 in
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ubiquitination and subsequent endocytosis of the high-affinity hexose transporters Hxt6 and
Hxt7 [82, 83] could explain the strong synergistic effect of the hxk24 and rsp54 deletions: while
deletion of HXK2 prevents glucose repression of the synthesis of these transporters, deletion of
RSP5 could prevent their ubiquitination and removal from the membrane. Removal of
ubiquitination sites in the hexose transporters Hxtl and Hxt36 was previously shown to
enhance xylose uptake by S. cerevisiae [76]. Our results suggest that a similar modification of
Hxt6 and Hxt7 could also be beneficial.

Gal83 is one of three possible B-subunits of the Snfl-kinase complex, which enables
transcription of glucose-repressed genes at low glucose concentrations (for reviews see Gancedo
1998; Schiiller 2003). At non-repressing glucose concentrations, Gal83 directs the Snf1-Gal83
complex to the cell nucleus [84], where it mediates transcriptional upregulation of genes
involved in utilization of alternative carbon sources [61]. Targets of the Snfl-Gal83 complex
include the GAL regulon [85, 86] and the high-affinity hexose transporter genes HXT2 and HXT4
[87]. The D225Y substitution, which stimulated glucose-xylose co-consumption in the present
study, is located in the glycogen-binding domain (GBD) of Gal83 (residues 161-243 [88]). Other
mutations in this domain have been shown to cause transcription of Snf1-Gal83 targets in the
presence of glucose [88-90]. In contrast to deletion of the transcriptional regulator CYC8 [58],
which also stimulated co-utilization but caused severe reductions of the specific growth rate of
engineered strains, the GAL83¢673T mutation did not have a strong impact on growth rate (Tables
5 and 6). The synergistic effect of the hxk24 and GAL83¢673T mutations may be related to the
involvement of Hxk2 in deactivation of Snfl in the presence of glucose, causing constitutive
activity of the Snf1-Gal83 complex in hxk2-null mutants [91, 92].

The reverse engineered mutations in HXK2 and GAL83 or RSP5 not only stimulated
simultaneous utilization of xylose and glucose when both sugars were present, but also
prevented the sharp decline in xylose uptake rates that occurred in the reference strain IMU079
(XKS11T PPPT pAKX002). In the reference strain, the biomass-specific rate of xylose consumption,

probably mediated by low- or moderate-affinity Hxt transporters, declined to values below 0.5
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mmol (g biomass)! h! after glucose depletion (Figure 5, Additional File 7). Under anaerobic
conditions, this low rate of xylose fermentation would correspond to a biomass-specific rate of
ATP production of 0.8 mmol (g biomass)-! h-l. This value is lower than the estimated ATP
requirement for cellular maintenance of S. cerevisiae (ca. 1 mmol ATP (g biomass)-1 h-1 [93]).
Since protein synthesis is a highly ATP-intensive process [94], an inability of the reference strain
to functionally express high-affinity hexose transporters upon glucose depletion may therefore
reflect an energy shortage. A similar effect was observed during transitions between glucose and
galactose growth in anaerobic S. cerevisiae cultures [95]. By already expressing functional high-
affinity transporters before glucose was depleted, the hxk24 rsp54 and hxk2A GAL836673T may
have enabled cells to avoid such a bioenergetic ‘valley of death’ upon the transition to xylose
fermentation. In industrial processes using lignocellulosic feedstocks, this energetic challenge is
likely to be even more stringent due to the presence of compounds such as acetic acid that
increase maintenance energy requirements [17, 32, 96].

While reverse engineering of HXK2, RSP5 and GAL83 mutations demonstrated the
relevance of the forced co-utilization strategy demonstrated in this study, they do not exhaust its
possibilities. The IMS0629 strain can, for example, be used to select mutations that enable
efficient co-utilization of glucose and xylose at different concentrations or in lignocellulosic
hydrolysates that, in addition to fermentable sugars, contain inhibitors of yeast performance [8,
97, 98]. Alternatively, the strain design can be adapted to enable selection for co-metabolism of
other sugars, for example by replacing the xylose pathway by a bacterial pathway for conversion

of L-arabinose into xylulose-5-phosphate [99, 100].

5.5 Conclusions

Engineering of carbon and redox metabolism yielded an S. cerevisiae strain whose
growth was strictly dependent on the simultaneous uptake and metabolism of xylose and
glucose. Laboratory evolution improved growth of the resulting strains on mixtures of xylose

and glucose at elevated glucose concentrations. Mutations in HXK2, RSP5 and GAL83 were
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identified by genome sequencing of the evolved strains. Upon their combined introduction into
an engineered xylose-fermenting yeast strain, these mutations strongly stimulated simultaneous
utilization of xylose and glucose and, after depletion of glucose, fast conversion of the remaining
xylose. The developed strain platform and modified versions thereof can be used for
identification of further metabolic engineering targets for improving the performance of yeast

strains in industrial processes based on lignocellulosic feedstocks.
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Additional File 2. MATLAB script for modification of the Yeast v7.6 consensus metabolic model [42]
according to the glucose-xylose forced co-consumption strategy. The COBRA v2 toolbox [43] was used to

read the model in MATLAB vR2017b (Mathworks, Natick, MA).

function [model,solution,ratio] = coconsumption(model,mu,q02)

Adapting model to strategy

%remove GRE3, GND1/GND2, RPE1l, PGI1 ad BNA5S

removeList = [{'r_1093'},{'r_0889'},{'r_0984'},{'r_0467"},{'r_0670"'}1;

model_strat = changeRxnBounds(model, removeList,0,'b");

removed = ['The following reactions have been disabled in the stoichiometric model: ',
strjoin(removeList)]; disp(removed)

%add XI and gndA

disp('The following reactions have been added to the stoichiometric model: ')
model_strat = addReaction(model_strat,'r_5001',{"'s_0578[c_03]",'s_0580[c_03]"},[-1 11);
model_strat = addReaction(model_strat,'r_5002","'s_0340[c_03] + s_1198[c_03] <=> s_0456[c_03] +
s_0577[c_03] + s_1203[c_03]1");

%unTimited boundaries for glucose and xylose uptake

model_strat = changeRxnBounds(model_strat,[{'r_1714"},{'r_1718'}1,-1000,[{'1"},{'1'}D);
model_strat = changeRxnBounds(model_strat, [{'r_1714"'},{'r_1718"'3}]1,1000,[{'u'},{'u'}1);

Add experimental data

%Add experimentally measured growth rate and 02 uptake rate
model_strat = changeRxnBounds(model_strat, 'r_2111",mu,'u');
model_strat = changeRxnBounds(model_strat,'r_1992',q02,'b"');
%Change objective function to growth

model_strat = changeObjective(model_strat,'r_2111");

Retrieve glucose and xylose uptake rates

solution = optimizeCbModel(model_strat);

glucose_rate = solution.x(findRxnIDs(model_strat,'r_1714"));

xylose_rate = solution.x(findRxnIDs(model_strat,'r_1718"'));

rates = [glucose_rate; xylose_rate];

rates_disp = ['At a growth rate of ',num2str(mu), '/h and a q02 of ',num2str(qo2),'
mmo1/gbw.h, the glucose- and xylose uptake rates are ',num2str(glucose_rate), and
',num2str(xylose_rate), ' mmol/gbw.h, respectively'];

ratio = xylose_rate/glucose_rate; ratio_disp = ['The ratio of xylose over glucose uptake is
',num2str(ratio)];

Check for requirement of co-consumption

model_check = changeRxnBounds(model_strat, 'r_1714',0,'b");

solution_check = optimizeCbModel (model_check); no_glucose = solution_check.origstat;
model_check = changeRxnBounds(model_strat, 'r_1718',0,'b");

solution_check = optimizeCbhModel(model_check); no_xylose = solution_check.origstat;
checkl = ['without glucose, solving the model is ', no_glucose];

check2 = ['without xylose, solving the model is ', no_xylose];

Displaying output

disp(rates_disp); disp(ratio_disp); disp(checkl); disp(check2) end
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Additional File 3. Specific growth rates () in aerobic shake-flask cultures of evolved strains grown on SM

(parental IMX1046, pgi14 rpelA gnd1A gnd2A gndA XylA XKS1T PPPT) with 10 g L-! glucose and 20 g Lt

xylose (pH 6, 30 °C). Growth rates were calculated from samples taken during the mid-exponential growth

phase and represent averages = mean deviation of independent duplicate cultures.

Strain p(h1)
IMS0628 0.18 £ 0.00
Evolution Line 1 IMS0629 0.21+0.00
IMS0630 0.19 £ 0.01
IMS0634 0.16 £ 0.00
Evolution Line 2 IMS0635 0.14 + 0.01
IMS0636 0.15+0.01
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Additional File 4. Sugar consumption,
biomass and metabolite production profiles
of the evolved S. cerevisiae strain IMS0629
(pgild rpeld gnd1A gnd2A gndA XylA XKS1T
PPPT), grown on SM with 10 g L! glucose
and 20 g L xylose in aerobic bioreactor
batch cultures (pH 5, 30 °C). Cultures were
grown in duplicate, the data shown are from
a single representative culture. a: e glucose,
o xylose; b: m biomass o ethanol A acetate A
glycerol <> xylitol; ¢: ratio of xylose and
glucose consumption during exponential

growth phase.
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Additional File 6. Consumption of glucose and xylose and growth of strains IMU079 (XKSI1T PPPT
pAKX002; a, d), IMX1515 (hxk24 rsp54 XKS1T PPPT pAKX002; b, e) and IMX1583 (hxk2A gal83::GAL836¢673T
XKS1T PPPT pAKX002; ¢, f) in batch cultures. The three strains were grown on SM (urea as nitrogen
source) with 10 g L-! glucose and 10 g L xylose in aerobic shake-flask cultures (pH 6, 30 °C). a, b, c: ®
glucose, © xylose, o ODeso; d, e, f: ratio of xylose and glucose consumption during exponential growth

phase.
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Additional File 7. Sugar consumption, biomass and metabolite production profiles of S. cerevisiae strains
IMUO079 (XKS1T PPPT pAKX002; a, b), IMX1515 (hxk24 rsp54 XKS1T PPPT pAKX002; c, d) and IMX1583
(hxk24 gal83::GAL836673T XKS1T PPPT pAKX002; e, f), grown on SM with 20 g L-1 glucose and 10 g L-1
xylose in anaerobic bioreactor batch cultures (pH 5, 30 °C). Cultures were grown in duplicate, the data
shown are from a single representative culture. a: ® glucose, © xylose; b: m biomass o ethanol A acetate A

glycerol. Data on ethanol corrected for evaporation.
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Outlook

Ethanol, produced by the yeast Saccharomyces cerevisiae, is the largest-volume product of
industrial biotechnology. Improvements in the yield of ethanol on carbohydrate feedstocks can
not only improve the economics of ethanol production, but also help to further reduce the
carbon footprint of the production of ethanol as a renewable liquid transport fuel. This thesis
describes optimization of redox engineering strategies that enable significant increases in the
ethanol yield in anaerobic Saccharomyces cerevisiae cultures. These strategies are based on the
replacement of the role of glycerol formation in redox cofactor balancing during anaerobic
growth by the reduction of acetic acid or CO; to ethanol. In designing these strategies, it was an
explicit criterion that, in principle, their implementation in industry should not require major
changes in unit operations of industrial processes, but could instead be based on readily
available substrates. In Chapter 2, efficient CO, reduction to ethanol in fast-growing, glucose-
fermenting yeast strains was enabled by multi-copy expression of a bacterial gene encoding
ribulose-1,5-bisphosphate carboxylase, expression of a spinach phosphoribulokinase gene from
the anaerobically inducible DAN1 promoter, deletion of the yeast Gpd2 glycerol-phosphate
dehydrogenase gene, combined with overexpression of the Escherichia coli chaperones
GroEL/GroES together with the structural genes of the yeast non-oxidative pentose-phosphate
pathway. Rapid implementation of these extensive modifications was made possible by the use
of CRISPR/Cas9-mediated genome editing in combination with in vivo assembly of DNA
fragments by the native yeast homologous recombination machinery. This approach enabled
simultaneous assembly and genomic integration of up to 14 DNA fragments in a single
transformation experiment. These results show the enormous potential of genome editing
techniques to strongly accelerate construction of microbial strains with industrially-relevant
phenotypes. Transfer of the optimized CO;-reduction pathway to industrial yeast strains should
facilitate increased ethanol yields in real-life industrial processes. An alternative approach for

improving ethanol yields is described in Chapters 3 and 4. Instead of using CO; as electron

239



acceptor, this strategy is based on reduction of acetic acid to ethanol. The optimized acetic acid
reduction pathways described in Chapters 3 and 4 were based on changes of the cofactor
specificities of 6-phosphogluconate dehydrogenase and glycerol-3-phosphate dehydrogenase, as
well as deletion of the NADP+-dependent acetaldehyde dehydrogenase Ald6. These modification
strategies can be combined to generate osmotolerant yeast strains with increased ethanol yields
and medium detoxification capacities. Low concentrations of acetic acid can be found in at least
some feedstocks for first-generation ethanol production (e.g. corn mash), while much higher
concentrations of acetic acid are found in the hydrolysates of lignocellulosic plant biomass that
are used for second-generation bioethanol production processes. CO; is abundantly present in
all bioethanol fermentation processes. The availability of two complementary strategies for
improving bioethanol yield increases flexibility in industrial designs and in implementation of
engineered yeast strains for improved ethanol yields.

Even though the modification strategies described in Chapters 2,3 and 4 have the
potential to increase ethanol yield on feedstock, the time required for full conversion of
carbohydrate feedstocks remains a key parameter for optimization, especially in second-
generation processes. The laboratory evolution strategy developed in Chapter 5 can identify key
mutations for increasing pentose utilization rates in S. cerevisiae in a variety of feedstocks and
can be adapted to different process conditions.

The economics of bioethanol production can greatly benefit from further results to
accelerate and intensify ethanol production. Despite many decades of research, many
possibilities remain to further improve bioethanol production by S. cerevisiae by metabolic
engineering. Under-utilized carbon compounds such as uronic acids, which are currently not
converted into ethanol, could be unlocked as additional substrates for ethanol production by
further metabolic engineering of S. cerevisiae. Alternatively, the optimized pathways developed
for S. cerevisiae could be transferred to other industrially relevant yeasts with increased
robustness to process conditions such as low pH and high temperature values. It should

however be noted that successful ethanol production does not only depend on yeast strain
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performance. Especially in second-generation bioethanol production, the upstream pre-
treatment of the lignocellulosic biomass requires extreme conditions and external addition of
expensive hydrolytic enzyme cocktails. Development of yeast strains which can produce
hydrolytic enzymes during the fermentation process (so-called ‘consolidated bioprocessing’) is
intensively studied and offers the prospect of reducing operational costs. Beyond yeast, the
construction and improvement of ethanol-producing thermophilic and cellulolytic bacteria for
consolidated bioprocessing may transform industrial ethanol production from first- as well as

second-generation feedstocks.
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