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Abstract

In Austria, the main part of greenhouse gases such as CO; is produced by the industrial
sector. The vision of a CO2 neutral future will only be fulfilled if a significant reduction of CO2
emissions goes hand in hand with a transition towards greener energy sources. Using CO

as a substrate is one possibility to close carbon cycles and to establish a circular economy.

This thesis aimed to show the feasibility of a two-step process for CO; fixation and
production of a fuel chemical. In the first process step, CO» from an industrial source is fixed
by the acetogenic microorganism Acetobacterium woodii and acetate is produced. The
intermediate product acetate is then utilized by a genetically modified Escherichia coli,
which produces the fuel chemicals isobutanol or 2,3-butanediol in the second process step.
Considering the overall mass balance, the goal therefore was to achieve net CO; fixation
for both steps while producing a fuel chemical from CO, via acetate. The development of
such a process is challenged by several factors such as (i) components of the industrial flue
gas inhibiting CO- fixation and growth, (ii) acetate toxicity, (iii) the low energy density of
acetate and (iv) 2,3-butanediol and isobutanol production not being native to E. coli. To
investigate the influence of these factors, each step of the process was investigated

individually in this thesis.

Industrial blast furnace gas contains significant amounts of CO and COg, but lacks Ho,
usually required for CO; fixation in A. woodii. CO;fixation in blast furnace gas is additionally
complicated by the fact that CO is toxic and inhibits growth of A. woodii. The strategy
therefore was to blend the industrial gas stream with H2 as an energy source and to design
a process where CO is limited in the liquid medium. Using CO-limited conditions, steady
state data during continuous cultivations showed co-utilization of CO, CO, and H, and
acetate production at a rate of 14 mmol acetate I'' h™'. Blending blast furnace gas with H,
not only enabled CO: fixation in the industrial gas stream, but the ratio of flue gas stream to
H, was also shown to influence gas uptake, metabolic fluxes and product formation, thus

providing a potential control strategy for gas fermentations.

The assimilation of acetate in the second step is hindered by its toxicity as a weak acid,
emphasizing the importance to select a suitable host. The robust and stress tolerant E. coli
W was hypothesized to be a promising candidate for acetate utilization and upgrading into
chemicals. Apart from being toxic, acetate also has a lower energy density compared to
sugars. Therefore, acetate assimilation of E. coli W was investigated in batch and
continuous cultures both as sole carbon source and during co-utilization with glucose to
increase energy availability. Overexpression of acetyl-CoA synthetase, one of two pathways

for acetate assimilation improved acetate uptake and co-utilization with glucose in batch
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experiments. The suitability of E. coli W as efficient host for acetate utilization was confirmed

by high uptake rates during batch and continuous cultivations.

Isobutanol is not naturally synthesized by E. coli, and recombinant production in this thesis
was achieved by a systematic strain development approach relying on examination of
different expression vectors and selection of a suitable host, E. coli W. Considering the
chemical properties of isobutanol, a production process was developed, which allowed for
the efficient utilization of both glucose on defined medium and the waste stream cheese
whey, achieving a final isobutanol titer of 20 g I'. Low product yields on acetate in
combination with isobutanol volatility hampered the development of isobutanol production
from acetate. Therefore, 2,3-butanediol served as a platform to establish knowledge on
chemical production from acetate. A chemically defined medium was designed, enabling
the development of a production process where feeding of acetate as sole carbon source

led to the formation of 1.16 g I' diols (2,3-butanediol and acetoin).

This thesis showed the feasibility of net CO; fixation and production of a fuel chemical in a
novel two-step process. Combining time-resolved characterization of physiological
parameters with rational process and screening design allowed to generate knowledge on
both acetate production from an industrial gas stream and upgrading of acetate for microbial
chemical production. While strain selection and engineering were key to improving acetate
assimilation and conversion into a (fuel) chemical, steady state quantification and dynamic
shift experiments enabled the determination of parameters limiting the microbial cell factory.
Due to its flexible nature, the platform technology developed in this thesis could be an
important cornerstone in industrial CO; fixation. Using blending of two independent gas
streams as a general method for adjusting gas compositions to achieve net CO; fixation
might enable reduction of industrial CO» emissions. Similarly, the strategies for upgrading
the alternative feedstock acetate presented in this thesis carry potential for the

establishment of a circular economy on the way towards a CO; neutral future.

Vi
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Zusammenfassung

In Osterreich kann der GroRteil der ausgestoRenen Treibhausgase wie z.B. CO2 auf den Energie-
und Industriesektor zuriickgeftihrt werden. Die Vision einer CO2-neutralen Zukunft wird daher nur
moglich sein, wenn die signifikante Reduktion der CO2 Emissionen in Kombination mit dem
Ubergang zu griineren Energiequellen umgesetzt wird. CO2 als Substrat fiir mikrobielle Prozesse zu
verwenden ist daher eine Mdglichkeit, globale Kohlenstoffkreise zu schlieRen und eine

Kreislaufwirtschaft zu etablieren.

Das Ziel dieser Arbeit war, die Realisierbarkeit eines zweistufigen Prozesses zur CO: Fixierung und
Produktion einer Treibstoffchemikalie zu zeigen. Im ersten Schritt wird CO2 in einem industriellen
Abgasstrom fixiert und mit dem acetogenen Mikroorganismus Acetobacterium woodii in Acetat
umgewandelt. Dieses Zwischenprodukt wird dann in eine zweite Stufe Uberflihrt, wo ein
rekombinanter Escherichia coli Stamm die Treibstoffchemikalien 2,3-Butandiol bzw. Isobutanol
produziert. In Bezug auf die Massenbilanz des Gesamtprozesses sollte daher eine netto CO:
Fixierung Gber beide Stufen erreicht werden, wahrend eine Treibstoffchemikalie aus CO:2 Uiber Acetat
produziert werden sollte. Die Herausforderung fur die Entwicklung eines solchen Prozesses liegt in
mehreren Faktoren: (i) Komponenten des Industrieabgases, welche die CO: Fixierung und
Wachstum behindern kénnen, (ii) die Toxizitat von Acetat, (iii) die niedrige Energiedichte von Acetat
und (iv) dass 2,3-Butandiol und Isobutanol nicht nattrlich in E. coli produziert werden. Um diese
Einflussfaktoren zu evaluieren, wurde in dieser Arbeit jeder Prozessschritt einzeln betrachtet und

untersucht.

Industrielles Gichtgas enthalt signifikante Mengen an CO und CO2, es fehlt jedoch Hz, der als
Energiequelle fur die COz2 Fixierung in A. woodii dient. Die CO2 Fixierung im Industrieabgas wird
zusatzlich dadurch erschwert, dass CO toxisch ist und das Wachstum von A. woodii inhibiert. Es
wurde daher die Strategie gewahlt, das Gichtgas mit Hz als Energiequelle zu mischen und einen
Prozess zu etablieren, wo CO im Fliussigmedium limitiert ist. Unter CO limitierten Bedingungen
zeigten Daten aus dem FlieRgleichgewicht eine gleichzeitige Verwertung von CO, CO2 und Hz und
eine Acetat Produktivitdt von 14 mmol I-' h-'. Das Mischen von Gichtgas und H2 ermdglichte nicht
nur CO2 Fixierung im Industrieabgas, sondern es zeigte sich, dass das Mischungsverhaltnis von
Gichtgas zu Hz die Gasaufnahme, metabolische Flisse und die Acetatproduktion beeinflusste und

daher eine mdgliche Kontrollstrategie fir Gasfermentationen darstellt.

Die Assimilation von Acetat in der zweiten Prozessstufe wird durch dessen Toxizitat als schwache
Saure behindert, was die Wichtigkeit der Wahl eines geeigneten Wirtes hervorhebt. Die Hypothese
war, dass der robuste und stress tolerante E. coli W ein vielversprechender Kandidat fir die
Acetatverwertung und Umwandlung in eine Chemikalie ware. Neben der Toxizitat hat Acetat im
Vergleich zu Zuckern auch eine geringere Energiedichte. Daher wurde die Acetatassimilation sowohl
in Batch als auch in kontinuierlichen Kulturen untersucht. Acetat lag dabei entweder als einzige
Kohlenstoffquelle oder zusammen mit Glucose vor, um die Energieverfiigbarkeit zu erhéhen. Die
Uberexpression von Acetyl-CoA Synthetase, eines zweier Enzyme fiir die Acetatassimilation,

verbesserte die Acetataufnahme sowie die gleichzeitige Verwertung mit Glucose im Batch. Die

Vii
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Eignung von E. coli W als effizienter Wirt fuir die Acetatverwertung wurde durch hohe Aufnahmeraten

im Batch und kontinuierlichen Prozess bewiesen.

Isobutanol wird von E. coli nicht natirlich produziert und rekombinante Produktion wurde in dieser
Arbeit durch systematische Stammentwicklung, im Konkreten durch Untersuchung verschiedener
Expressionsvektoren sowie Auswahl eines geeigneten Wirts, E. coli W, erreicht. Durch Einbeziehung
der chemischen Eigenschaften von Isobutanol wurde ein Produktionsprozess entwickelt, der die
effiziente Verwertung von sowohl Glucose im definierten Medium als auch dem Abfallstoff Molke
ermoglichte, wobei hier eine finale Isobutanol Konzentration von 20 g I erreicht werden konnte.
Niedrige Produktausbeuten in Kombination mit der Fliichtigkeit von Isobutanol verhinderten jedoch
eine weitere Entwicklung der Isobutanolproduktion aus Acetat. Es wurde daher die 2,3-
Butandiolproduktion als Plattform herangezogen, um Wissen zur Produktion einer Chemikalie aus
Acetat zu generieren. Es wurde ein chemisch definiertes Medium entwickelt, dass es erlaubte einen
Prozess zu etablieren, wo Acetat als einzige Kohlenstoffquelle zur Produktion von 1.16 g I-' Diolen
(Acetoin und 2,3-Butandiol) fuhrte.

Diese Arbeit zeigte daher die Realisierbarkeit der netto CO: Fixierung zur Produktion einer
Treibstoffchemikalie in einem neuen zweistufigen Prozess. Die zeitaufgeldste Charakterisierung von
physiologischen Parametern zusammen mit rationalem Prozess- und Screeningdesign erlaubten es
Wissen Uber Acetatproduktion aus einem Industrieabgas sowie Acetatassimilation fir mikrobielle
Produktion zu generieren. Wahrend Stammauswahl und -engineering ein wesentlicher Erfolgsfaktor
fur die Aufwertung von Acetat sowie die Umwandlung in eine Treibstoffchemikalie waren, diente die
Quantifizierung im physiologischen Gleichgewicht, sowie dynamische Veranderungen dazu,
limitierende Faktoren zu bestimmen. Aufgrund seiner flexiblen Eigenschaften kann die
Plattformtechnologie, die in dieser Arbeit etabliert wurde, einen wichtigen Grundstein fur die weitere
industrielle CO2 Fixierung legen. Das Mischen zweier unabhangiger Gasstréme kann als allgemeine
Strategie zur Einstellung von Gas Zusammensetzungen fir die CO2 Fixierung dienen und damit die
Reduktion von industriellen CO2 Emissionen ermdglichen. In gleicher Weise haben die prasentierten
Strategien fur die Aufwertung der alternativen Rohstoffquelle Acetat Potenzial fur die Etablierung

einer Kreislaufwirtschaft am Weg zu einer CO:2 neutralen Zukunft.

viii
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Introduction

. INTRODUCTION
1. Background

1.1. Climate change and CO2 emissions

Extraction and combustion of fossil resources to produce fuels, chemicals and energy has
led to an increase in atmospheric CO» concentrations to the highest levels in ~ 3 Mio. years
(Wuebbles et al., 2017). Global climate change, triggered by these CO, emissions, is one
of two energy-related challenges of the 215t century (Appel et al., 2013), which is why the
global community set goals to reduce atmospheric CO; release in the Paris Agreement in
December 2015 (Kdpke and Simpson, 2020; United Nations, 2015). Limiting global warming
to 1.5 °C will require global net CO; emissions to reach zero by 2050 (Rogel;j et al., 2018).
To that end, fossil fuels will have to be replaced by “above ground” carbon and carbon
cycles will have to be closed by establishing a circular economy (Bengelsdorf and Diirre,
2017; Képke and Simpson, 2020; Liew et al., 2016).

It is a promising start that since 1990, the European Union was able to reduce their
greenhouse gas (GHG) emission by 23 %, thus surpassing the target of 20 % by 2020, but
further measures will be required (Energy Policy Review, 2020). In Austria just like in the
European Union, the major part of greenhouse gas is emitted by the energy- and industrial
sector (Energy Policy Review, 2020; Klimaschutzbericht, 2019). One of the biggest
industrial CO, emitters is the iron and steel industry, which accounts for 4 % to 7 % of
anthropogenic CO, emission in the European Union and 16 % in Austria
(Klimaschutzbericht, 2019; Pardo and Moya, 2013). A variety of exhaust gases containing
CO,, CO and methane are produced during the steel milling process (Molitor et al., 2016).
Other industries producing flue gas streams containing CO; or CO are the ferroalloy

industries, refineries and chemical plants (Heijstra et al., 2017; Klimaschutzbericht, 2019).

1.2. Renewable energy sources
The second energy-related problem of mankind in the 215t century is the depletion of fossil
fuels (Appel et al., 2013). For a switch to non-fossil energy, strategies for storage, transport

and the availability of these energy sources will have to be developed (Appel et al., 2013).

In Austria, 80 % of the energy produced, but only 33.5 % of the energy consumed is derived
from renewable resources (Energie in Osterreich 2018 - Zahlen, Daten, Fakten, 2018). With
this share, Austria is one of the countries reaching their EU goal for 2020 (Energie in
Osterreich 2018 - Zahlen, Daten, Fakten, 2018; Klimaschutzbericht, 2019). The average
share of renewable energy in the European Union was 19 % in 2019 an thus only slightly
below the 20 % goal for 2020 (Energy Policy Review, 2020). Around 35 % of the total

Austrian energy demand is required in the transportation sector, relying mainly on

1
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hydrocarbon fuels since those are cheap, easily storable, and transportable with the existing
infrastructure (Energie in Osterreich 2018 - Zahlen, Daten, Fakten, 2018). The European
Union had targeted a 10 % share of renewable biofuels in the transportation sector by 2020,
but has reached only 8 % (Energy Policy Review, 2020; Official Journal of the European
Union, 2009).

Renewable electricity generated from wind, hydro and solar power can be used directly as
an energy source. However, storage is not easily feasible, leading to the evolvement of
Power-to-X technologies (Energy Policy Review, 2020; Foit et al., 2017; Lund et al., 2015).
To date, H» is generated mainly from natural gas, as this is a rather cheap method (Arreqgi
et al.,, 2018; Yukesh Kannah et al., 2021). The production of H, from excess electrical
energy via water electrolysis is a relatively mature technology and low-emission generation
will improve as the availability of renewable energy increases and costs decline (Haas et
al., 2018; Képke and Simpson, 2020). Other methods for the production of renewable H;
include thermochemical or biochemical utilization of biomass and conversion of solar
energy as heat or via photolysis (Dou et al., 2019). Hydrogen is generally regarded a
promising future electron carrier, since it is a clean, “zero-carbon” energy source (Das and
Veziroglu, 2008; Hallenbeck and Ghosh, 2009; Yukesh Kannah et al., 2021).

To sum up, a strategy combining the use of renewable energy sources, efficient energy
storage and low CO, emission industrial plants is required for the transition towards a “zero
COy” future.

1.3. Alternative renewable feedstocks

With emerging development of microbial cell factories producing chemicals of interest, the
interest in the use of alternative feedstocks has increased. These feedstocks should fulffil
two main requirements: (i) they should be cost-effective in order to obtain a process
competitive to production from fossil fuels (Lim et al., 2018) and (ii) competition with arable
land should be avoided (Havlik et al., 2011; Scarlat et al., 2008). Potential streams for such
feedstocks include lignocellulosic biomass as well as industrial, landfill and residual waste
streams (Wolf et al., 2005).

Lignocellulosic biomass has to be pretreated heavily to access the fermentable sugars and
a large proportion of carbon remains unused (J6nsson and Martin, 2016). Therefore, the
gasification of biomass to syngas containing CO, CO., Hz2 and Nz is a promising alternative,
since it allows for the utilization of nearly all available carbon (Liew et al., 2016).
Traditionally, syngas is further converted into hydrocarbons via the Fischer-Tropsch
synthesis operated at high pressure and temperature (Takors et al., 2018), but recently,
microbial gas fermentation technology has recently emerged as a promising alternative
(Képke and Simpson, 2020; Liew et al., 2016; Takors et al., 2018).

2
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Introduction

The use of waste streams for microbial chemical production is considered promising not
only due to the presence of sugars and proteins, but also because it can help to reduce the
ecological footprint (Matsakas et al., 2014; Novak and Pfliigl, 2018). The utilization of these
waste streams is complicated by anaerobic digestion reducing available sugars,
heterogeneity and variations in composition (Pfaltzgraff et al., 2013). However, the
utilization of cheese whey has been shown to enable recombinant protein production as
well as butanol production (Hausjell et al., 2019; Qureshi and Maddox, 2005). The dairy
industry produces large amounts of cheese whey and its disposal poses environmental
burden due to a high organic content (Guimarées et al., 2010; Yadav et al., 2015). Cheese
whey mainly consists of lactose, proteins and peptides and is therefore a promising

alternative feedstock (Hausijell et al., 2019).

1.4. Biological CO: fixation
Costs for CO, emission certificates and criticism on the use of fossil fuels have increased
industrial interest in the investigation and development of biological CO; fixation technology

and microbial chemical production from C1 substrates (Takors et al., 2018).

The advantage of biological CO; fixation in comparison to physical processes such as direct
mineral carbonation is that, in addition to the reduction of CO, concentrations, valuable
chemicals can be produced (Mistry et al., 2019). Conversion of CO» requires the input of
energy in the form of electrons, since carbon atoms in CO; are present in their most oxidized
form (Appel et al., 2013; Gong et al., 2018; Liew et al., 2016). Energy availability can be a
bottleneck in biological CO; fixation processes and possible sources include light and
reduced compounds such as Hz, H2S or other inorganic compounds (Gong et al., 2018;
Nybo et al., 2015). CO; fixation was also investigated by using electricity as a direct energy
source in a process termed microbial electrosynthesis (MES) (Philips, 2020; Rabaey and
Rozendal, 2010).

Pathways for biological CO; fixation have evolved over billions of years and use diverse
mechanisms and enzymes to process CO: (Appel et al., 2013). The most prominent
pathway for CO: fixation is the Calvin-Benson-Bassham (CBB) cycle in plants, algae and
cyanobacteria and accounts for 90 % of global carbon fixation (Bassham et al., 1950; Fuchs,
2011; Gong et al., 2018). There, CO; is converted into organic matter using light as an
energy source (Razzak et al., 2017). The key enzyme for CO;, fixation via the CBB cycle is
RuBisCo (Ribulose bisphosphate carboxylase/oxygenase), one of the most abundant
proteins on Earth (Raven, 2013). The performance of this enzyme is hampered by its low
affinity towards CO; and its additional function as oxygenase leading to photorespiration
instead of photosynthesis (Mistry et al., 2019). Engineering the process of photorespiration

has therefore been a target for reducing carbon loss (Trudeau et al., 2018). Generally, the
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photosynthetic efficiency is low, resulting in the loss of solar energy (Work et al., 2012). For
instance, the energy conversion efficiencies for production of oil by microalgae are below 2
% (Santero et al., 2016). Despite these energetic constraints, cyanobacteria and algae were
successfully established for CO- fixation and production of biofuels and chemicals such as
polyhydroxybutyrate (PHB) (Brennan and Owende, 2010; Chisti, 2007; Kamravamanesh et
al., 2017). Although photoautotrophic CO- allows for the synthesis of high-value chemicals,
industrial competitiveness is challenged by slow cell growth, inefficient protein expression
and low chemical productivity (Gong et al., 2018). Additional hurdles on the way towards
industrial implementation of photoautotrophs for CO. fixation and production of valuable
chemicals include physiological factors such as growth and production being inhibited at
high CO, concentrations, low utilization of CO; and limited tolerance towards impurities in
flue gas streams. The operation of photoautotrophic CO- fixation plants are challenged by
the high capital and operating cost of such cultivation systems, the scale-up being limited
by the poor permeability of light in microbial cultures and the high cost for downstream
processing (Anand et al.,, 2020; Gong et al., 2018). One opportunity to increase
competitiveness of CO- fixation is to make use of mixed-substrate conversion systems,
where CO: is utilized together with an abundant co-substrate such as glucose, glycerol or
methanol (Steiger et al., 2017).

CO: fixation was even established in heterotrophic organisms by introducing a heterologous
CBB cycle (Gassler et al., 2020; Gleizer et al., 2019). In Pichia pastoris, CO, was used as
the sole carbon source, while methanol solely served as an energy source since methanol
assimilation was blocked (Gassler et al., 2020). Similarly, E. coli was turned into a full
autotroph capable of using CO, as the sole carbon source and formate, which can be
produced electrochemically as an energy source (Gleizer et al., 2019). In both studies,
decoupling energy and carbon metabolism was crucial to obtain biomass formation from
COs.. In contrast to photosynthetic CO. fixation, which requires expensive and specific
bioreactor equipment, processes using chemical, potentially renewable energy sources can
be directly applied in standard large-scale bioreactor set ups (Cotton et al., 2020; Olah,
2013).

In addition to the CBB cycle, five other natural CO: fixation pathways have been discovered:
the 3-hydroxypropionate bicycle and the 3-hydroxypropionate-4-hydroxybutyrate cycle also
function aerobically, whereas the reductive tricarboxylic acid cycle, the dicarboxylate/4-
hydroxybutyrate cycle and the Wood-Ljungdahl pathway contain oxygen-sensitive enzymes
and work anaerobically (Gong et al., 2018, 2016). All CO-, fixation pathways apart from the
CBB cycle comprise the reduction of two molecules of CO, to acetyl-CoA (Fuchs, 2011).

The Wood-Ljungdahl, also termed reductive acetyl-CoA pathway, is the only linear pathway
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(Drake et al., 2008) and considered to be the oldest (Adam et al., 2018) and most efficient
CO; fixation mechanism (Fast and Papoutsakis, 2012; Liew et al., 2016).

1.5. Acetogenic microorganisms

Acetogenic bacteria are a group of chemolithoautotrophic microorganisms capable of
producing acetate from CO,. During autotrophic growth, H, serves as an electron donor
(Schuchmann and Miller, 2014). Acetogens can also utilize CO by performing an internal
water-gas shift reaction, but the oxidation of CO is accompanied by CO; formation (Adam
et al., 2018; Kopke and Simpson, 2020; Ragsdale and Pierce, 2008). In addition to
autotrophic growth, acetogens can utilize a broad variety of organic substrates such as
hexoses and pentose sugars, alcohols, and organic acids. This metabolic flexibility gives
acetogenic bacteria an economical advantage, which is why they are omnipresent in nature
(Drake et al., 2008; Ragsdale and Pierce, 2008; Schuchmann and Miller, 2016). Acetate is
the main product of all acetogens, especially during growth on CO; and H, but other
valuable chemicals such as ethanol, 2,3-butanediol, butanol, butyrate, hexanol and
hexanoate can also be produced, preferably in the presence of CO (Bruant et al., 2010;
Hess et al., 2015; Képke et al., 2011; Liou et al., 2005; Phillips et al., 2015; Richter et al.,
2016).

Acetogenic bacteria are very suitable for the utilization of gaseous C1 substrates (Képke
and Simpson, 2020; Takors et al.,, 2018). Potential gas sources include CO and CO;
containing gas streams such as industrial waste gases or syngas (Képke and Simpson,
2020). Due to the broad product spectrum in combination with a high product selectivity,
gas fermentations can serve as an alternative to chemical synthesis, i.e. the Fischer-
Tropsch synthesis. The main advantages of gas fermentations are lower temperature and
pressure in combination with an increased tolerance towards variability in the gas
composition and contaminants (Heijstra et al., 2017; Liew et al., 2016; Takors et al., 2018).
Anaerobic conditions applied during gas fermentation reduce the flammability of gases and

make biological contaminations less likely (Liew et al., 2016).

What all acetogenic organisms have in common is that they use the Wood-Ljungdahl
pathway (WLP, Figure 1), also known as the reductive acetyl-CoA pathway for CO; fixation
(Drake et al., 2008; Ragsdale and Pierce, 2008). The WLP consists of two branches, the
methyl, and the carbonyl branch. In the methyl branch, one molecule of CO; is reduced to
formate, which is then activated to formyl-tetrahydrofolate (THF) by consumption of one
molecule of ATP. Electrons for the reduction of CO; to formate are either derived directly
from H. or from a redox equivalent, depending on the acetogenic organism (Mock et al.,
2015; Schuchmann and Muller, 2014). Formyl-THF is further reduced to methyl-THF by an

enzyme cascade and the methyl group is transferred to a corrinoid iron-sulfur-containing
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protein (CoFeSP). Another molecule of CO; is reduced to CO in the carbonyl branch and
fused to the methyl-group to form acetyl-CoA by the CO dehydrogenase/acetyl-CoA
synthase complex (CODH/ACS) (Ljungdhal, 1986; Ragsdale, 2008). During growth on CO
alone, the CO; for the methyl branch is generated by oxidation of CO via CODH (Liew et
al., 2016). During heterotrophic growth, the CO- released can be assimilated via the WLP
thus increasing product yields (Drake et al., 2013; Fast et al., 2015; Jones et al., 2016).
Acetyl-CoA is further converted into acetate by a phosphotransacetylase and an acetate
kinase (Ljungdhal, 1986; Ragsdale, 2008). In this process, one molecule of ATP is produced

via substrate level phosphorylation. (Schuchmann and Miiller, 2014).

The WLP is the only pathway for CO, fixation where input of ATP is not required. A
chemiosmotic mechanism is present in acetogens for ATP synthesis (Schuchmann and
Madller, 2014). Especially in acetogens lacking cytochromes, the exact mechanism had not
been clear until a few years ago, when the Rhodobacter nitrogen fixation complex (Rnf) was
discovered in A. woodii (Miller et al., 2008). This multi-subunit oxidoreductase catalyzes
electron transfer from reduced ferredoxin to NAD?, thereby allowing for the translocation of
sodium against the transmembrane potential. This electrochemical sodium gradient is then
used to drive ATP synthesis via a membrane bound ATPase (Biegel et al., 2011, 2009;
Biegel and Mdller, 2010; Heise et al., 1992, 1991; Matthies et al., 2014; Westphal et al.,
2018). The same mechanism with a proton instead of a sodium gradient was found in
Clostridium ljungdahlii, Clostridium autoethanogenum and Clostridium aceticum (Hess et
al., 2016; Koépke et al., 2010; Mock et al., 2015). Other acetogens such as Morella
thermoacetica possess cytochromes and a membrane-bound energy converting
hydrogenase (Ech) for building up the ion gradient (Huang et al., 2012). Acetogens are
therefore classified according to their energy-conserving enzymes (Rnf or Ech) and the ion

translocated (sodium or a proton) (Schuchmann and Midiller, 2014).

The reduction of CO- in the WLP requires the input of electrons in the form of reducing
equivalents. During autotrophic growth on CO, and Ha, the reducing power must be derived
from Hz (Schuchmann and Miuller, 2014). Reducing power in the form of the reducing
equivalents NADH and reduced ferredoxin is provided through electron transfer from Ho.
The basis of this reaction is flavin-based electron-bifurcation. In short, electrons are
transferred from Hz to NAD* and ferredoxin, yielding NADH and reduced ferredoxin in equal
amounts. The endergonic reduction of ferredoxin is enabled by the exergonic reduction of
NAD* (Herrmann et al.,, 2008; Schuchmann and Mduller, 2014, 2012). Several electron
bifurcating enzymes have been identified and these include bifurcating hydrogenase
complexes in A. woodii, M. thermoacetica and C. autoethanogenum (Huang et al., 2012;
Schuchmann and Miller, 2012; Wang et al., 2013b, 2013a) the NADH-dependent reduced
ferredoxin:NADP oxidoreductase (Nfn) in C. autoethanogenum (Mock et al., 2015). And the

6
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methylene-THF reductase of C. autoethanogenum (Valgepea et al., 2018, 2017). The
confurcating lactate dehydrogenase of A. woodii also uses a bifurcating mechanism to drive

endergonic lactate oxidation (Weghoff et al., 2015).

Genes of the WLP pathway are highly conserved in all acetogens (Poehlein et al., 2015),
while there are major differences in some key enzymes such as the electron-bifurcating
hydrogenase, the electron-bifurcating Nfn and the aldehyde:ferredoxin oxidoreductase
(AOR) (Mock et al., 2015; Poehlein et al., 2015; Schuchmann and Mdller, 2014). These
genetic variations in combination with deviations in energy conservation also account for
different product spectra as well as the general growth behavior of acetogens (Bertsch and
Madller, 2015a; Mock et al., 2015). In detail, product formation in acetogens depends on: (i)
whether CO or CO; and H; are utilized, (ii) the ATP gain during the formation of acetyl-CoA
or acetate, (iii) the amount of ATP required for or produced from the subsequent reaction
towards a product and (iv) the presence of functional enzymes that catalyze the reaction to
a product (Bertsch and Miller, 2015a). As an example, A. woodii, C. aceticum and M.
thermoacetica produce mainly acetate under autotrophic conditions, whereas C.
carboxidivorans, C. ljungdahlii and C. autoethanogenum are able to produce more reduced
compounds such as ethanol, 2,3-butanediol and butanol (Liew et al., 2016). The latter
organism has successfully been established as a commercial strain for ethanol production

from steel mill flue gases by the company LanzaTech (Heijstra et al., 2017).

Synthetic biology and metabolic engineering carry the potential to improve the efficiency of
gas fermentations as well as to extend the product spectrum (Jin et al., 2020; Latif et al.,
2014; Liew et al.,, 2016). For example, non-native butanol production from CO was
successfully established in C. autoethanogenum and C. ljungdahlii by expression of the
pathway from C. acetobutylicum (Képke et al., 2010; Képke and Liew, 2011). Similarly,
heterologous acetone biosynthesis from either H», and CO, was shown in C. aceticum, C.
liungdahlii and A. woodii (Banerjee et al., 2014; Hoffmeister et al., 2016; Schiel-Bengelsdorf
and Durre, 2012). Upgrading of acetone produced from CO to isopropanol was found to
depend on the redox state in C. ljungdahlii and C. autoethanogenum (Képke et al., 2012)
and the production of several additional high value molecules using gas fermentation has
been developed by LanzaTech (Heijstra et al., 2017). Metabolic engineering was not only
used to extend the product spectrum, but also to improve the efficiency of native production,
e.g. by overexpressing enzymes of the WLP of C. ljungdahlii in A. woodii (Straub et al.,
2014). Deletion of the gene budA involved in 2,3-butanediol production eliminated this by-
product and resulted in increased ethanol production in C. autoethanogenum (Koepke et
al., 2014). A very efficient tool for strain engineering is the use of genome-scale metabolic
models in combination with the collection of omics datasets (Humphreys and Minton, 2018;

Latif et al., 2014; Vees et al., 2020). As an example, a genome-scale metabolic
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reconstruction of C. ljungdahlii was used to propose targets for deletions and
overexpression aiming for increased product formation (Chen and Henson, 2016).
Metabolic models can also be used to improve productivity by optimizing cultivation
conditions. A model based on thermodynamic and nutrient limitations as well as pH effects
was proposed for instance for C. autoethanogenum (Richter et al., 2016). In the same
organism, metabolic modelling improved CO. utilization by adapting the feed gas
composition (Heffernan et al., 2020). As genetic engineering tools for acetogens emerge,

the efficiency of gas fermentations will increase even further (Heijstra et al., 2017).

1.6. Acetobacterium woodii

A. woodii was first isolated from black sediment in an Oyster pond in Massachusetts (US)
in 1977 (Balch et al., 1977) and is one of the best studied acetogens today, serving as a
model-organism (Biegel et al., 2009; Braun and Gottschalk, 1981; Godley et al., 1990;
Schuchmann and Miller, 2016, 2014; Westphal et al., 2018; Wiechmann et al., 2020). A.
woodii is a homoacetogenic bacterium, meaning that its main product is acetate (Diekert
and Wohlfarth, 1994). However, ethanol is produced under phosphate limitation or when
acetaldehyde is the carbon source (Buschhorn et al., 1989; Trifunovi¢ et al., 2020).
Propionic acid and 1-propanol is formed during growth on 1,2-propanediol (Schuchmann et
al., 2015). Under sodium limiting conditions, formate becomes the main product (Mdller,
2019). A. woodii is known to efficiently utilize CO; and H; (Kantzow et al., 2015;
Schuchmann and Miller, 2012; Takors et al., 2018). In contrast to other acetogenic
bacteria, CO cannot be used as the sole carbon and energy source and its utilization is only
possible in the presence of CO, and H or formate (Bertsch and Mdaller, 2015b; Mdller,
2019). In addition to autotrophic growth, A. woodii can utilize a broad variety of organic
substrates such as formate, methanol, ethanol, lactate, fructose, glucose, 2,3-butanediol,
etc. (Bainotti and Nishio, 2000; Balch et al., 1977; Bertsch et al., 2016; Bertsch and Midller,
2015b; Braun and Gottschalk, 1981; Drake et al., 1997; Eichler and Schink, 1984; Godley
et al., 1990; Hess et al., 2015; Kremp et al., 2018; Peters et al., 1998; Schuchmann et al.,
2015; Schuchmann and Miiller, 2016). The metabolic flexibility is further increased by the
ability of A. woodii to simultaneously utilize organic substrates and CO2 (i.e. mixotrophy)
(Braun and Gottschalk, 1981; Demler, 2012a; Godley et al., 1990; Peters et al., 1998).
During heterotrophic growth, H> occurs as an intermediate, and a new mechanism for
intracellular Hz cycling was recently described (Wiechmann et al., 2020). Alternative
electron acceptors such as aromatic acrylates (e.g. caffeate) can be metabolized by A.
woodii instead of COz (Dilling et al., 2007; Tschech and Pfennig, 1984).

A. woodii was the first acetogen in which energy conservation was elucidated and it is
classified as an Rnf and sodium dependent acetogen (Fritz and Mdiller, 2007; Miller et al.,

2008; Schuchmann and Miiller, 2014). A membrane-integral ATPase catalyzes the
8
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generation of 1 mol ATP per 3.3 mol sodium ions (Fritz and Muller, 2007; Muller et al., 2001)
and the sodium gradient is driven by the Rnf complex, which catalyzes electron transfer
from reduced ferredoxin to NAD* (Biegel et al., 2011, 2009; Biegel and Miiller, 2010;
Westphal et al., 2018). This complex was found to be the only coupling site between energy
and redox metabolism of A. woodii and is essential for growth on H, and CO; as well as on
low energy substrates (Schuchmann and Miuller, 2014; Westphal et al., 2018). Therefore,
acetogenic metabolism must be designed to have a high ratio of reduced ferredoxin to
NADH (i.e. more reactions that reactions producing reduced ferredoxin) to achieve net ATP
production. Reduced ferredoxin can be considered a high-energy intermediate and ATP
generation depends on the reactions that produce reduced ferredoxin (Bertsch and Miller,
2015a; Schuchmann and Muller, 2014). During autotrophic growth, reduced ferredoxin is
generated from H, via the electron-bifurcating hydrogenase, HydABCD, a tetrameric soluble
enzyme that catalyzes the reduction of ferredoxin and NAD* by oxidation of H:
(Schuchmann and Mdller, 2012). Both reducing equivalents, NADH and reduced ferredoxin
are required for CO- reduction in the methyl and carbonyl branch of the WLP, respectively
(Figure 1). The reduction of CO; to formate in the first step of the methyl branch of the WLP
is catalyzed by a hydrogen-dependent CO- reductase (HDCR) in A. woodii. Direct use of
H, as an electron donor by this enzyme instead of a redox equivalent is energetically
advantageous for the cell (Schuchmann and Miiller, 2014, 2013). The HDCR is inhibited by
CO, but this inhibition is completely reversible (Ceccaldi et al., 2017; Ragsdale and
Ljungdahl, 1984). Finally, the reduction of 2 mol CO, with 4 mol Hz results in the production
of 1 mol acetate and the generation of 0.3 mol ATP (Figure 1) (Bertsch and Muller, 2015a;
Schuchmann and Miuller, 2014). This low ATP gain allows A. woodii to grow at low H-
concentrations and is mainly responsible for the enhanced H: utilization characteristics of

A. woodii compared to other acetogens (Mock et al., 2015).
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Figure 1 — Acetogenesis in A. woodii. The Wood-Ljungdahl pathway is shown with enzymes for
redox balancing and energy conservation. Rnf = Rhodobacter nitrogen fixation complex, Hyd =
Hydrogenase, HDCR = Hydrogen dependent CO:2 reductase, CODH = CO dehydrogenase, ACS =
Acetyl-CoA synthase.

1.7. Using acetogenic bacteria for upgrading C1 gases to value-added
chemicals

The production of chemicals from C1 gases has until now mainly relied on direct conversion
in acetogenic bacteria. In these one-step processes, ethanol or other reduced products are
directly produced in acetogenic bacteria, mainly from CO (Heffernan et al., 2020; Hermann
et al., 2020; Valgepea et al., 2018). CO and CO: fixation in these processes typically yield
mixed products or acetate as the sole product, depending on the acetogenic organism used.
Although reduced chemicals are provided by the former scenario, the latter is characterized
by its robustness towards varying feed gas composition and its superior controllability.
Additionally, formation of acetate increases flexibility since production can aim for any other

product in a subsequent step.

Alternatively, the establishment of a two-step process with two microbial systems with
different properties can be advantageous compared to one-step production. Making use of
a second organism, the product spectrum can be enhanced, or a substance can be

produced with less side products. Especially, when aiming for the utilization of CO, the
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production of more reduced products is difficult to achieve (Liew et al., 2016; Mock et al.,
2015). Co-cultures or mixed cultures can be promising due to symbiotic relationships as
well as increased substrate utilization and product yields, but might be hampered due to the
difficulty in understanding and controlling these systems (Liew et al., 2016). A secondary
process can combine the high product selectivity of an anerobic process with the high
product diversity of an aerobic process (Hu et al.,, 2016; Képke and Simpson, 2020).
Recently, such processes have been presented: in one process, acetate produced from
CO2 and Hz by M. thermoacetica was converted into lipids or isopropanol with Yarrowia
lipolytica (Hu et al., 2016) and in another process, acetate from syngas fermentation was

upgraded to isopropanol in E. coli (Yang et al., 2020).

1.8. Microbial upgrading of acetate in E. coli

E. coliis a biotechnological workhorse and belongs to the best-studied microorganisms with
the focus on recombinant protein as well as bulk chemical production (Erian et al., 2018;
Ferrer-Miralles et al., 2015; Kopp et al., 2017; Ohta et al., 1991; Wurm et al., 2018). Glucose
remains the most-utilized substrate but the assimilation of other substrates such as
pentoses, glycerol and acetate has also been studied (Alterthum and Ingram, 1989; Jeon
et al., 2016; Kopp et al., 2017; Nagata, 2001; Trinh et al., 2008; Valgepea et al., 2010; Xu
et al., 2017).

In E. coli, there are different routes for acetate uptake and production. Acetate assimilation
is either mediated by the low-affinity pta-ackA node (phosphate acetyltransferase — acetate
kinase) or the high-affinity irreversible acetyl CoA synthetase (acs) pathway (Oh et al., 2002;
Wolfe, 2005). The second way enables E. coli to utilize even small amounts of acetate
(Brown et al., 1977; Kumari et al., 1995) and its activity is tightly regulated on both a
transcriptional and a post-translational level (Enjalbert et al., 2017; Starai et al., 2002; Starai
and Escalante-Semerena, 2004; Wolfe, 2005). Another way for acetate formation is direct

oxidation of pyruvate by pyruvate dehydrogenase (poxB) (Enjalbert et al., 2017).

Acetate has been upgraded to a variety of bulk chemicals and these have been summarized
in the current opinion article (Novak and Pfllgl, 2018). Among those promising chemicals,

two should be further highlighted: isobutanol and 2,3-butanediol.

Isobutanol is a C4 chemical and considered an interesting fuel chemical, since its use has
advantages over the utilization of shorter chain alcohols. Compared to ethanol, isobutanol
has a higher energy density, is better miscible with gasoline and can be transported with
the existing infrastructure (Atsumi et al.,, 2010; Tao et al., 2014). Isobutanol is also
considered to be advantageous over n-butanol production, since it has a higher octane
number, is less toxic to cells and requires less energy for downstream processing (Tao et

al., 2014). Other applications include the use of isobutanol as precursors for esterification
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of phthalic, adipic and dicarboxylic acids and to isobutyl acetate. These esters are used as
common plasticizers and solvents (Hahn et al., 2000). Industrially, isobutanol is produced
by carbonylation of propylene and further hydrogenation of isobutyraldehydes (Hahn et al.,
2000). Isobutanol is not naturally synthesized by any organism, but its production has been
shown feasible by combining valine biosynthesis with the Ehrlich pathway (Atsumi et al.,
2008). Efficient isobutanol production from glucose was established on media containing
significant amounts of complex media additives (Baez et al., 2011). Generation of
isobutanol from acetate was generally shown to be feasible, although at very low product
titers (Song et al., 2018).

Another promising platform chemical is the C4 compound 2,3-butanediol, which can be
used as an anti-freezing agent or as a food-additive (Magee and Kosaric, 1987; Tran and
Chambers, 1987). Usually produced from fossil resources, 2,3-butanediol serves as a
precursor for asymmetric synthesis of different chemicals including methyl ethyl ketone,
gamma-butyrolacetone and 1,3-butadiene (Celihska and Grajek, 2009; Xiu and Zeng,
2008). The heating value of 2,3-butanediol is 93 % of that of ethanol and 2,3-butanediol can
therefore serve as a liquid fuel or a fuel additive (Tran and Chambers, 1987). So far, 2,3-
butanediol has only been manufactured in very small quantities via chemical synthesis
using butene separated from cracked gas (Song et al., 2019). After chemical production,
2,3-butanediol is present as three isomers and expensive separation and purification
processes are required to obtain stereospecific 2,3-butanediol (Song et al., 2019; Yang and
Zhang, 2019). Since microbial synthesis usually yields optically pure isoforms, interest in
biological 2,3-butanediol production has recently risen (Celinska and Grajek, 2009; Song et
al., 2019; Yang and Zhang, 2019). However, its high boiling point and high affinity towards
water makes separation and purification of 2,3-butanediol from fermentation broth
challenging (Xiu and Zeng, 2008). Therefore, several purification methods including steam
stripping, solvent extraction, reverse osmosis and pervaporation have been investigated to
reduce energy consumption and increase product recovery (Qureshi et al., 1994; Shao and
Kumar, 2009; Sridhar, 1989; Wheat et al., 2011). During microbial production of 2,3-
butanediol, acetoin serves as a precursor. Industrially, this chemical can be used as a flavor
enhancer and a chemical building block (Xiao et al., 2009; Xiao and Lu, 2014). 2,3-
butanediol and acetoin are naturally produced in several microorganisms including C.
liungdahli, C. autoethanogenum, Klebsiellla oxytoca and Enterobacter cloacae (Ji et al.,
2010; Kopke et al., 2011; Li et al., 2015). Production of 2,3-butanediol has been established
on glucose and other sugar sources (Erian et al., 2020, 2018; Li et al., 2010; Xu et al.,
2014).

Apart from being the main product of gas fermentation with acetogens, acetate is also

present in a variety of renewable feedstocks and waste streams and microbial upgrading of
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acetate is therefore an emerging research field. To further highlight the potential of acetate
as a promising alternative feedstock, current knowledge on microbial upgrading of acetate

was summarized in a current opinion article.
Title of manuscript

Towards biobased industry: acetate as a promising feedstock to enhance the potential of

microbial cell factories
Content description and contribution

In this current opinion article, the potential of acetate as an alternative feedstock is
highlighted. Acetate is present in different low-cost feedstocks such as lignocellulosic
hydrolysates, anaerobic sludge, and food waste. Additionally, acetate is produced in
acetogenic bacteria by utilization of gaseous streams containing CO», Hz and/or CO. The
results from different publications on microbial production from acetate alone or in
combination with another carbon source are summarized and discussed. The importance
of the selection, manipulation, and improvement of suitable host organisms for acetate (co-
) utilization is emphasized. Deeper insights into acetate uptake and metabolism should help

drive the development of more efficient cell factories.
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ABSTRACT

A broad range of different chemical and pharmaceutical compounds have been produced in microbial cell factories. To
compete with traditional crude cil based production processes, the use of complex alternative raw materials such as
lipnocellulosic biomass, waste streams and utilization of CO; in gas fermentations has been suggested. All of these streams
contain acetate, a cheap and potentially interesting carbon source for microblal production processes, Acetate
(co-jutilization remains challenging, which is the reason for extensive research on the use of acetate for the production of
value-added compounds. For industrial implementation of microbial conversion processes using acetate as a feedstock
gaining a deeper insight into acetate metabolism of microorganisms is essential. Systems level analyses and manipulation
of potential host organisms should be applied to achieve full utilization of this prospective substrate.

Keywords: acetate metabolism; metabolic engineering; microhial cell factories; acetate utilization; co-utilization of glucose

and acetate; Escherichia coli

INTRODUCTION

Extensive research efforts are underway to develop microbial
cell factories for the production of proteins and chemicals of in-
terest (Cthta et al. 1991; Atsumi et al. 2010; Nielsen et al. 2000;
Lee et al. 2012; Eggenreich et al. 2016). With the advent of recom-
binant DMA technologies, the speed of development of produc-
tion platforms has been further increased. That way, bicbased
praduction of a wide varlety of different compounds using an
array of different host organisms has been achieved. As the fo-
cus for most of these studies was proof-of-principle, they rely on
expensive pure carbon substrates and complex media compo-

rents. However, the bicbased production of chemicals for every-
day products as well as pharmaceutical products requires eco-
nomically sensible productlon routes. In erder to achieve com-
petitiveness with crude oil based production, cheap substrates
ar necessary (Lim et al. 2018), which include but are not lim-
ited to hydrolysates from lignocellulosic biomass, industrial and
landfill waste streams and streams containing acetate derived
from industrialty available CO; {Crank et al. 2005). These streams
represent, either alone or in combination, mixed feed systems.
These systems contain a number of different carbon sources
including hexoses, pentoses and organic acids such as acetate
(Ko et al. 2015; Jénsson and Martin 2016). Acetate represents an
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Takle 1. Examples of potential acetate sources with approximate acetate cancentrations of individual streams.

Source Process

Acelate concentrations

Reference

Farential sources of acetate

Lignocellulesic Womass Hydrolysis, typical process
Waste Anaerobic digestion, typical precess

Industrial CO; and H;  Batch gas fermentation with A, weedil (30°C,

1200 rprn, 0.5 wvim. 1 bar, HyCOgNy = 40017:43)

Continuous gas fermentation with A woadii
(30, 1200 rpm, 1 bar, 0.5 vvm.
H:C05: M, = GI:25:15)

SyngasiCo Continuous gas fermentation with ©,

authoethonogenuem (37°C, 510-1000 rpm, 0.06-0.15

wwtn, varying CO, Ha, ©03)

20z and electricity Microbial electrasynthesis (=590 mV vs SHE,

100 % G0y

1- = 10g1 (Mills, Sandowval and Gill 200%)
=15 g1 (Braun 2013)
53.2 @l [Kantzew, Mayer and Weuster-Botz 3015)
18-73 gl [Kantzew, Mayer and Weuster-Batz 3015)
48 gl (Valgepen et al. 2018)

14-12 g1 ethanal)

10.5 gl Marshall et al. 2013)

interesting carben substrate as it wsually inhibits microbial pro-
duction processes. Here, it is argued that the use of acetate as
catbon substrate could significantly increase the performance
of microbial cell factories and allow for more efficient and eco-
nomic production of & wide range of products.

ACETATE—POTENTIAL SOURCES

To achieve economic production and to compete with fossil fu-
als, it i5 necessary to use low-cost feedstocks [Lim et al. 2018).
Feed-stocks such as pure sugars from corn, sugar beet, etc., are
often criticized, since they compete with feod industry and ac-
cupy arable land (Sitepu et ol. 2014). Hence, raw materials which
dao net compets with the food and feed industry will lkely play
a key rale in future applications of microblal cell factories.

In this respect, plant biomass seems to be the only available
feedstock for the foreseeable future that is able to both satisly
this requirement and is available in sufficient quantities, Howr-
ever, the use of biomass in most cases requires pretreatment
and the use of lignocellulosic hydrolysates in microbial fermen-
tations is often inhibited by an areay of different compounds in-
cluding organic acids such as acetate. To achieve full conversion
of available carbon sources, acetate would need to be utilized in
hydrolysate-based processes as well.

When acetate should serve as an additional carbon source
for fermentation processes, several potential resources can be
imagined.

Plant biomass

Extraction of carbohydrates from pretreated plant biomass pro-
vides streams containing a mixture of hexoses and pentosas
(Ko et al, 2015; Jonsson and Martin 2016). [deally, high concen-
trations of fermentable sugars such as glucose are obtained.
However, inhibitory compounds such as organic acids {eg,, ac-
etate} that are released during hydrolysis hamper microbial con-
version (Jénsson and Martin 2016). Full conversion of all avail-
able carbon sources is crucigl for successful application of such
streams for microbial production processes (Duque, Cardona
and Moncada 2015).

16

Food waste

Food waste can be imagined for utilization in microbial fer-
mentations, because it contains both sugars and proteins, mak-
ing it an attractive alternative feedsteck (Matsakas et al. 2014}
Additionally, reducing the large guantities of waste production
by today's society would help improve the economical foat-
print. However, due to fast partial anaeroble digestion it usu-
ally alse contains organic acids such as acetate as a result of
partial anaerobic digestion. Valorization of these streams is fur-
ther complicated by their heterogenesity as well as seasonal and
process-related variations in compositon and pH (Pfalzgraff
et al. 2013).

Gas fermentation

In addition to biomass-derived materials, gaseous substrates
such as CO, €O and H; that are available in large gquan-
tities from industrial sources represent an interesting alter-
native carbon source {Schiel-Bengelsdorf and Diirre 2013). A
vary interesting group of carbon-fxing organismas that have re-
cently gained more attention are acetogenic bacteria, which
can be used for production of different chemicals such as ac-
etate (Schiel-Bengelsdorf and Dirre 2002), ethanol (Valgepea
el ol 2018), 2.3-butanediol (Képke et al. 2011), and butanol
{Liou et al. 2005). In & subsequent microbial conversion pro-
cess, acetate could be upgraded by production of high value-
added compounds. This principle has already been used in an
integrated two-phase process, where acetate preduced from
syngas is continuously converted into Cyp-Cyp triacylglycerides
{Hu et al. 2016).

Each of these potential streams has distinet characteristics
which need to be considered for microbial conversion, where
fast substrate co-conversion into products at high yields is re-
quired for economic and sustainable processes, With this back-
ground in mind it is important to select, manipulate and im-
prowe suitable organisms for acetate (co-jutilization. Addition-
ally, it might not be possible to directly use the described acetate
streams, as further processing such as purification or detexifica-
tion might be of need,
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Table 2. Solected examples of microbial cell factories used for production of value-added compounds by (co-jutilization of acetate,

Strain Source

Product Reference

Microbial cell factories wsing acetate as sole carbon source

E. ccli BL21 pET-22b + (MNEIL) Aootany
E. coli W AiclR pCDOF{ead), pET{acs), pCOGAS altA, Acetale
aced)

E coli MG1655 AsdhARD Amaell AiclR gltA Acetate
E. coli BLI1 AfadE pYX26(tesd) pyrX3Macs) Acetate
R. toruloides AS 2.13E9 Acerate

Y. lipalytica Polg pMTO85 (ace, dipa)

Mixed culture of glycogen accurnulating Acetate

OIEAnISms

Acetate from syngas fermentation

180 mg'l menellin (protein)
1.6 g/l itaconic acid

(Lecne ¢t al. 2015}
[Mch et al. 2018)

7.3 g/l succinate {Li et al. 201E)

1 @/ fatty acids (Mime et al. 2013}
21 g/l farty acids [Huang et al. 2016)
18 g1 Cae-Cus (Hu et al. 2018)
triacylglycertds
41 % of dry cell weight (Dai et al. 2007)
patyvhydrosyalkancates

Microbial cell factories fer acetate co-utilization

E coli BWISTIWF AndkE Afrd Aldh& Apto Apfid

Glucase and acetate

19.7 g/l isobutyl acetate  (Tashire, Desat and Atsumi

Afrer pALSS WackA-pta) pALGOA(alss-ihviD, 2015)
kivd-adhA) pALID1{atf1)
5. cervizine SRP[D452-2 Aolde xyll, xyl2, xksl} adhE  Glucese, xylose and acetate 42 gl ethanel Wi et al. 2013)
E. coli BLI AfodE pYX26[tesA) py X 30ocs) waste streams from dilute acid 0.42 gl fatty acids (Xino et al. 2013}
hydrelysis of lignoecellulosic
biamass
E. coli BL21 AfedE pYX26(tesA) pyrX30{ncs) effluent from anaercbic-digested @17 gl fatty acids (Mime et al. 2013}

sewape sludge

(CO-)UTILIZATION OF ACETATE AS CAREON
SOURCE

Co-utilization of acetate and other carbon sources is of great
interest for microblal production processes as the use of ac-
etate in addition to carbohydrates could potentially assist in
improving targetl product yields or to decrease the formation
of byproducts (W et al. 2016). The current state of the art for
production of chemicals with microbial systems is the use of
cultivation media containing glucose as the sole source of car-
bon, rather than complex raw materials (Baez, Cho and Liao
2011, Xu et al. 2014). Even co-utilization of glucose and ac-
etate in a defined background is still challenging, because of
the toxicity and inhibitery effects of acetate an many microcr-
ganisms (Salmond, Kroll and Booth 1%84; Roe et al, 1938; Rus-
sell and Diez-Gonzalez 1958) as well as the underlying regula-
tory networks of metabolism favoring glucose utilization {Stilke
and Hillen 1999; Schimidt and Schaechter 2012; Enjalbert et al.
2017). As shown in Table 3, metabolic engineering has been
shown to be helpful in addressing these problems by improv-
Ing natural acetate utilizatien capacites in well-studied ergan-
istns such as Escherichia coli (Castafio-Cerezo ef al, 2015 Noh
et al. 3018; Movak et al. 2018). In addition to relying on mode]
organisms, another potential strategy could be the implemen-
tation of extraordinary mechanisms found in efficient natu-
ral utilizers of acetate in model organisms such as E. coli and
Saccharomyces cerevisiae. One such example would be the ac-
etate uptake and metabolism of Azotabacter vinclandii in which
plucose uptake is inhibited in the presence of acetate, thus re-
sulting in a reversed diauxic growth pattern (George, Costen-
bader and Melton 1385},

Escherichia cali using glucose as the carbon source has been
uszed for the producton of a wide range of chemicals as well
ag proteins (Chta et al. 1991, Atsumi et al. 2010; Mielsen et al.
2010; Ferrer-Mitalles et al. 2015), The maost important path-
wavs ef acetate utilizatien are the low affinlty and reversible
phosphate acetyltransferase (Fta) and acetate kinase {Acka)
node as well as the high affinity acetyl-Cof synthetase [Acs)
[Wiolfe 2005; Enjalbert et al. 2017). The manipulation of thase
pathways was shown to have a positive effect on acetate
[co-jutilization [Mowak et al. 201E). Furthermore, regulation of
acetate metabelism to explain phenomena such as overflow
maetabolistm has been extensively studied (Valgepea et al, 2000,
Enjalbert et al. 2017).

Recently, acetate as carbon source has gained more inter-
est {Table 1). Tashiro, Desal and Atsumi {2015) could demon-
strate potential benefits of co-utilization of glucose and acetate.
It was shown that product vield of iscbutyl-acetate can be in-
creased by simultaneous use of glucose and acetate as in this
case carben loss by decarboxylation of pyruvate to acetyl-Cod
can be cireumvented, resulting In an increased product yield,
Apart from this example, co-utilization of acetate for produc-
tion of valuwe-added products with E, coli is still in its early stages
and the focus of attention has mainly been on improving co-
utilization of glucose and acetate and understanding under-
lying mechanisms (Lin et l. 2006; Castafo-Cerezo et al. 2015;
Ding et al. 2015).

Saccharamyces cerevisine iz another well-studied and well-
used crganism in biotechnelogy. Ethanol production using
baker's yeast is among the best studied examples of microbial
chemical production. Recent studies addressed the well-known
phenomencn of glycerol formation during ethanol fermentation

17
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by providing acetate as alternative to regenerate NADH, thus
increasing ethanol yield by directing more carbon towards
ethancl, both from glucose and acetate (Henningsen et al. 2015;
Fapapetridis et al. 2016).

CONCLUSION AND OUTLOOK

Its low cost makes acetate a promising feed-stock for biotech-
nelogical processes with different applications. Already today,
it plays an important role as an intermediate product in anaer-
obic digestion and can be indirectly used for the production of
heat from biogas. To provide alternative and potentially more
valuable chemicals as final product of acetate (co-Jutilization,
deeper insights will have to be gained. Shedding light en mech-
anisms of acetate uptake and metabolism threugh systems bi-
ology tools, would allow for more efficient manipulation of
microbial cell factories, Finally, the use of acetate as a car-
bon source could contribute towards (co-jutilization of com-
plex raw materials, which can make microbial production pro-
cesses more competitive and thus accelerate industrial im-
plementation. All in all, acetate is worth to be considered as
a potential substrate for the improvement of microbial cell
factories.
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Introduction

2. Goal of the thesis

For the transition towards a CO; neutral future, industrial plants will need to reduce their
CO. emissions, and several microbial CO: fixation processes have been suggested to
achieve this. The development of such systems is mainly challenged by the chemical
inactivity of CO2 and the need for an additional energy source. Moreover, the presence of
CO in a CO; containing gas streams usually reduces the amount of fixed CO, and the
overall carbon efficiency and leads to the formation of a mixed product spectrum in
acetogens. In this thesis, a novel two-step process to achieve full and specific conversion

of industrially produced CO; into a value-added chemical is presented.

This thesis therefore aims to show the feasibility of a two-step process for CO; fixation and
production of a fuel chemical. In a first step, A. woodii converts CO- from an industrial source
to acetate, which is subsequently fed to a second process for production of a fuel chemical
by a genetically engineered E. coli (Figure 2). It was hypothesized that using an efficient
CO./H: utilizer in the first step in combination with a genetically engineered E. coli strain in
the second step would allow to specifically convert CO, into a valuable chemical.
Acceptance criteria for achieving this goal were therefore defined as follows: (i) net CO;
fixation in the whole process and (ii) production of 2,3-butanediol or isobutanol indirectly
from CO. via acetate. Since the development of each process step is accompanied by
different challenges, the individual steps were studied independently and limitations and

influencing factors were defined.

The proposed process stands out due to its metabolic flexibility, as both individual modules
can be exchanged when aiming at the use of different industrial gas streams or products.
In contrast to traditional one-step approaches, the suggested two-step process is
characterized by a robustness towards variations in feed-gas compositions. This robustness
is, among other factors, caused by the production of acetate as the sole product rather than
a mixed product spectrum. In contrast to other one-step and two-step processes in
literature, an acetogenic microorganism very suitable for utilization of H, and CO- rather
than CO in the first step allows for efficient CO; fixation, even in gas containing high
amounts of CO. In contrast to state-of-the-art processes for microbial upgrading of acetate,
this thesis focuses on the use of defined medium and renewable feedstocks for microbial
chemical production. Additionally, focus is laid on determining effects mediated by complex
media additives and reaching solid quantification of product formation. The two-step
process in this thesis is the first for which production of a fuel chemical from CO; is
quantified in the form of mass balances for the individual steps as well as the entire process.
This elemental balancing is crucial to determine steps limiting the overall efficiency of the

process and will help to improve process performance in the future.
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Introduction

3. Structure of the thesis

This thesis is structured into three parts, which deal with the individual steps of the two-step
net CO. fixation process (Figure 2). Part 1 summarizes the characterization and
development of a continuous bioprocess for CO- fixation in industrial CO-containing blast
furnace gas using A. woodii. The limitation of the production system and the influence of
CO and H; concentrations on process performance could be evaluated by a combination of
time-resolved and steady state quantification. Blending of blast furnace gas with H» did not
only enable net CO: fixation and acetate production but can also be used to control gas

uptake rates, metabolic fluxes, and product formation.

Part 2 links the first to the second process step by dealing with acetate (co-)utilization in E.
coli W independently from product formation. Within this part, it is evaluated how acetate
uptake can be improved, both when it is used as a sole carbon source as well as in
combination with glucose. Efficient acetate uptake is a prerequisite for the second process
step and can potentially be achieved by metabolic engineering of the acetate assimilation
pathway. To this end, it was investigated how the overexpression of one acetate pathway
influenced acetate utilization. Acetate assimilation was studied in batch and continuous

cultivations to obtain a holistic impression of the metabolic mechanisms.

The establishment of fuel chemical production, i.e. isobutanol and 2,3-butanediol is
described in part 3. The development of a suitable isobutanol production system is shown
in part 3.1. Construction of different expression vectors in combination with screening of
various strain backgrounds was the basis for further process intensification. Cost-
competitiveness of microbial isobutanol production was evaluated, especially in the context
of using a residual waste material as an alternative feedstock. The chemical properties of
isobutanol (i.e. volatility, toxicity) had to be considered for a systematic investigation of
different production strategies. The same properties, however, hampered the development
of isobutanol production from acetate as described in part 3.2. The feasibility of chemical
production from acetate is shown in part 3.3, where 2,3-butanediol was chosen as a
promising product, since it is derived from the same metabolite in the central carbon
metabolism as isobutanol without being toxic or volatile. Considerations about media
composition were discussed and quantitative media optimization was crucial for the

establishment of an appropriate process upgrading acetate to 2,3-butanediol.
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Results

ll. RESULTS

1. CO: fixation and acetate production from industrial flue gas
using A. woodii

CO; + H—s acetate
(CO + formate)

N,
i

N

Acelobactenum woodi

Figure 3 — Overview part 1. This part deals with process development for CO: fixation in an
industrial blast furnace gas stream using A. woodii.

Problem statement

Autotrophic CO; fixation requires an energy source. In A. woodii this is Hz but blast furnace
gas does not contain enough H». Additionally, CO present in blast furnace gas is known to
reversibly inhibit hydrogenase enzymes in A. woodii. Therefore, the presence of CO was
reported to inhibit CO2 and Ha utilization, leading to net CO» production and increased lag

phases.

State-of-the-Art

A. woodii is known to efficiently utilize CO, and H, and was recently shown to be capable
of utilizing CO (Bertsch and Mduller, 2015b; Schuchmann and Miller, 2014). While CO
utilization is well characterized in other acetogenic bacteria (e.g. C. autoethanogenum and
C. ljungdahlii), it was still unknown how the presence of this toxic gas would influence
process performance in batch and continuous cultivations. Generally, CO- fixation had so

far not been shown in gases containing significant amounts of CO.

Scientific questions
How does the presence of CO and other inhibitors influence growth, acetate formation and

gas uptake?

What are the process requirements for a continuous cultivation for CO; fixation using

industrial blast furnace gas?
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Hypotheses

The presence of CO results in a prolonged lag-phase and its presence in the liquid phase
inhibits Hz utilization. Blending CO containing blast furnace gas with Hz and achieving
limitation of CO in the liquid phase enables net CO; fixation and co-utilization of CO», Hy,
and CO.

Approach

The effect of CO and H; partial pressures on gas uptake, growth and acetate formation was
studied in batch and continuous cultivations. Using idealized gases with the same CO, CO;
and H, or the same CO, and H», concentrations as the BFG-H. blend allowed to draw
conclusions about the individual effects of CO and H. availability. A comparison of steady
state and dynamic shift data made it possible to define the limitation of the system, which

was important for the establishment of comparable Hz-limited cultures.

Content and contribution

We aimed on quantifying the influence of CO, CO; and H availability on CO. utilization,
growth, and acetate production to achieve net CO; fixation in industrial blast furnace gas.
We hypothesized that the gas had to be blended with Hz as an energy source to enable net
CO; fixation and compared different gases containing CO, CO, and Hz. CO metabolism was
studied both in time-resolved and continuous processes and a limitation of CO in the liquid
phase was found to be key for the co-utilization of CO, CO, and Hzin blast furnace gas.
Blending of blast furnace gas with H did not only enable CO; fixation, but could additionally

be used as a strategy to control gas uptake rates, metabolic fluxes, and acetate production.

KN carried out the experiments together with CN and performed the analysis. SP and KN

planned the study and wrote the manuscript.
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co-utilize CO, CO2 and H2

Abstract

In this study, we investigated the impact of gas composition (i.e. CO, CO, and H. partial
pressures) on CO; utilization, growth, and acetate production in batch and continuous
cultures of A. woodii. Based on an industrial blast furnace gas, H»> blending was used to
study the impact of H, availability on CO; fixation alone and together with CO using idealized
gas streams. With H, available as an additional energy source, net CO; fixation and CO,
CO. and H2 co-utilization was achieved in gas-limited fermentations. Using industrial blast
furnace gas, up to 15.1 g I'! acetate were produced in continuous cultures. Flux balance
analysis showed that intracellular fluxes and the ATP gain were dependent on the
availability of H, and CO. Overall, H2 blending was shown to be a suitable control strategy
for gas fermentations and demonstrated A. woodii to be an interesting host for CO; fixation

from industrial gas streams.

Key words

Chemostat, net CO; fixation, acetogenic gas fermentation, gas co-utilization, maximum

specific Hz uptake rate
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Introduction

Within the Paris Climate Agreement from December 2015, the global community set goals
to abate atmospheric CO, release (Kdpke and Simpson, 2020). The use of CO; as a
substrate is one possibility to reduce emissions, close global carbon cycles and to establish
a circular economy (Bengelsdorf and Durre, 2017; Liew et al., 2016b; Vees et al., 2020).
Using fossil fuels in combination with costly payments for CO: certificates, has increased
industrial interest in investigation and development of biological CO; fixation and microbial
processes for the production of platform and fuel chemicals based on one carbon substrates
(Takors et al., 2018).

One of the biggest industrial CO2 emitters is the iron and steel industry, which accounts for
4 % to 7 % of anthropogenic CO. emission in the European Union (Pardo and Moya, 2013).
A variety of process gases are produced during the production process and blast furnace
gas (BFG) is one example for a by-product gas from the steel milling process. This flue gas
is formed during the reduction of iron ore to iron and contains high amounts of N, in
combination with CO,, CO and traces of H> (Hou et al., 2011; Molitor et al., 2016). However,
hydrogen is an important energy source for acetogenic gas fermentations and a promising
future electron carrier that can be obtained from renewable resources (Das and Veziroglu,
2008; Hallenbeck and Ghosh, 2009; Yukesh Kannah et al., 2021). Alternatively, H> might
be derived by converting readily available heat energy from the steel milling process itself
(Molitor et al., 2016).

Acetogenic bacteria have the ability to fix carbon via the Wood-Ljungdahl pathway and can
utilize the gaseous compounds CO, CO- and Hz, rendering them promising microbial hosts
for industrial CO- fixation (Bertsch and Mdiller, 2015a; Griffin and Schultz, 2012; Képke and
Simpson, 2020). Autotrophic CO: fixation in acetogens requires H> as an energy source
(Schoelmerich and Mdller, 2020; Schuchmann and Muller, 2014a).

Acetate is the main product of acetogens, but the product spectrum of different acetogenic
strains is broad and includes ethanol, 2,3-butanediol, butanol, butyrate, and others (Liew et
al., 2016b). Metabolic engineering was successfully used to increase product selectivity,
enhance productivity or to extend the product spectrum of acetogens (Dai et al., 2012;
Hoffmeister et al., 2016; Liew et al., 2017; Straub et al., 2014). Chemical production using
acetogens therefore is a promising alternative to energy intensive chemical syntheses
processes such as the Fisher-Tropsch synthesis (Griffin and Schultz, 2012; Munasinghe
and Khanal, 2010). An industrial process for ethanol production from CO using Clostridium
autoethanogenum has already been commercialized by the leading company LanzaTech
Inc (Skokie, IL, USA).
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Results

Acetobacterium woodii is a homoacetogenic bacterium, which is known to efficiently utilize
CO;2 and H2 (Kantzow et al.,, 2015; Schuchmann and Miller, 2014a). In addition to
autotrophic growth, A. woodii can utilize a broad variety of substrates including C1
components such as formate and methanol (Drake et al., 1997; Schuchmann and Miiller,
2016). It was recently shown in this context that H, is an important intermediate during
heterotrophic growth of A. woodii, since it is directly required for reduction of CO; in the
WLP (Wiechmann et al., 2020). During growth on Hz and CO2, 0.3 mol ATP are formed per
mol of acetate produced (Schuchmann and Mdller, 2014a). This low ATP gain allows A.
woodii to grow at a very low H; partial pressure and explains why cultivation on H, and CO-
is much easier compared to C. autoethanogenum with an ATP gain around 1 ATP per
acetate and a higher H threshold (Mock et al., 2015). A. woodii was the first organism
where energy conservation was fully elucidated (Schuchmann and Miuller, 2014a) and
additional metabolic properties continue to be described (Westphal et al., 2018; Wiechmann
et al., 2020). The main product of A. woodii is the platform chemical acetate, which can
either be used directly or can be further upgraded into other valuable products (Novak et
al., 2020; Novak and Pfllgl, 2018).The production of acetate poses an advantage over the
production of a mixed product spectrum due to the controllability of the process (Schwarz
et al., 2020). Growth and acetate production on CO; and H, was characterized in detail
(Demler and Weuster-Botz, 2011; Kantzow et al., 2015) and the mechanism of CO
utilization was described (Arantes et al., 2020; Bertsch and Miiller, 2015b; Schwarz et al.,
2020), but data on utilization of synthesis gas containing CO and CO; is scarce. The
presence of CO was found to inhibit bacterial hydrogenases, in particular the hydrogen-
dependent CO; reductase (HDCR) (Bertsch and Miiller, 2015b; Ragsdale and Ljungdahl,
1984). This inhibitory effect leads to delayed growth in the presence of CO, which can be
restored by the addition of formate, the product of the HDCR (Bertsch and Muller, 2015b).
Although initially reported to grow on CO as the sole carbon and energy source, it was
recently shown that A. woodii does not grow on CO alone (Bertsch and Miiller, 2015b;
Genthner and Bryant, 1987).

Another member of the genus Acetobacterium, Acetobacterium wieringae was recently
shown to utilize CO (at 100 % CO, 170 kPa) as sole carbon and energy source to produce
acetate (Arantes et al., 2020). A sub-strain of A. wieringae was found to possess better CO
utilization properties than both wildtype A. wieringae and A. woodii, indicating the potential

of metabolic adaptation to toxic CO concentrations (Arantes et al., 2020).

In contrast to A. woodii, CO utilization of several clostridial species has been broadly
studied, owing to their enhanced CO utilization properties (Cotter et al., 2009; Mahamkali
et al., 2020; Mohammadi et al., 2012; Valgepea et al., 2018, 2017). Special attention has

been given to the utilization of synthesis gas, which contains large amounts of CO and H:
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and CO; in varying minor quantities (Takors et al., 2018). Correspondingly, most published

work has focused on the utilization of CO alone or in combination with H».

Clostridium ljungdahli and C. autoethanogenum are better suited for growth on CO than on
CO2 and H,, due to higher growth rates, increased ATP generation and the possibility to
make reduced products such as ethanol (Hermann et al., 2020; Mahamkali et al., 2020).
However, CO utilization is accompanied by CO- production. This formation can be reduced
by the additional supply of H. to CO-grown C. autoethanogenum (Valgepea et al., 2018).
Concurrently, the addition of H; shifted the product spectrum towards more reduced end
products, highlighting that the feed gas composition can be considered a critical factor in
enhancing the economics of gas-fermentation processes. A recent study showed that the
addition of 2 % CO enhanced fermentation of CO, and H. in C. autoethanogenum
(Heffernan et al., 2020). There, the addition of CO improved the flux towards pyruvate and
reduced ferredoxin, thereby improving CO. fixation. However, utilization of syngas
containing high amounts of CO usually results in the formation of CO; (Valgepea et al.,
2018, 2017).

Due to the toxicity mechanisms of CO, a process focussing on CO: fixation in CO-containing
gas (e.g. BFG) has to aim for limitation of CO in the liquid medium to achieve co-utilization
of CO, CO2 and Hz. This CO limitation can be achieved due to low solubility of CO in
combination with high biomass and thereby high CO uptake rates (Bertsch and Miller,
2015a). While batch experiments can provide general process information, continuous
cultivations are preferable since they enable studying cells under steady state conditions
(Takors et al., 2018). The controlled and reproducible conditions of continuous cultures

enable quantitative description of the metabolism (Adamberg et al., 2015).

In this study, we aimed to determine the effect of gas composition (i.e. CO, CO, and H>
partial pressures) on CO; utilization, growth, and acetate production by A. woodii. Using the
gas composition of industrial BFG as a starting point, we used idealized gases with and
without CO and blended them with different concentrations of H,. With these gas streams,
we studied the influence of CO and H: partial pressures on growth and acetate formation in
batch and continuous cultures. This approach allowed us to draw conclusions about effects
mediated by both H, and CO availability. Moreover, we hypothesized that H, blending could
also be a useful tool to enable co-utilization of CO, CO, and Hz and net COx fixation. Indeed,
H blending and limitation of the toxic gas CO in continuous cultures enabled A. woodii to
efficiently grow and produce acetate from industrial BFG. Using a metabolic model, we
could furthermore show the effect of gas composition on intracellular carbon, redox and

energy metabolism. The gas fermentation strategy used here provides valuable information
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on acetogenic metabolism and shows potential in upgrading industrial gas pollutants into

value-added products.
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Materials and methods
Organism and media

Acetobacterium woodii DSM 1030 was obtained from DSMZ (German Collection of
Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) and used for all

cultivations.

The medium for all cultivations is based on media 135 suggested by DSMZ. Bicarbonate-
buffered medium was used for the initial experiments in serum bottles investigating growth
on BFG. This medium was later replaced by phosphate-buffered medium which was used
in serum bottle experiments investigating the effect of formate and for all bioreactor
cultivations. Bicarbonate-buffered medium contained per liter: 1 g NH4CI, 0.1 g MgSO4 *
7H20, 2 g yeast extract, 0.33 g KH2PO4, 0.45 g K:HPO4, 0.5 g cysteine-HCI * H20, 10 g
NaHCOs, 0.25 ml sodium resazurin (0.2 % w/v), 20 ml trace element solution DSMZ 141
and 10 ml vitamin solution DSMZ 141. In phosphate-buffered serum bottle medium NaHCO;
was replaced by 1.76 g I'" KH2POy4, 8.44 gI'' K;HPO4 and 3.47 g I' NaCl. For mixotrophic
precultures, 5 g I'" fructose or formate were added from anoxic sterile stocks of 250 g I".
The trace element solution was adapted from medium DSMZ 141 and contained per liter:
1.5 g nitrilotriacetic acid, 3 g MgSO4 * 7 H20, 0.5 g MnSO4* H,0O, 1 g NaCl, 0.1 g FeSO4 *
7 H20, 0.152 g Co(ll)Cl2* 6 H20, 0.1 g CaClz * 2 H20, 0.18 g ZnSO4 * 7 H20, 0.01 g CuSOq4
* 5 Hy0, 0.02 g KAI(SO4)2 * 12 H,0O, 0.01 g boric acid, 0.01 g NaxMoO4 * 2 H,0, 0.033 g
Ni(1)SO4 * 6 H20, 0.3 mg Na,SeOs * 5 H,O and 0.4 mg Na;WO4 * 2 H20. The vitamin
solution was prepared according to DSMZ medium 141 and contained per liter: 2 mg biotin,
2 mg folic acid, 10 mg pyridoxine-HCI, 5 mg thiamine-HCI, 5 mg riboflavin, 5 mg nicotinic
acid, 5 mg D-Ca-pantothenate, 0.1 mg vitamin B12, 5 mg para-aminobenzoic acid and 5
mg lipoic acid. The pH of all media was adjusted to 7.0 using 5 M KOH. For bioreactor
cultivations, the media composition was adapted: concentration of the phosphate buffer was
reduced to 0.33 g KH2PO4 and 0.45 g K:HPOs, trace element and vitamin concentrations
(with the exception of Ca-pantothenate which was added to a concentration of 1 mg I'" in
the final medium according to (Godley et al., 1990)) were doubled and the iron concentration
was increased to 26.9 mg I"' FeSO4*7 H0 in the final medium (Demler and Weuster-Botz,
2011).

Media was prepared using anaerobic techniques as described previously (Hungate, 1969).
All chemicals were purchased from Roth (Carl Roth GmbH + Co. KG, Karlsruhe, Germany)
or Merck (Merck KGaA, Darmstadt, Germany).
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Gases and compositions

Premixed gas containing 80 % H> and 20 % CO. was obtained from Air Liquide Austria
GmbH (Schwechat, Austria) and used for routine cultivations such as precultures. Industrial
blast furnace gas (BFG) was filled into gas cylinders directly on site at the blast furnace of
voestalpine Stahl GmbH (Linz, Austria). The gas composition represents the annual
average of the online quantification by the multi-analysis-system Advance Optima AO2000
(ABB Asea Brown Boveri Ltd, Zirich, Switzerland).

BFG was blended with H, (Messer Austria GmbH, Gumpoldskirchen, Austria) to obtain H-
concentrations of 30 % (low Hz blend) and 60 % (high H2 blend) using two independent
mass flow controllers (Eppendorf AG, Hamburg, Germany and CRANE Instrumentation &
Sampling, Spartanburg, SC, USA). |dealized gases with and without CO containing the
same amount of CO», CO and H; as the corresponding BFG-H; blend were purchased from

Messer Austria GmbH (Gumpoldskirchen, Austria).
Preparation of precultures

A. woodii was stored as anoxic stocks at -80°C in 125 g ' saccharose. For cultivations,
these stocks were transferred into 125 ml serum bottles containing 50 ml medium with 5 g
I'" fructose. For mixotrophic growth, the atmosphere was exchanged to 80 % H, and 20 %
COz and an overpressure of 1.5 bar was applied. A. woodii was cultivated in a rotary shaker
at 30 °C and 200 rpm (Infors AG, Bottmingen, Switzerland). For further cultivation in serum
bottles, 2 ml of the mixotrophic culture was transferred anaerobically to fresh medium. Batch
experiments in bioreactors were inoculated with an exponentially growing culture to reach
an optical density at 600 nm (ODsgo) of 0.1. For cultivations on gas without CO mixotrophic
precultures were used, whereas cultivations on gas containing CO were inoculated with a

preculture previously grown on 5 g I'' formate and high H, blend of the BFG.
Experiments in serum bottles

Growth experiments in 125 ml serum bottles were carried out using 50 ml medium. During
the initial experiments for growth on the industrial flue gas, bicarbonate-buffered medium
was used and later replaced by phosphate-buffered medium for experiments with formate.
The atmosphere in the head space was exchanged by the desired gas composition and
pressurized with 1.5 bar. The industrial flue gas was diluted with Hz using two mass flow
controllers (Brooks Instrument, Matfield, USA). Upon gas consumption, the headspace was
refilled with the corresponding gas at 1.5 bar. Samples of 2 ml were regularly taken and

used for ODeoo and high-performance liquid chromatography (HPLC) measurements.
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Cultivations in bioreactors

Bioreactor cultivations were carried out in duplicates in a DASbox® Mini Bioreactor system
(Eppendorf AG, Hamburg, Germany) with a working volume of 200 ml at a temperature of
30 °C. The pH was initially set to 7.0, monitored by a pH electrode EasyFerm Plus K8 120
(Hamilton, Reno, NV, USA) and controlled by the addition of 2 M phosphoric acid and 5 M
KOH with a MP8 multi pump module (Eppendorf AG, Hamburg, Germany). The agitator
speed was routinely set to 600 rpm and adjusted to 300 and 1200 rpm to investigate gas
liquid mass transfer. The medium was continuously sparged with 0.25 vvm (3 sl h™") of the
indicated gas. Microspargers made of sintered metal with a pore size of 10 ym (Sartorius
Stedim Biotech GmbH, Géttingen, Germany) were used for improved gas transfer into the
liquid phase. Prior to inoculation, the reactor medium was flushed with the appropriate gas
for at least 3 hours. Feed medium and a 1 % (w/v) solution of antifoam (Struktol SB2020,
Schill und Seilacher, Hamburg, Germany) were continuously added with the MP8 pump
module at a rate of 10 ml h™' and 0.2 ml h™', respectively. Culture broth was continuously
removed by peristaltic pumps (Ismatec SA, Glattburg, Germany) via a dip tube and the
cultivation volume was maintained at 197 = 11 ml. The feed bottles were continuously
flushed with 6 sl h™' N2 to maintain anaerobic conditions. Steady state conditions were
examined after a minimum of three volume changes when biomass and acetate
concentrations as well as gas uptake was constant. Samples were taken in regular intervals
to measure ODgoo and estimate biomass growth. The culture broth was centrifuged at
14,000 rpm (21,913 g) for 5 min and the supernatant was used for HPLC analysis of acetate

and formate.
Biomass determination

Biomass concentrations were determined gravimetrically by transferring 5 ml of cultivation
broth into pre-weighed glass tubes. The tubes were centrifuged at 4,800 rpm (2,396 g) for
10 min, washed with 5 ml of distilled water and centrifuged again. The biomass was dried
for at least 72 h at 105 °C. Gravimetrical biomass determination was carried out at the end
of the batch phase and at the cultivation end. The optical density at 600 nm (ODsoo) was
measured in a spectrophotometer (Genesys™ 20, Thermo Fisher Scientific, Waltham, MA,
USA) against a water blank. Gravimetrically determined biomass concentrations were
correlated with ODggo values (biomass = 0.43 * ODeoo) and this correlation was used to

estimate the biomass concentration at all other time points.
HPLC analysis

Substrates and products in the liquid medium were determined with an Aminex HPX-87H
column (300 x 7.8 mm, Bio-Rad, Hercules/CA, USA) in an Ultimate 3000 system (Thermo
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Scientific, Waltham/MA, USA). 4 mM H,SO. was used as a mobile phase and the column
was operated at 60 °C at a flow of 0.6 ml min™' for 30 min. 10 ul sample were injected onto
the column (Erian et al., 2018). Detection was performed using a refractive index
(Refractomax 520, Thermo Fisher Scientific, Waltham/MA, USA) and a diode array detector
(Ultimate 3000, Thermo Fisher Scientific, Waltham/MA, USA). Chromeleon 7.2.6
Chromatography Data System (Thermo Fisher Scientific, Waltham/MA, USA) was used for
control, monitoring and evaluation of the analysis. 450 pl of culture supernatant were mixed
with 50 pl of 40 mM H2SO4 and centrifuged for 5 min at 14,000 rpm (21,913 g) at 4°C. The
remaining supernatant was used for further analysis. Standards at defined concentrations
of formate, acetate, ethanol and fructose were treated the same way. A 5-point-calibration

was used for quantification.
GC analysis

The concentrations of H,, CO, and CO were determined using a gas chromatograph (Trace
Ultra GC, Thermo Fisher Scientific, Waltham/MA, USA). 100 ul of sample were injected at
100 °C with a split ratio of 20 on a ShinCarbon ST 100/120 packed column (Restek
Corporation, Bellefonte/PA, USA). The oven was kept at 30 °C for 6.5 min, temperature was
increased by 20°C min™' to 250°C and kept constant for 1.5 min. Argon 5.0 (Messer Austria
GmbH, Gumpoldskirchen, Austria) was used as a carrier gas at a flow rate of 2 ml min-'.
Samples were analyzed with a thermal conductivity detector. The filament temperature, cell
block temperature and transfer temperature were set to 370 °C, 240 °C and 200 °C,
respectively. The combination of two electrical valves enabled offgas measurement of each
of the four reactors in 2-hour intervals. Chromeleon 7.2.10 Chromatography Data System
(Thermo Scientific, Waltham/MA, USA) was used for control, monitoring and evaluation of
the analysis. The gas composition of each gas was determined before and after its use in
the fermentation process and gas uptake rates were determined by calculating the

difference to these reference gas concentrations.
Rate calculations and elemental balancing

In batch experiments, volumetric acetate production rates race [mmol I'' h™'] were calculated

for every sampling point according to the equation:

Cace,t —Cace,(t-1)
TAce = At ) [1 ]

where cace represents the acetate concentration [mmol I''] at each time point and At the time
difference [h] between measurements. Specific production rates gace [mmol g™ h'] were

calculated according to:

CAcet Chce(t=1) [2]

Gace = U

)
CBM,t~ CBM,(t-1)

37



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m YOu

Manuscript: Blending industrial blast furnace gas with Hz enables Acetobacterium woodii to efficiently
co-utilize CO, CO2 and H2

Where csu represents the biomass concentration [g I''] at each time point and p the specific
growth rate [h"].The highest value of these uptake rates calculated between individual
sampling points is described as the maximum production rate. Total volumetric acetate
production rates were calculated by considering the final acetate concentration after the

fermentation and the total process time.

Gas uptake was measured in 2 h intervals and the volumetric gas uptake rates HUR, COUR,
and CO,UR [mmol I h'] were calculated after normalization of gas composition using N
as inert gas. For the calculation of CO2,UR during continuous cultivations, the amounts of
CO. and HCO3 accounting for saturation of fresh medium were considered using the
solubility of CO,, the Henderson-Hasselbalch equation assuming a pKs of 6.2 and the
feeding rate. The specific gas uptake rates qu2, qco and gcoz were obtained by dividing
HUR, COUR and CO.UR [mmol g h''] by the biomass concentration.

In chemostats, race was calculated by multiplying the average acetate concentration from at
least 3 data points from steady state conditions by the liquid dilution rate D. Specific rates
for gas uptake and acetate production were obtained by dividing the volumetric rate by the

average biomass concentration of steady state data points.

For elemental balancing, biomass was assumed to contain 50 % (w/w) carbon and 0.6 %
(w/w) hydrogen. The degree of reduction (DoR) of biomass was assumed to be 4.15 mol
electrons per mol of carbon (Rittmann et al., 2012). For hydrogen balancing, water
production was assumed to correlate to substrate uptake with 0.5 mol water produced per
mol hydrogen taken up, 0.5 mol water per mol formate and 1 mol water per mol CO (Bertsch
and Muiller, 2015b; Schuchmann and Miiller, 2014b). The influence of water formation can
be neglected for the calculation of DoR balances. All balances closed well without

consideration of yeast extract.
Metabolic modeling and flux balance analysis

To model intracellular fluxes, we adapted a previously published A. woodii core model (Koch
et al., 2019) consisting of 118 reactions (Supplementary File 1, Tables S1 and S2). The
model considers energy conservation and redox balancing as previously described for A.
woodii (Schuchmann and Mdller, 2014). The biomass composition was assumed to be

similar to C. autoethanogenum (Valgepea et al., 2017).

Flux balance analysis (FBA) was done using the CellNetAnalyzer toolbox (Klamt et al.,
2007; von Kamp et al., 2017). For all simulations, the measured specific rates for biomass
formation, substrate uptake rates (CO, CO., H.) and acetate were used to constrain the
model. These measurements bear redundancies with respect to carbon and redox balances

in the metabolic model and, therefore, fluxes had to be corrected prior to the actual FBA
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calculations to obtain a consistent system. This was done by minimizing the relative
changes in the measured rates necessary to obtain a consistent flux scenario (“Check
feasibility” function in CellNetAnalyzer). FBA requires the formulation of an objective
function and most FBA studies use maximization of biomass synthesis. Since the growth
rate was fixed to the experimentally observed value, we maximized instead the pseudo
reaction that quantifies the non-growth associated ATP maintenance (NGAM) demand. In

this way, we obtain an upper bound of ATP available for NGAM processes.
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Results and Discussion

Gas composition

Industrial BFG typically contains high amounts of N2, ~ 20 % CO and CO2, and ~ 3 % H2
(Hou et al., 2011). To determine the exact composition, the gas was filled into gas cylinders
at the stack of the steel production site and analyzed for its main components (Table 1).
The gas composition of the gas did not differ greatly from literature data (Hou et al., 2011;
Molitor et al., 2016).

Some components of the BFG might inhibit growth of A. woodii. Among those inhibitory
compounds, the high concentrations of 26 % CO were assumed to affect growth and
production to the highest extent. Growth was not possible on BFG alone (Figure 2b), which
confirmed that in contrast to other organisms, utilization of CO as sole carbon and energy
source is not possible in A. woodii (Bertsch and Muller, 2015b). We hypothesized, that
blending BFG with H, would enable growth, acetate formation and CO: fixation in the CO-
containing gas. To this end, two H2 blending ratios were chosen, low (30 %) and high (60
%) H2. In accordance, CO and CO. partial pressures were higher in the low H> blend
compared to the high Hz blend. To investigate the effect of the presence of CO as well as
other potential inhibitors in the industrial flue gas, performance of A. woodii was additionally
investigated in idealized gases. Concentrations of CO, CO; and H: in idealized gases were
identical to those in BFG blended with the same amount of H,. In one approach, the gas
only consisted of CO», N2 and H», which allowed us to determine effects mediated by the
presence of CO. In another approach, CO, CO-, N2 and H, were present and the effect of
other potential inhibitors could be studied. Table 1 gives an overview of all gas compositions

used in this study.
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Table 1 — Composition of gases used in this study. Low and high H2 gases were blended with
30 % H2 and 60 % Hz, respectively: n.d. = not determined; errors for CO2, H2 and CO determination
in gas mixtures are 2 % relative.

Blast furnace gas from industrial steel production site
Compound N2 CO2 CcoO H>
composition [%] 48.5 22.7 25.2 3.6
Gas mixtures
calculated value actual value
Gas CO2[%] | H2[%] | CO[%] | CO2[%] | H2[%] | CO [%]
idealized, low H: 16.5 30.0 - 16.6 30.3 -
idealized, high H> 9.4 60.0 - 9.55 60.00 -
idealized with CO, low H: 16.5 30.0 18.3 16.73 29.71 | 18.64
idealized with CO, high H: 9.4 60.0 10.4 9.54 60.12 | 10.57
BFG, low Hy* 16.5 30.0 18.3 n.d. n.d. n.d.
BFG, high H.,* 9.4 60.0 10.4 8.8 62.18 9.81
Standard 20.0 80.0 - 20.0 80.0 -

Utilization of blast furnace gas requires adaptation phase

In a first step, the utilization of different gases by A. woodii was tested in serum bottle
experiments. Growth and acetate production were compared in idealized gas and BFG at
low and high Hz blend. As a reference, performance was also monitored for a standard gas
composition of 20 % CO2 and 80 % Ha.

While growth and acetate production started immediately in idealized and standard gas
mixtures, the culture containing CO displayed a lag phase of ~ 100 h (Figure 1a and 1c).
This adaptation phase could be reduced by transferring cells from a culture growing on CO-
containing BFG (stage 1) to fresh medium (stage 2, Figure 1b and 1d). This observation
implies that A. woodii can be adapted to growth on BFG by sequential transfers. Maximum
acetate production rates were similar in both cultivations, but the total volumetric acetate
productivity could be increased in stage 2 cultivations due to the reduction of the adaptation
phase (Table 2). An adaptation phase of A. woodii when grown on CO was described
previously and the delay was hypothesized to be a result of the time required for expression

of enzymes involved in CO metabolism (Bertsch and Miller, 2015b).

Production rates in ideal gases increase linearly with increasing hydrogen partial pressure
(Table 2), which suggests limitation by the poorly soluble substrate H,. In contrast, acetate
production is reduced by 70 % in BFG at low compared to high Hz blends. The final ODggo

in these two experiments did not vary to the same extent, probably due to different CO
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partial pressures in the gases. Average maximum and total acetate production on BFG at
the high Hz blend in the second stage only differ by 12 % at high H. blend. Conclusively,
the efficient utilization of BFG is possible in A. woodii when cells are previously adapted to

growth on CO-containing gas.
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Figure 1 — Presence of CO delays growth and acetate production of A. woodii and
adaptation to CO prevents this delay. Optical density (a, b) and acetate concentration (c, d) over
time are shown. Industrial furnace gas (real) was diluted with H2 and compared to ideal gas without

CO and a standard mixture (80 % Hz, 20 % COz2). In a and b serum bottles were inoculated from
mixotrophically growing cells (Stage 1), in ¢ and d adapted cells from the first stage were used for
inoculation (Stage 2). Bicarbonate-buffered medium was used. Results represent means and
standard deviations from biological triplicates in serum bottle experiments. The head space was
refilled when the gas was consumed.
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Table 2 — Maximal and total acetate productivity of A. woodii on gases of different
compositions. Means and standard deviations of biological triplicates are shown in bicarbonate-
buffered medium. After growth on CO-containing gas (stage 1), adapted cells were transferred to
fresh medium (stage 2).

Gas CO2[%] | H2[%] | CO [%] [mr':ﬁ;‘*l' s [mrrr’;;fl’ h
idealized, low H, 16.7 | 30.0 ] 12.2 0.1 7.9+0.1
idealized, high H» 95 | 60.0 ] 21.8+0.9 11.3+0.9

BFG, low Hs, stage 1 16,7 | 300 | 185 | 4.1+05 22+05
BFG, high Hz, stage 1 95 | 60.0 | 106 | 27.2+06 79406
BFG, low Hy, stage2 | 167 | 30.0 | 185 | 7.6+0.5 37+1.0
BFG, high H,, stage 2 95 | 60.0 | 106 | 24757 12.3+2.5

standard 200 | 80.0 ] 29.3+0.2 13.8 + 0.2

Formate addition reduces adaptation phase during growth on CO

The principle behind CO toxicity in acetogens like A. woodii is that CO inhibits
hydrogenases, i.e. the hydrogen dependent CO; reductase (HDCR). This enzyme is
responsible for the formation of formate from Hz and CO: in the methyl branch of the Wood-
Ljungdahl pathway. Inhibition of HDCR therefore prevents the formation of the methyl group
for acetyl-CoA synthesis, thereby disabling growth. The methyl branch can alternatively be

fed by the addition of formate, which finally allows for growth and CO utilization (Bertsch
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Figure 2 — Addition of formate circumvents adaptation phase of A. woodii when grown on
CO-containing gas. A. woodii was grown on industrial furnace gas with 60 % Hz in phosphate-
buffered medium with (a) or without (b) the addition of 5 g I'' formate. Acetate and formate
concentrations are shown over time. Results represent means and standard deviations from
biological duplicates in serum bottle experiments. The head space was refilled when the gas was
consumed.

To investigate whether the addition of formate can improve growth and production
characteristics on BFG, further experiments were carried out in serum bottles. BFG alone
and the high H, blend BFG were used as carbon and energy source and cultures with and
without formate were compared (Figure 2). Whereas cultivations without formate still
displayed a growth delay of ~ 150 h, no lag phase was observed when cultures were
provided with formate. Growth and acetate production even continued in BFG with H, after
formate depletion, indicating co-consumption of CO, CO, and H.. When CO was present as
the sole carbon and energy source, acetate production ceased after formate depletion
(Figure 2a). More acetate was produced in experiments where formate was added,
potentially due to a pH effect. The consumption of formic acid leads to a pH increase thereby
providing more capacity for acid (acetate) production, since A. woodii growth ceased at
conditions of low pH. Acetate titers in the experiment without formate are not comparable
to initial experiments since phosphate-buffered instead of bicarbonate-buffered medium
was used. Apart from differences in buffer capacities, the presence of bicarbonate

potentially also had an influence on enzymes of the WLP or enzymes involved in energy
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conservation, as shown for Thermoanaerobacter kivui (Schwarz et al., 2020; Schwarz and
Miiller, 2020).

Conclusively, the addition of formate to cultures of A. woodii containing CO in the gas phase

reduced the lag-phase and enabled growth on BFG blended with H; after formate depletion.
Batch cultivations show feasibility of CO, CO; and H: co-utilization

In contrast to experiments in serum bottles, continuously supplied gas in bioreactor
cultivations enhances substrate availability and improves productivity. To study whether
growth of A. woodii on CO-containing BFG is also feasible in bioreactor cultivations and to
investigate acetate production and uptake characteristics of the individual gases, batch
experiments were carried out. Since high H. blends were shown to result in superior
production characteristics, this gas dilution was chosen for cultivations with ideal gas with
and without CO. Formate was added in cultivations using CO-containing gas to facilitate

efficient growth.

During growth on gas with only CO, and Hz, uptake rates of these two gases approximately
represented a stoichiometric ratio of 2:1 (Figure 3a and 3b). Gas uptake rates increased
steadily until reaching their maximum after 50 — 60 h. High and inhibiting acetate
concentrations in the culture broth might have been a reason for the subsequent decrease
of gas uptake. Although biomass formation ceased in the late batch phase, acetate was still

produced.

When CO is present in the gas, it is first co-utilized with formate, resulting in the production
of CO, and H; (Figure 3c and 3d). As soon as CO in the offgas dropped below 8.5 % CO
(from the initial 10.6 %), CO2 and H uptake started. Subsequently, CO, CO, and H: co-
utilization progressed and continued even after the depletion of formate. In accordance with
cultivations on ideal gas without CO, the uptake rates of CO, and H; decreased after ~ 50
h of cultivation. Product inhibition by high acetate concentrations could be responsible for
these decreasing gas uptake rates. While inhibition by acetate was previously observed at
concentrations between 8 — 12 g I (Kantzow et al., 2015), in this study impaired gas uptake

rates were only observed when acetate titers exceeded 20 g I

The final biomass concentration is 3-fold higher in cultivations on gas containing CO,
whereas the final acetate titer was increased by 16 % (Table 3). Our data from bioreactor
cultivations therefore confirmed the previous observation that the utilization of CO is
beneficial for biomass formation in A. woodii due to a 5-fold higher ATP vyield (Bertsch and
Madller, 2015b, 2015a). Volumetric H, uptake rates were comparable in both cultivations,

which suggests a limitation during the exponential growth phase. Increased biomass
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concentration during cultivation on CO, CO, and H; in combination with comparable H;

uptake rates generally resulted in decreased specific rates on CO-containing gas.

The maximum specific growth rate (Umax) was ~ 0.1 h™' on both gases (Table 3) and is
comparable to values previously reported (0.112 h™' and 0.125 h™' on H,/CO; and formate-
CO, respectively) (Bertsch and Mduller, 2015b). CO only decreased growth rates when

present at partial pressures above 50 %.
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Figure 3 — Growth and acetate production is possible in batch cultivations of A. woodii at

ideal gas composition even in the presence of CO. Medium was continuously sparged with
ideal gas containing 60 % H2 (a, b) and the ideal gas with CO and 60 % H2 (c, d). Metabolite

concentrations and gas composition (a, c) as well as volumetric rates (b, d) are shown for acetate,
biomass, formate, CO2, CO and Hz. The gas composition (in %) in a and c is based on the gas flow
rate of the ingas. Results represent means and standard deviations from biological duplicates of

bioreactor cultivations.
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Continuous cultivations of A. woodii on CO. and H; are limited in gas liquid mass

transfer of H,

After demonstrating simultaneous CO, CO2 and Hz uptake in batch cultivations, we aimed
to characterize gas uptake, growth, and acetate formation under steady state conditions in
continuous cultivations of A. woodii. To that end, we sought to establish gas-limited cultures
as a basis for solid characterization of the process performance. Due to the low solubility of
gases, especially of Hy, gas fermentations are often limited in gas liquid transfer of H»
(Mohammadi et al., 2011). To study H: limitation, we first investigated the influence of
different H, partial pressures and gas liquid mass transfer rates independently from the
presence of CO. Therefore, chemostats were performed on low (30 %) and high (60 %) H:
blend idealized gas (without CO) at a dilution rate of 0.05 h™" (~ 50 % of Umax).

Acetate was produced at a rate of 15.6 mmol I'' h™* at 600 rpm in the high Hz blend, which
is ~ 20 % higher compared to the low H blend. H> and CO: uptake rates were enhanced to

the same extent by the improved availability of H; in the high H» blend.

Gas transfer is typically proportional to partial pressures and several factors can influence
hydrogen solubility (Demler and Weuster-Botz, 2011). Apart from media additives like e.g.
antifoam, increased biomass concentrations were reported to decrease H, solubility (Cotter
et al., 2009). Subsequently, we examined whether cultivations at 600 rpm were limited in
H: gas liquid mass transfer by increasing and decreasing the stirrer speed to 1200 and 300

rpm, respectively.

Increasing the stirrer speed from 600 rpm to 1200 rpm improved gas-liquid mass transfer
as indicated by enhanced gas uptake rates (Figure 4). In both approaches at high and low
H. blend, the enhanced volumetric power input increased volumetric H, uptake and acetate
production rates to 150 %, while specific uptake rates stagnated or increased by 30 % in
the high and low Hz blend, respectively (Table 4). A decrease of the stirrer speed from 600
rpm to 300 rpm drastically reduced H» uptake and acetate production to ~ 20 %. Therefore,
cultures were indeed Hz.limited at 600 rpm stirrer speed. Interestingly, the specific rates for
H. uptake and acetate production reduced with decreasing mass transfer, indicating that
carbon flux was directed towards biomass rather than acetate. Low gas uptake during
conditions of reduced gas uptake led to more acetate and biomass being generated from

yeast extract in the liquid medium.

In addition to a limitation of H2 gas liquid mass transfer, continuous cultivations on Hz and
COg, could be limited by the following mechanisms: (i) limitation in the liquid medium, e.g.

nitrogen source or a trace element, (ii) CO: limitation, (iii) a physiological limitation, i.e. by
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reaching maximum uptake or production per cell or (iv) product inhibition. To exclude any

other limitation the other four limitation possibilities were systematically examined.

To eliminate a limitation in the liquid medium, individual pulses at steady state conditions
were applied to increase the yeast extract and trace element concentrations by 100 and 50
%, respectively. These pulses showed no effect on gas uptake rates, biomass, or acetate
production (data not shown), indicating that cultivation performance was not restrained by
any of the pulsed components. A limitation in gas liquid transfer of CO; is also not probabile,
since the CO; transfer rate is still 4.5-fold higher than the HTR under the conditions tested
(pH2 = 60 %, pCO2 ~ 10 %, Supplementary File 2). Since both, the acetate concentration
and the specific H, uptake and acetate production rates were higher at 1200 compared to

600 rpm, a physiological limitation or product inhibition is also unlikely.
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Figure 4 — Increased gas liquid transfer improves gas uptake and production rates during
continuous cultivation of A. woodii on gas containing CO2 and H2. Mass transfer was
improved by increasing stirrer speed. Bioreactors were sparged continuously with ideal gas diluted
with 30 % Ha. Results represent means and standard deviations of biological duplicates in steady
state during continuous cultivation.

Our results in chemostat experiments (13.5 mmol "' h™") are within 7 % to previous reports,
where a slightly lower acetate productivity of 12.6 mmol I'' h™' (= 302.4 mmol I' d"=18.2 g
I" d"') was observed during continuous cultivation of A. woodii (Kantzow et al., 2015). There,
acetate productivity was only increased when a cell retention system was used (higher
dilution rates could be increased at constant acetate concentrations. In contrast to this
study, H> uptake rates were not comparable in batch and chemostat experiments.

Concomitantly, acetate concentrations reached ~ 22 g I' in continuous cultivations
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(Kantzow et al., 2015). Since we observed product inhibition at acetate concentrations
above 20 g I'" in batch experiments of this study, it is possible that continuous cultivations
described by Kantzow et al. (2015) were limited by product inhibition rather than by H;
transfer. When aiming for gas-limited processes, the focus should therefore be laid on
achieving acetate concentrations below 20 g I''. High acetate productivities in Ha.limited
cultures could be reached by increasing the dilution rate and eventually establishing a cell

retention process.

Conclusively, we showed that autotrophic cultivations with A. woodii on H, and CO. are very
flexible regarding both gas composition and gas liquid mass transfer. Cultivations at 600
rpm at low and high Hz blend were limited in Hz availability, which makes these conditions

suitable for further process characterization.
Dynamic gas liquid mass transfer shifts allow to approximate maximum qH:

To determine the physiological limit of our system, we aimed to approximate the maximum
possible specific Hz uptake rate. This important characteristic of the host strain can
contribute to a better understanding of the physiology of A. woodii and facilitate further
process development. To this end, a dynamic experiment with a shift from lower to higher
volumetric power input was performed. By this means, the hydrogen transfer rate was
suddenly increased in a cultivation with low biomass (low stirrer speed). At low biomass
concentrations, A. woodii cannot utilize the available Hz and will grow at maximum gu2 until
cells are no longer physiologically limited. Since uptake rates of H, and CO, as well as
acetate are stoichiometrically dependent (H. : CO, ~ 2:1, H, : acetate ~ 4:1), different
approaches can be used to approximate the maximum qu2: directly via online measurement

of HUR or indirectly via online measurement of CO. and offline determination of acetate.

After an increase of the stirrer speed at 280.2 h, specific H, and CO. uptake instantly
increased, remained constant for ~ 20 h and subsequently decreased (Figure 5a). To
correct for errors and variations in quantification of specific uptake rates, we plotted the
volumetric rates over biomass concentration during growth at maximum qgu2 (Figure 5b).
Data was fitted with a linear regression, where the slope represents the corresponding
maximum specific rate. These fitted specific rates indicate that the maximum specific H>
uptake rate guzmax is between 116 and 167 mmol g h™' (Table 5). The intercept of the
regression has a negative value and if the gas uptake rate is set to 0 mmol I'" h™", solving
the linear regression for the biomass concentration (X) will result in the amount of biomass
produced at no gas uptake. This biomass production can be attributed to the presence of
yeast extract in the medium and was used to correct carbon balances of chemostat

cultivations at low gas transfers (300 rpm). An approximation of the acetate production from
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yeast extract was performed accordingly (Table 5 and Supplementary File 2, Figure and
Table S1).
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Figure 5 — Approximation of maximum qu2 using dynamic shift experiments in continuous
cultivation of A. woodii on gas containing CO2 and Ha. In a, specific uptake and production
rates over time are shown. Cultivation was shifted from low mass transfer (300 rpm) to high mass
transfer (1200 rpm) at 380.2 h. In b, volumetric CO2 and Hz uptake and acetate production are
plotted against biomass concentration for samples from 380.2 h to 440.4 h (linear range). The data
was fitted by linear regression and the corresponding line and equation is shown in the plot (X =
biomass). The slope represents the maximum specific rate and when X is set to zero, the biomass
concentration at no gas uptake (and thus only from yeast extract in the medium) can be obtained.
Results represent means and standard deviations of biological duplicates during continuous
cultivation.
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Table 5 — Process characteristics obtained from mass transfer shift experiment. To increase
gas transfer into the liquid phase, stirrer speed was increased from 300 to 1200 rpm. Data was
obtained from linear regression of volumetric rates with biomass concentrations. Means and
standard error of regression are shown. ' calculation is shown in more detail in Supplementary File
2, Figure and Table S1.

Calculation Slope = specific Intercent Biomass at no
for gas uptake rate R? [mn?:? 3th'1] [mmol |_1':1_1] gas uptake
[mmol g” h"] [9 1]
H> 151+ 16 0.966 151+ 16 -30.4 £8.7 0.20 £ 0.08
CO; 7319 0.957 146 £ 18 -13.3+4.8 0.18 £ 0.09
Acetate 32+3 0.974 128 + 12 -56+1.6 -

Comparing the approximated guzmax to steady state data on ideal gas revealed that all
specific rates obtained at steady state conditions were lower than the possible maximum.
Therefore, a physiological limitation of A. woodii in any chemostat cultivation in this study is
unlikely. Conversely, specific H> uptake could possibly be increased by 46 % using a reactor

with improved gas liquid mass transfer.
A. woodii can efficiently utilize CO; in gases containing CO

After characterizing growth of A. woodii on CO2 and Hz containing gases, we aimed to study
CO, CO; and Hz utilization in BFG and determine the effects of CO on A. woodii metabolism.
To this end, continuous cultivations were compared using idealized gas with CO at low and
high H» blends and BFG at high Hz blend.

The transition from batch to continuous cultures was found to be crucial for successful
growth on CO-containing gas. The optimal starting point for the continuous cultivation was
after formate had been depleted, but when CO, CO, and H, were still co-utilized and before
CO; and H uptake decreased at the end of the batch. Since formate was not added to the
feed, all cultivations on CO-containing gas were carried out autotrophically similar to

chemostats without CO.

A. woodii was able to co-utilize CO, CO2 and H in all gas compositions and even at higher
CO partial pressures (low Hz blend, Table 6). A comparison of steady state data confirmed
observations from batch experiments, where biomass increased with increasing CO partial
pressure (decreasing pH.). Higher CO partial pressures decreased acetate titers, which is
also reflected by the higher specific acetate productivity in the high Hz blend compared to
the low H: blend. Uptake rates of CO, CO. and H differed for the low and high H, blend.
While HUR was 1.8-fold higher in the high H2 blend of idealized gas with CO, COUR was
1.7-fold lower. These ratios correspond to the differences in partial pressures of the two

gases, suggesting that cultures were limited in both CO and H; gas liquid mass transfer.
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CO and H: limitation were also experimentally demonstrated as decreasing the stirrer speed
from 600 rpm to 300 rpm resulted in decreased gas uptake rates (data not shown).
Surprisingly, Hz uptake rates were lower in high Hz blends when gases did not contain CO
(Table 4 and 6). Apart from the influence of biomass concentration on H, and CO solubility
(Cotter et al., 2009; Rittmann et al., 2012), the presence of other gases could potentially
influence gas uptake or solubility. Since H, was the limiting factor in all chemostats, the
uptake of CO, was tightly coupled to Ha utilization. Because CO was utilized as an additional
carbon and energy source, total carbon turnover was higher compared to gases without
CO. Utilization of CO reduced CO; uptake, but still enabled net CO:, fixation even in the low
H: blend with a high partial pressure of CO.

Cultivations of A. woodii on industrial BHG resulted in similar gas uptake rates compared to
idealized gas with CO and the same H blending ratio. Biomass and acetate production
were slightly decreased, and acetate productivity reached 86 % of that in idealized gas of
the same composition. The specific acetate productivity remained constant due to identical
H2 and CO partial pressures. The slight difference in production rates on real and ideal gas
with CO indicate that other inhibitors in the BFG could have a minor influence on the
performance of A. woodii. Gas uptake rates during the cultivation on BFG varied to a greater
extent than on idealized gas with CO. These variations can probably be attributed to the in
situ blending of two independent gas streams, whereas premixed gases were used for all
other bioreactor experiments. The fact that A. woodii was not negatively influenced by these
fluctuations renders the organism suitable for industrial applications, since similar deviations

of the gas composition might also occur in large-scale fermentations.

During growth on CO; and H: alone, specific H. uptake rates of C. autoethanogenum were
~ 60 % of those in A. woodii (Heffernan et al., 2020). Based on the comparison of specific
CO and H; uptake rates, we could therefore confirm that the high efficiency of H, and CO»
utilization by A. woodii compared to C. autoethanogenum and C. ljungdahli (Hermann et al.,
2020; Schuchmann and Mdller, 2014b; Takors et al., 2018). On the other hand, for gases
with comparable CO and H. partial pressures, higher specific CO uptake rates were
observed in C. autoethanogenum, while gu2 was only 60 % of the maximum reached using
BFG in this study (Valgepea et al., 2018).
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The fact that CO utilization in A. woodii is less efficient compared to other acetogens has
long been described. Potential reasons include inhibition of hydrogenases by CO. A. woodii
might be affected by this inhibition to a larger extent compared to other acetogens because
the organism reduces CO; directly with H; instead of redox equivalents (NAD(P)H and/or
reduced ferredoxin) used by C. autoethanogenum and C. ljungdahlii (Bertsch and Mdller,
2015b, 2015a; Mock et al., 2015; Ragsdale and Ljungdahl, 1984; Schuchmann and Mdiller,
2014a; Schwarz et al., 2020). In addition to hydrogenase inhibition, the efficiency of the CO
dehydrogenase reaction has also been speculated to be responsible for efficient CO
utilization (Liew et al., 2016a; Ragsdale et al., 1983). T. kivui could be adapted to growth on
high concentrations of CO even though the organism also uses H, for CO, reduction to
formate (Weghoff and Muller, 2016). Therefore, it was suggested that monofunctional CO
dehydrogenases might play an important role in CO metabolism to quickly scavenge CO

and prevent hydrogenase inhibition.

Fermentation of CO; and H; using C. autoethanogenum was found to be improved by
adding small amounts of CO (Heffernan et al., 2020). While CO; and H: partial pressures
were comparable to our study, CO concentrations in the gas were only 2 %. In this study,
we achieved net CO fixation by simultaneous uptake of CO; and Hz with CO at higher CO
and lower H, concentrations of 18 and 30 %, respectively. Comparable CO and H; partial
pressures of 15 and 45 %, respectively promoted efficient CO utilization and a shift towards
reduced metabolites in C. autoethanogenum but resulted in the production of small amounts
of CO- (Valgepea et al., 2018).

Prior to this study, A. woodii had not been considered for fermentation of CO-rich industrial
gases. Moreover, CO utilization at comparable gas compositions usually results in net CO;
production (Hermann et al., 2020; Valgepea et al., 2018, 2017). Here, we show that A.
woodii is highly flexible regarding co-utilization of CO, CO, and H. at different gas
compositions allowing net CO; fixation. Hz blending in combination with its efficient H;
metabolism renders A. woodii a suitable host for CO; fixation from industrial gases even in

the presence of CO.
Intracellular flux distributions of A. woodii are dependent on H, and CO availability

Steady state data for growth of A. woodii obtained from chemostat cultivations on idealized
gas with and without CO were used to model intracellular flux distributions. An A. woodii
core model was used for FBA simulations. The measured specific rates for biomass
formation, substrate uptake rates (CO, CO,, H,) and acetate were used to constrain the
model. Since these measurements bear redundancies with respect to carbon and redox
balances in the metabolic model, fluxes were corrected prior to the actual FBA calculations

by minimizing the relative changes in the measured rates necessary to obtain a consistent
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flux scenario. In typical FBA studies, maximization of biomass synthesis is used as objective
function. Since the growth rate was fixed to the experimentally observed value, we instead
maximized the pseudo reaction that quantifies the non-growth associated ATP maintenance
(NGAM) demand. In this way, we obtain an upper bound of ATP available for NGAM
processes. Figure 6 summarizes the simulation results for intracellular fluxes of the carbon,
redox and energy metabolism. Experimental data of biomass formation as well as specific
uptake (CO, CO; and Hz) and acetate excretion rates proved to be very consistent, since in
all scenarios considered only small corrections for two measured fluxes were necessary
(Figure 6). In terms of ATP production, the specific flux through the ATPase increased by ~
20 % for high H2 compared to low Hz for H2/CO2 fermentations. ATP generation was further
increased in the presence of CO regardless of the H, partial pressure. In detail, low and
high CO partial pressures increased flux through the ATPase by an additional 20 %
compared to the corresponding Ho/CO, without CO. Likewise, the NGAM was lowest for the
condition using low H, without CO (0.9 mmol g* h™') and highest for the high H, in
combination with CO (2.4 mmol g h"). Generally, higher maintenance ATP demands in
the presence of high Hz or CO could be a result of additional protein synthesis required.
Furthermore, higher acetate concentrations were observed when high H, was used, which

could also increase the ATP demand to maintain the proton gradient across the membrane.

Model simulations showed that at lower CO and high H» partial pressures (i.e. high H-
blend), CO was only assimilated in the carbonyl branch, thus only serving as a carbon, but
not as an electron source (Figure 6b). CO being solely utilized as a carbon source is an
interesting observation, as CO usually serves as the main electron source during
acetogenic growth on CO or syngas and CO- produced is only partially utilized in the methyl
branch (Hermann et al., 2020; Valgepea et al., 2018, 2017). On the contrary, higher CO
and lower H, partial pressures (i.e. low Hz blend) resulted in CO additionally being
consumed in the methyl branch after oxidation to CO2 by CO dehydrogenase (CODH). CO
was therefore used both as a carbon and electron source, which resulted in increased
availability of reducing equivalents, i.e. reduced ferredoxin. This change in metabolic activity
finally led to differences in co-factor distribution and energy conservation. However, the
conversion of CO to CO; reduced net CO: fixation in a Hz-limited process (Table 6). If the
goal was to utilize CO2 only via the methyl and CO only via the carbonyl branch and the flux
through CO dehydrogenase linearly correlated with CO partial pressures, the BFG would
have to be blended with 44 % H: (linear regression of CODH flux and pCO). In this study,
we achieved net CO: fixation in gases with at CO/H: ratio of 0.18 to 0.62. Based on the CO2
uptake rates for these ratios, linear extrapolation shows that CO, utilization would be
possible up to a CO/H: ratio of 0.92 (linear regression of CO2UR and CO/H: ratio). In other

words, blending industrial BFG with H» as an energy source can be used to control individual
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gas uptake rates and shift A. woodii metabolism towards a desired direction (ATP and
biomass versus acetate formation). This strategy could also be applied to other gas
fermenting organisms to control product spectra and shift production towards a desired

target compound.
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Figure 6 — Metabolic flux distributions of A. woodii chemostat cultivations depend on gas
composition. Flux distributions for a, cultivations with idealized gas without CO with low Hz (30 %)
(light blue) and high Hz (60 %) (dark blue) and b, cultivations with idealized gas with CO with low
Hz2 (30 %) (light green) and high Hz (60 %) (dark green) are shown. Experimentally determined
specific rates for acetate production, biomass formation and gas uptake rates were used as input
data and constraints for FBA simulations with maximization of the ATP maintenance pseudo
reaction (NGAM) as the objective function. All fluxes are shown in mmol g-' h-' (Biomass box:
upper values in Cmmol g-' h', lower values in h-') and represent means of biological duplicates.
Upper values for uptake and production rates represent experimental values, lower values
represent values used for FBA simulation. Model input values may slightly deviate from measured
experimental data because stoichiometric inconsistencies were corrected (see Methods). NGAM =
non growth-associated ATP maintenance, HDCR = hydrogen dependent CO: reductase, CODH =
CO dehydrogenase, Hyd = electron-bifurcating hydrogenase, Rnf = Rhodobacter nitrogen fixation
complex, Fdred = reduced ferredoxin, Fdox = oxidized ferredoxin.

Conclusion

In this study, we determined the effect of gas composition and gas-liquid mass transfer on
COq utilization, growth, and acetate production in A. woodii. Blending of industrial BFG with
H. was a useful tool to enable co-utilization of CO, CO2 and H, and net CO; fixation at
different CO and H; partial pressures for the first time. Additionally, this strategy allowed to
control CO; fixation, gas uptake and metabolic fluxes in continuous cultures. The flexibility
with respect to gas composition makes A. woodii a very promising host for the reduction of

industrial CO2 emissions, even in CO-containing gases.
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Figure S1 — Approximation of acetate production from yeast extract by regression of H; and
CO; uptake rate over acetate concentration. Cultivation was shifted from low mass transfer (300
rpm) to high mass transfer (1200 rpm) and gas uptake rates are plotted against acetate
concentration for samples from 380.2 h to 440.4 h (linear range). The data was fitted by linear
regression.

Table S1 — Coefficients for linear regression in Figure S1. The slope represents the maximum
specific rate and when X is set to zero, the biomass concentration at no gas uptake (and thus only
from yeast extract in the medium) can be obtained. Results represent means and standard
deviations of biological duplicates during continuous cultivation.

acetate at 0
calculation slope intercept
R? gas uptake
for [mmol g h"'] [mmol " h"] 1
9]
H> 8.1+1.1 0.947 -89+8.4 1.1+£1.2
CO:2 39+06 0.934 28145 0.7+1.3
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Calculation of maximum CO; transfer rate in ideal gas with 60 % H. and 10 % CO-

HURmax ~ 80 mmO] 1_1 h_]'

Limitation: HTR = HURnax

D;,CO,
D;H,

kpa (COz) = kya (Hyp)

HTR = kia (H2) (c*(Hz2) - c(H2))

CO2TR = kia (CO2) (c*(CO2) - c(CO2))
Limitation: ¢ ~ 0 mmol I

c* (H2) = 0.8 mmol I'1 * 0.6 = 0.48 mmol 11

c* (COz) =28.6 mmol I'1 * 0.1 = 2.86 mmol I

HURpax

=166 ht!
c*(Hz)

kpa (Hp) =

kia (CO) = 128 h-1

CTRmax = kra(C0O2) * ¢*(CO2) = 358 mmol It ht

= kya (Hy) * 0.768 (Demler, 2012b)

Table S2 — Parameters for calculation of maximum CO; transfer rate.

parameter definition unit
HUR hydrogen uptake rate mmol I h!
HTR Hydrogen transfer rate mmol " h!
kia specific mass transfer coefficient h'
Di diffusion coefficient m2s
c* gas solubility mmol I*
c gas solubilized mmol I*
CO.TR CO, transfer rate mmol " h!
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2. Characterization and engineering of acetate (co-)utilization in E.
coliW

co,
acetate —=
| . g |
. |
.
i B o]
\\Q/

Escharichia coli

Figure 4 — Overview part 2. Within this part, acetate uptake in E. coli W is studied.

Problem statement

Several factors limit the use of acetate as a promising alternative carbon source: (i) acetate
is toxic due to its properties as a weak acid, (ii) acetate has low energy content, which limits
product formation and (iii) co-utilization of acetate and glucose is restricted by carbon

catabolite repression and the occurrence of a diauxic growth pattern.

State-of-the-Art

In E. coli, two pathways are responsible for acetate uptake, the irreversible acetyl-CoA
synthetase (acs) and the reversible phosphate acetyltransferase / acetate kinase node. The
activity of Acs is controlled at two levels: in addition to transcriptional regulation, Acs is
inactivated by post-translational acetylation. A point-mutation in acs was shown to result in
an insensitivity to post-translational acetylation in Salmonella enterica (Starai, 2005).
Detailed information of Acs activity was not available, especially in the context of

characterizing co-utilization with glucose.

Scientific questions

Is E. coli W a suitable host for acetate utilization?

Can acetate (co-)utilization be improved by the overexpression of an acetyl-CoA

synthetase?

Hypotheses
E. coliW has been reported to be a robust, stress-tolerant and low-acetate excreting strain,

which is why it can be a suitable strain for acetate (co-)utilization. Overexpression of acetyl-
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CoA synthetase, one of two pathways for acetate assimilation, improves acetate uptake

and co-utilization of acetate and glucose.

Approach

For the evaluation of the performance of E. coli W, volumetric and specific acetate uptake
rates acquired in batch and continuous cultures on chemically defined medium were
considered. E. coli W strains expressing native acetyl-CoA synthetase or an acetylation-
insensitive acetyl-CoA synthetase were compared to a control strain. The effects on acetate
uptake as well as acetate and glucose co-utilization were studied in both, batches and
chemostats. The quantification of individual uptake rates also allowed to draw conclusions

about diauxic growth.

Content and contribution

The effect of acetyl-CoA synthetase expression was studied at different levels: native acs
expression in a control strain, overexpression of acs and overexpression of an acetylation-
insensitive acs. Acetate (co-)utilization was investigated on defined media in batch and
accelerostat cultivations. The overexpression of an acetylation-insensitive acs led to a
decreased lag-phase in batches with acetate as the sole carbon source and improved
acetate-glucose co-utilization. In chemostats, overexpression of acetylation-insensitive acs
did not show any positive effects on culture performance since E. coli W was found to

already be a very suitable host for acetate utilization.

KN carried out the experiments together with LF and AME, planned the study with SP and
LF, and KN and SP drafted the manuscript.
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Characterizing the effect of expression
of an acetyl-CoA synthetase insensitive
to acetylation on co-utilization of glucose
and acetate in batch and continuous cultures

of E. coliW

Katharina Movak'", Lukas Flackner', Anna Maria Erian’, Philipp Freitag', Christoph Herwig'?
and Stefan Plagl" @

Abstract

Background: Due toits high stress talerance and low acetate secretion, Escherichio coli W is reported to be a good
production host for several metabolites and recombinant proteins. However, simultaneous co-utilization of glucose
andl other substrates such as acetate remains a challenge, The activity of acetyl-Cod-synthetase, one of the key
enzymes involved in acetate assimilation is tightly regulated on a transcriptional and post-translational level. The
airn of this study was to engineer £ coli W for cverexpression of an acetylation insensitive acetyl-Cod-synthetase and
to characterize this strain in batch and continuous cultures using glucose, acetate and during co-utilization of both
substrates,

Results: tscherichio coll W engineered to overexpress an acetylation-insensitive acetyl-Cod synthetase showed a

2. F-fold increase in acetate uptake in a batch process containing glucose and high concentrations of acetate com-
pared 1o a control strain, indicating maore efficient co-consumption of glucose and acetate. When acetate was used
as the carbon source, batch duration could significantly be decreased in the overexpression strain, possibly due to
alleviation of acetate toxicity, Chemaostat cultivations with different dilution rates using glucose revealed only minaor
differences batwean the averexprassion and control strain, Accelarstat cultivations using dilution rates between 0,20
and 0.70 h~' indicated that £ coli W is naturally capable of efficiently co-utilizing glucose and acetate over a broad
range of specific growth rates, Expression of acetyl-CoA synthetase resulted in acetate and glucose accumulation
at lower dilution rates compared to the control strain. This observation can possibly be attributed to a higher ratio
between acs and pta-ackA in the overexpression strain as revealed by gene exprassion analysis. This would result in
enhanced energy dissipation caused by an imbalance in the Pla-AckA-Acs ovcle, Furthermaore, wicH and aetP, genes
co-transcribed with acet-Cod synthetase showed significant down-regulation at elevated dilution rates.
Conclusions: Escherichio coll W exprassing an acetyation-insensitive aceryl-Cod synthetase was shown o be

a promising candidate for mixed feed processes using glucose and acetate. Comparison between batch and
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continuous culturas revealed distinet differences in glucose-acetate co-utilization behavior, requiring additional inves-
tigations such as multi-omics analysis and further engineering towards even more efficient co-utilization strains of £

coli W,

Keywords: E coll\W, Acetyl-CoA-synthetase, Acetate (Acs), Metabalic engineering, Protein acetylation, Biomass
composition, Mixed feed system, Continuous cultures, Gene exprassion analysis, Acetate penmease (ACTP)

Background

Escherichia coli is among the best-studied organisms
today and a workhorse of biotechnology used for the pro-
duction of recombinant proteins [1-3] and (el and bulk
chemicals including ethanol [4, 5], isobutanol [6, 7] and
2 3-butanediol [8-10]. In particular, £ ecoli W has been
described as good production host for industrial appli-
cations due to high stress tolerance [11, 12], fast growth
up to high cell densities on various substrates including
sucrose [13-15] and low acetate excretion [14],

Most studies utilize glucose as the carbon source, mak-
ing glucose the best studied substrate for E cali [12, 16].
However, other substrates such as pentoses [12, 17, 18],
alveerol [19] and acetate [20, 21] have also been studied.

Acelate comprises an interesting alternative carbon
source as it is a cheap industrial waste product contained
in a broad variety of materials [22]. For instance, acetate
is produced by anaerobic digestion of biomass from
waste [23], during syngas fermentations [22, 24] and
preparation of lignocellulosic hydrolysates [25]. Examples
of acetate utilization for production of chemicals using £,
cofi W oinclude succinic acid [26), itaconic acid [27] and
isobutanol [28].

Co-utilization with glucose, a sugar abundantly avail-
able in a variety of potential substrate streams, would be
an interesting option o increase competitiveness of an
industrial process.

Escherichia coli produces acetate via different path-
wavs, with the main route being the phosphate acetyl-
transferase (Pta) and acetate kinase (AckA) node, Others
include direct oxidation of pyruvate to acetate and CO,
by pyruvate dehydrogenase (PoxB). Acetate uptake is
mediated either by the low affinity Mta-AckA node or
high affinity Acs node, enabling E. eoli to efficiently
scavenge even small amounts of acetate excreted dur-
ing glucose catabolism [29, 30], Acetyl-CoA is a major
branching point in central metabolism and a precursor
for several pathways such as the tricarbaxylic acid (TCA)
cvele, fatty acid and amino acid synthesis, the glvoxylate
bypass and ethanol production [31].

However, . coli is not able to co-utilize glucose and
acetate efficiently due to carbon catabolite repression,
favoring glucose utilization in the presence of more than
ane carbon substrate [32, 33], Furthermore, most £ colf
strains show acetate secretion upon growth on glucose, a

72

phenomenon usually described as overflow metabolism,
Different studies have pointed towards limited respira-
tory or proteomic capacity of E, celi as the potential rea-
son for acetate accumulation [31, 34-36]. Moreover, Acs
plays a key role in acetate excretion, as il was reported
that acs is down-regulated at high specific growth rates
[37]. Generally, acs is activated by cAMP-CRP, and co-
transcribed together with two other genes, a putalive
inner membrane protein (yicH) and an acetate permease
(et [33]. ActP has previously been described as a cat-
ion/acetate symporter, and knock-out strains lacking aeiP
grow poorly on acetate as the sole carbon source [38].

Studies using E. coli and Salmonella entevica have
found that in addition 1o transcriptional control via car-
bon catabolite repression [31, 33] activity of Acs is also
controlled by posttranslational  modification.  Protein
acetvltransterase, patZPat, was found to be responsible
for acetvlation of Acs, rendering the enzyme inactive, In
detail, Leu-641 is recognized by Pat, resulting in acetyla-
tion of Lys-609 of Acs, and consequently in inactivation
of the enzyme [39, 40]. It could be demonstrated that a
mutation at Leu-641 in Acs made the enzyme insensi-
tive to acetylation [41]. Acetvlation of Acs by Pat can be
reversed by NADH-dependent CobB [39, 40]. Generally,
pat expression is regulated by cAMP-CRP [42] and dur-
ing exponential growth phase on glucose patZ expression
is up-regulated [43]. However, more detailed information
on aceltylation and activity of Acs is scarcely available,
especially in the context of co-utilization of glucose and
acetate,

Previous findings showed that acs down-regulation
during glucose cultivations leads to acetate accumu-
lation [37], deletion of patZ leads to more efficient
growth on acetale as the sole carbon source in E. coli
BL 21 [43] and decreased acetate accumulation in glu-
cose limited continuous coltures [44]. To that end, the
hvpothesis behind the current work was that expres-
sion of an acetvl-CoA synthetase insensitive to acety-
lation (acs_L641P) from a constitutive promoter would
have a similar effect, enabling efficient co-utilization of
glucose and acetate at high concentrations. The aim of
this work was to study the effect of overexpression of
an acetylation insensitive acetvl-CoA synthetase on a
mixed feed system of glucose and acetate in £, coli W,
To that end, three different straing were constructed,



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

Results

Movak atal Microb Cell Ract (2018} 17:109

namely ACS_Lo41P (expressing an acetvl-CoA svn-
thetase insensitive to acetylation from a constitutive
promoter), ACS (expressing native acelyl-CoA svn-
thetase from a constitutive promoter) and VC {a con-
trol strain carrying an empty vector) which were first
characterized in batch cultivations using glucose and
acetate, glucose or acetate, The behavior of the strains
was further characterized under glucose and acctate-
limited conditions using continuous chemostat and
accelerostat  [A-stat) cultivations. Gene expression
analysis during A-stat cultivations using glucose and
acelate were performed for acetate metabolism related
genes to get insight into the effect of overexpression of
an acetyl-CoA synthetase insensitive to acetylation,

Results

Eschevichia coli W was chosen for this study becanse
it shows reasonable resistance Lowards acetate [14],
which was also evaluated in batch cultures where
growth on up to 2% (w/v) acetate as the sole source
of carbon was observed in shake flask cultures, while
other £, cofi strains such as BL21 and K-12 MG 1655 did
nat show growth (data not shown). Sequence compari-
san of acetyl-CoA synthetase (Acs) from Salmonella
enterica subsp. enterica LT 2 with the enzyme from
Escherichia coli Worevealed that residues Lys-609 and
Leu-641 are conserved and the two enzymes show an
overall identity of 95% of the amino acids {Additional
file 1: Figure S1).

It was previously shown that Lys-609 is the site of
acetylation activity by Pat rendering the enzyme inac-
tive, This acetylation can be reversed by NADH-
dependent CobB [39, 40]. A random mutation at the
residue Leu-641 in Acs made the enzyme insensitive to
acetvlation, thereby disabling posttranslational modif-
cation in presence of high glucose concentrations [41].
To that end, two strains were constructed for expres-
sion of either acs or acs_ L6341 under control of the
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constitutive promoter 123114 {(Anderson constitutive
promator library).

Batch cultivations on glucose and acetate

The main hypothesis of this study was that expression of
acs_L641P from a constilutive promoter should enable
E. coli W to co-utilize glucose and acetate as both tran-
scriptional and posttranslational control of aes by carbon
catabolite repression would be circumvented in this case,
Additionally, expression of qcs without the Le41P muta-
tiom, thus still sensitive to acetylation, from a constitutive
promaoter was studied, This construct should only be con-
trolled on a transcriptional level but no longer on a post-
translational level.

Batch cultivations on defined media supplemented
with 1% (w/v) glucose and 1% (w/v) acetate were carried
out with three straing: ACS {strain expressing acs from
promoter [23114), ACS_Le41P (strain expressing qos_
L6411" from promoter 123114} and VO (a strain carrying
an emply vector as a control).

Since the aim was to study co-utilization of glucose
and acetate, all values mentioned in this paragraph and
shown in Tables 1 and 2 are lor the exponential phase
(cultivation time ~4 h until depletion of glucose) where
both glucose and acetate were present in the media.

W e Qack Qoo D Goe for the batch cultivations
are shown in Table 1, Yy e Yoo Yous Yoonx and the
carbon recovery are shown in Table 2. As shown in Fig. 1,
all three strains displayed a lag phase ol around 4 h. Upon
entering exponential growth phase, comparable specific
growth and glucose uptake rates for all three strains were
ohserved (Table 1) and at the time glucose was depleted
biomass concentrations of 5714052, 6.22+064 and
5804042 g =" for ACS_Le4IR ACS and the VC,
respectively, were observed, At this point the residual
acetate concentration for ACS_Le41P was significantly
lower compared to ACS and VO (3204123, 7214174
and 5.204+2.30 g 174, respectively),

Since the biomass concentration was comparable for
all strains, a lower acetate concentration at the time

Table 1 Growth rate, specific glucose, acetate and base uptake as well as CO, production rates and growth rates for batch
processes on glucose + acetate, glucose and acetate during expenential growth phase

Glucose

Glc+Ace  ACS ACS_L641P ACS_L64IP  Acetate ACS_LE4TP
Ve Ve Vg
k="l 0234005 0204003 027E004  OF2E000 063007 0194003 0L18£ 004
G [mmed g=' b=} 2854029 2714081 1204038 7244013 690089
g [mmel g~ 1] 1.76£026 191£058 4724026 - N 12424213 12364 | 56
e [t =" b= 8234156 5564226 1633£083 16164011 23984073 12794031 17.034232
Grey Mol g~ 1] 3554058 3294074 1444086  535+£097 6304041 £ <

Mian values and erors as stardard deviation are s played
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Table 2 Yields and carbon recovery for batch processes on glucose + acetate, glucose and acetate, Yy Yooom Yoou

Glo+ Ace ACS ACS_LG4TP

Vi
Yy [Cmol Crmal =] 037 £006 037+£005 Q27003
Ve [Cmal Cmcl ™) 054 2001 0564002 065 £ 004
¥z [0l Cmal ™) 0992016 0564027 126011
C-racovery [%] nx7 Qr+7 w7

Mean values and errars as standard deviation are displayed
Ve brigemass wield, Voo C05 production yield, Yo, ospgen uptake yleld
* Calculation with anly ane value, due to O offgas signal perturbations

point where glucose was depleted conversely indicates
that ACS_Le41DP takes up acetate with a higher specific
rate. Indeed, a 2.7-fold increase was observed for g - of
ACS_Loa1P whereas ¢, 0p for ACS remained unchanged
compared to VC (Table 1), Interestingly, a similar
increase of twofold for goq. of ACS_LA21P was observed,
while similar to g, - the specific carbon dioxide produc-
tion rate of ACS was comparable to that of VC,

In addition to a higher specific acetate uptake and car-
bon dioxide production rate, ACS_Le4 P displayed a 2.5-
fold lower specific base consumption rate, indicating that
due to higher acetate consumption less ammaonia per bio-
mass was required to adjust the pH because of glucose
catabolism related acidification.

The different behavior of ACS_LodIP with respect 1o
carbon uptake and production compared to ACS and
VC can also be observed in the yields at the end of the
glucose phase. Compared to the vector contral, ACS_
Ledll showed a 21% decrease in Yy while ¥, 5 was
increased by 20% ( Table 2).

Batch cultivations on glucose or acetate

To further characterize the effect of expression of acety-
lation insensitive acetvl-CoA synthetase in £ coli W, the
behavior of AC5_Lo41 and VC was studied during cul-
tivations on either glucose or acetate as the sole source of
carbon,

The cultivations using glucose as the carbon source
showed no significant differences in specific growth and
glucose uptake rate for ACS_L6AHTP and VT (Table 1).
However, ACS_Lad41P displaved a 48% increase in gegg
and in addition, showed a 23% decrease in Yy g and a 21%
increase in Y. . (Table 2). These observations may indi-
cate changes in the metabolism of glucose by expression
of ACS_LG4LE

For the cultivations using acetate as the carbon source
similar values in specific growth and acetate uptake rate
for the two strains were observed (Table 1), Despite
similar acetate uptake rates, ACS_LAA41T showed a 33%
increase in genp Moreover, a significantly longer lag
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ACE_L41P

Glucose ACS_LE4IP Acctate

Ve we

057 20,05 Q44 £ 002 0344000 0262002
047 20,07 Q57 £002 077 002 O £003
D5E+003 Q093 £035 DEs? 1122007
M E16 101 £4 M1£3 47 &5

phase and total batch duration was abserved for VO
compared to AC5_La411* (Fig. 2.

Continuous cultivations on glucose or glucose and acetate
Based on the findings of the different batch cultivations, a
series of continuous cultivations was carvied out to study
the effect of acelyl-CoA synthetase overexpression under
carbon-limited conditions. It is known that upon glucose
limitation carbon catabolite repression is less severe, and
acs expression is induced under these conditions [45], Ta
that end, the guestion was if the behavior in C-limited
continuous cultures on glucose or co-utilizing glucose
and acetate would be different 1o what has been observed
during batch cultures with carbon surplus conditions,

Chemostat cultivations on glucose

Despite the fact that only small differences were observed
for ACS_L64LP and VO in batch cultures on glucose,
chemostat cultivations at different dilution rates were
performed. The aim of this experiment was to study if
there were any growth rate dependent effects caused by
the expression of acs_L&411 in the catabelism of glicose
abservable. Furthermore, it was sought to compare the
resulls obtained for other E. coli strains which are less
robust against acetate stress, To that end, one chemo-
stat cultivation for each strain was performed at different
dilution rales ranging from 0.1 1o .75 ! using 2% (wiv)
glucose as the carbon source,

As shown in Fig. 3, both, ACS_L6d41P and VC display
similar values for qg, ~ which is in accordance with the
findings for the batch cultures on glucose. However,
Gooa for ACS_Le41P and VO also showed comparable
values for all dilution rates where no acetate or glucose
accumulation was observed, which is in contrast to
the results of the batch cultures. In detail, both strains
displaved an increase in Yy . with increasing dilution
rates, while ¥ .5 decreased (Table 3), i.e. more bio-
mass and less COy is produced per substrate, Due to
this fact, biomass concentrations were 20% higher at
dilution rate 0.50 h™' compared to 0.10 h™" for both
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Flg. 1 Glucose (blue square), acetate {red circle) and cell dry mass
|CDM, crange up-pointing triangle} concentrations as well as
accumulated C0, (green diamond)] over process time in batches
with 1% [witv) glucose and acetate. Each cultivation was carried out
in triplicates, For better visualization, one cultivation is shown as an
exampla

ACS_Lod41P and VC. At a dilution rate of 063 Lt
ACS_Ledll started to accumulate acetate and glu-
cose. Upon accumulation of acetate and glucose, qg -
ol ACS_L&4IDP increased to higher levels than would
be the result of the increased dilution rate. VC started
to accumulate acetate at a dilution rate of 0.66 h™', but
no glucose accumulation was observed al this growth
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rate, However, further increasing the dilution rate to
0582 h~" also led to plucose accumulation for VC.

A-stat cultivations on glucose and acetate

During batch characterization, increased specific acetate
uptake rates for ACS_L641 P were obtained when glicose
and acetate were co-utilized. Based on this finding, it was
hypothesized that ACS_Le4LT should be able to co-uti-
lize glucose and acetate more efficiently compared to VO
also in continuous cultures co-utilizing both substrates,
To investigate this hypothesis, accelerostat (A-stat) culti-
vations (continuous cultures with a constantly increasing
dilution rate) [46] starting at a dilution rate of 0.20 ™'
woere performed, The dilution rate was increased at a rate
of 0,01 h™ until a dilution rate of .70 h™" using 1% (wiv)
glucose and 0.5% [w/v) acetate as carbon sources, Based
on the batch cultures, it was speculated that ACS_Lo41P
would accumulate acetate at higher dilution rates com-
pared to VO as higher dilution rates in C-limited cultures
with constant biomass concentrations L;urrvs]wnd 1%
higher specific substrate uptake rates.

For both strains, the specific rates qg o, Qacp and gogs
as well as biomass concentrations constantly increased
with increasing dilution rate until cell wash out started to
accur (Fig. 3b). Acetate accumulation in ACS_LA41P and
VO started at a dilution rate of 0.59 and 0.66 h™", respec-
tivelv. Glucose was accumulated at 0.67 ™' in ACS_
L¢P, whereas no glucose accumulation was observed
for VC until the end of the experiment (D=0.71 h™1),

With respect to Yy ¢ and Y05 a similar behavior as
for the chemostat cultivations with glucose as the carbon
source was observed, Specifically, both strains display a
shift from CO, to biomass at high dilution rates, result-
ing in 15% increased Bomass yield at a dilution rate of
.55 h™! compared to the initial dilution rate of 0.20 h™!
for the V. The ratio between biomass and €Oy produc-
tion for ACS_L64IP did not significantly change as a
function of the dilution rate, Upon glucose and acetate
accumulation Yy o and Yo, sharply decrease due to
reduced carbon source consumption for ACS_Lo4IR
However, for VC only the decrease of Y5 could be
abserved upon accumulation of acetate, while Y, ¢ did
not decrease,

To further investigate the performance of the two
straing, ACS_LA41P and VO, gene expression analysis
was performed for several genes of the acetate metabo-
lism. Two dilution rates were investigated, 0.20 and
0.65 h~'. Since the outcome of the experiment did not
confirm the hypothesis that AC5_L641P should be able
to more efficiently co-utilize glucose and acetate at high
dilution rates (corvesponding to high specific uptake
rates) gene expression analysis might be able to shed light
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visualization, cne cultivation i shown as an example

an what might be the reason for the observed behavior of
the twa strains,

The expression levels of the eight genes investigated
were each compared between different dilution rates (e.p.
vector control at 0.20 h™" vs. 0,65 h™') as well as between
strains (e.g. VO vs. ACS_L&ALP at D =065 h~"). Figure 4
shows the resulls of the gene expression analysis depicled
in a simplified metabolic network (standard errors and
value are given in Additional file 2: Table 51).

Most prominently, ACS_L631F showed 1004- and 19.8-
fold increased expression levels for acs at dilution rates
0.20 and 0.65 h™", respectively, compared to VC. Further-
maore, the expression level of ges_Lo41l in ACS_Lo#1P
did not significantly decrease upon increased dilu-
tion rates, while a twofold downregulation for acs was
abserved in VO, Hence, the apparently increased relative
expression level of acs in ACS_L641P at 0.65 h™' com-
pared to the VO is a consequence of down-regulation
af acs in the VC and seems to be unrelated to the ace-
tate concentration or dilution rate. At a dilution rate of
0.65 h™!, a sharp downregulation of el and actP was
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abserved Tor ACS_Le4HIP compared to VO {less than 5%
of original expression level). Generally, expression levels
of yjieH and actl dropped significantly when compar-
ing dilution rate 0.65 b~ o the initial dilution rate of
0,20 h™! for both strains (~ fourfold decrease for VI at
0.65 h' vs. 020 h™' and = 5% expression level for ACS_
Lt 1P at 065 b~ vs, 020 b~ Y. Genes involved in acetate
metabolism (pfa, ackA, poxf) showed lower expression
levels at high dilution rates for both strains, although for
proxld the decrease in expression rate at high dilution rates
was less severe for ACS_Led1P compared to V.

The expression levels for the transeriptional regulators
crp and crw decreased with increasing dilution rates, with
the effect being slightly more prominent for ACS_Led1P
than for VC (Fig. 4).

Discussion

The aim of the present study was to investigate ifand how
efficient co-utilization of glucose and acetate in £ cof
can be achieved. To that end, it was studied how expres-
siom of an acetylation insensitive acetyl-CoA synthetase
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Flg. 3 Specific production rates q, - ffled squara), g (filled down-peinting trangle), g, (filled drcie) of ACS_LE4TP green] and the VT (orange)
with corresponding ghecose (white square), acetate (white down-pointing triangbe) and call dry mass {white up-poenitng trlanagls) concentrations
aver dilution rata In a glucose chemostat [a) and a glucose 4 acetate mixed-fead A-stat (bl Erroe bars represent the standard dawiation of three
sarnples takan during steady state for chemestat cultivations, and the standard deviaticn of bwo biclogical replicates for A-stat cultivations. Due 1o
perturbations in the OO0 offgas measurerants during the last five samples of the miked-fead A-stat, g, was cbtained from a single cultivation,
thus no eror bars are displayed

from a constitutive promoter aftects co-utilization of
glucose and acetate in £, coli W, both under high carbon
conditions in batch cultures and carbon-limiting condi-
tiens of continuous cultures.

During aerobic batch cultivations using glucose and
acetate as carbon sources it was found that the strain

expressing acs_Lotl P displayed a 2.7-fold increased
specific acetate uptake rate, whereas no change in qg
was observed for ACS compared to VO, These find-
ings seem to confirm the hypothesis that activity of Acs
alone during metabolism of high concentrations of glu-
cose i sufficient to enable more efficient co-utilization
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Table 3 Yields for chemostat cultivations on glucose and A-stat cultivations on glucose + acetate, Yy o Yeoa s

ACS_L&41P

vC

¥y [Cmod Cmal ™)

¥ g5 [Cmal Cmal ™"

¥y [Cmel Cmal "] ¥ ez [Emal Cmal ™"

Chemastat

Gucose

Oh
Q100 Q455 £ 0027 Q54440023
0200 05624+ 0014 Q5460001
Q400 056220013 Q4850007
Q500 0553 £ 0006 Q465 £0005
DE00 0443 £ 0016 DA03 =003
Q750 0393 £0.103 03370057

A-aat

Hucose + acetate

D ')
00200 0451 £ 0004 052040042
0,250 QA58 40011 Q507 L0042
0300 0474 £0.007 Q07 £ 0044
OG0 0492 £ 0014 Q52140072
Q400 0503 £ 0022 05150068
Q450 0492 £0.011 D507 £ 0068
Q500 0490 £ 0.06G Q5170037
0550 0505 & 024 L=
Q600 0493+ 0041 Q4
QRs0 045840015 O4ag
Q.GA0 Q4150015 o410
0,700 D054 002 414

Mean values and errars as standard deviation are displayed
¥y biomass yield, ¥, C0, production yield
* Caleudation with anly ane valus, die 10 C0; offgas signal pertwbations

of acetate. [t would appear that under high glucose and
acetate concentrations, where only Pta-AckA but not
Acs are active, expression of acs from a constitutive pro-
maoter and insensitive to acetylation is sufficient to par-
tially overcome control mechanisms by glucose-mediated
carbon catabolite repression, thus presenting a proof-of-
principle. However, acetate uptake for VO and ACS are
quite significant, This could potentially be explained by
previous reports showing that £ coli can both produce
and assimilate acetate during glucose metabolism via
Pra-AckA, and that the direction of the pathwav depends
anly on extracellular concentrations of acetate [33].

Another phenomenon observed Tor ACS_LG4HP during
all cultivations using glucose and acetate was an approxi-
mate 20% increase in Y. and therefore lower Yy o
i more CO, and less biomass were produced in ACS_
Lod1 P compared to ACS and V.

Steady energy input for gene expression and protein
production [37] was ruled out as the reason for this shift
in yields, as the comparison of ACS and ACS LedlP
showed that ACS did not display the same shift.
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04530015 0557 20065
0531 0000 0528 £ 0.004
05270050 042520001
0551 £0022 0445 £ 0000
053640013 0379 0004
0541 0,006 0363 0001
0457 £ 0009 0489 & (D09
004366 4 0006 043840010
O4B5 0015 050020010
05204 0009 0506 £ 0010
050840022 0493 00040
QU504 40,003 0.8 £ Q.00
05160024 0447 20009
D538 £ 0007 0445 & 0009
052240037 043320004
0514 0004 0440 & (009
0501 £ 0001 040020011
0514 £ 0007 0.393 £ (009

Therefore, two other explanations can be argued to
be responsible for the different behavior of ACS_La41D
namely either energy requirements by the activity of Acs
in ACS_LA4LP or a different metabolic flux pattern.

Regarding energy. it can be stated that the net con-
sumption of the Pta-AckA-Acs cycle is 1 AT (2 AT uti-
lizeel by Acs, 1 ATP produced by Pra-AckA) [33, 37] I
simultaneous assimilation and dissimilation is assumed
entirely through this cycle, 16% of the overall ATP needs
ol a cell would be required for the recyeling of acetyl-CoA
[33, 47]. Increasing the activity of Acs in ACS_Le#1P
by overexpression would likely result in a higher overall
activity of the Pla-AckA-Acs cvele, As little or no activ-
ity of ges would be expected in either ACS or VI, this
enhanced Pta-AckA-Acs cycle activity in ACS_Le41P
would require more energy, which in turn would not be
available for biomass formation, thus lowering Y - and
increasing Yo e This is further supported by a previous
report that during exponential growth on glucose, pate,
the gene coding for protein acetvltransferase (Pat) is
expressed at high levels, thus resulting in Acs acetylation
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Glucose
ot Glucose
Transcriptional regulators
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Pyruvate
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Flg. 4 Acetate metabolism in £ colf and results of the gene expressicn analysis. Green armows indicate overaxpression of acs with Leu-641 residue
changed to proline under control of a constitutive promaoter. Solid black linas show glucose catabolism and acetate formation pathways, dashed
lines indicate reverse reactions. Gray bowes show fold charge of expression levels: &, AC5_LE TP vs WC at dilution rate 0.2 b, B, ACS_L&4P

s WC at diluticn rate 085 h~", €, 065 h~" vs. 02 h~" for WC, 0065 b~ vs. 02 b far ACS_LG41P aes, acetyl-Cod synthetase, phde, pyruvate
dehydrogenase comples, poxE, pynuvate oxidase, mta, phosphotransacetylase, ockA, acetate kinase, wiH, putate membrane protein, aciF, acetate
permease, cra, catabolite repressor activator, orp, CAMP receptor protein, The fold changes given represent the mean of twao biclogical and three
techinical replicates, Far visualization reasons, starcdard crcrs and p-vales are nat shawwn, bul can be seen in Additionasl fier 2 Talohe 51

and inactivation [43] and therefore only ACS_Lo#1P
would display Acs activity but not ¥C and ACS.

Regarding a different metabolic flux pattern, metabolic
flux analysis showed that £ coli shows little glyoxylate
cvcle activity during glucose metabolism, while high
fMuxes through the glyoxylate shunt and only small Muxes
for the TCA cycle were observed during metabolism of
acetate [48]. The anaplerotic glyoxylate cycle negatively
controlled by isocitrate lvase regulator (IelR) during glu-
cose excess [34]. As a consequence, the glyvoxylate shunt
is likely to be inactive during co-utilization of glucose and
acetate, Strain ACS_L641P catabolizes acetate to a higher
extent in the presence of glucose compared to ACS and
V. This additional acetate would therefore be chan-
neled into the TCA cycle rather than the glvoxylate cycle,
resulting in a phenotype producing more CO; (2 maol
COy, inthe TCA cyvele compared to no CO, in the glyoxy-
late cyvcle).

When grown on acetate as sole carbon source, the
lag phase of VT was eightfold longer than that of ACS_
L641F, thus resulting in an overall increased total batch
duration. However, p as well as g are not signifi-
cantly different in the exponential phase for both strains.
The long lag-phase might be caused by the toxicity of

acetate as a weak acid, cavnsing a decrease in intracellu-
lar pH, an increase in osmotic pressure and interference
with methionine biosynthesis [21, 49-52]. ACS_Lo4IP
is likely to overcome acetate toxicity by more efficient
consumption due to overexpression of acs_Led1P com-
pared to VO [31]. Increased growth on acetale was alsa
shown in an E. cofi BL21 pats knock-out strain [43], in
both cases likely due to move active Acs (Le. non-acety-
lated). When acetate is used as the sole carban source,
acs should not be repressed by carbon catabolite repres-
siom and thus expression rates in ACS_LA41P and VC are
expecled Lo be more similar compared to mixed substrate
fermentations, where qcs is repressed in the ViC, This fact
can explain that there is no significant difference in g, cp
which also corresponds to what has been observed pre-
viously [27], Acetate consumption might also be limited
by transport or subsequent metabolic reactions, which
is further supported by the fact that inactivation of icl®
increased acetate consumption in £, colf [27].

It was repocted that E. coli W shows higher growth
rates on acetate compared to other E cofi strains (BL21-
DES, K-12 W3110, and K-12 MG1655), and that pro-
tein acetylation of Acs by Pat is likely strain specific, as
different expression levels for pats were observed for
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E. coli BL21 and a K-12 strain in glucose batch cultiva-
tions [43]. In cultivations with 10 g 17! acetate, a growth
rate of (.46 h™' and a specific acetate uptake rate of
3.66 mmol g ' h™" were reached [27]. In this study, lower
growth rates and higher consumption rates of 0,19 L'
and 124 mmal g7t h™!, respectively, were observed,

Only very low amounts of acetate {less than 0.5 g 17"
accumulated at the end of the aerobic batches on glucose
in ACS_Le41P and VC, which corresponds well with
previous reports for E. cali W describing a highly oxida-
tive metabolism [14] and represents a distinet difference
to other strains accumulating higher amounts of acetate
such as K-12 BW25113 [31].

Chemostal cullivations on glucose with ACS_Le21P
and VC showed ambiguous results for the two strains,
In ACS La411, accumulation of acetate and cell wash
out (D=063 b oecurred almost simultaneously and
at lower dilution rates compared to VC, This observation
is different to previous reports where A-stat cultivations
on plucose with E eofi K-12 MGL655 showed acetate
accumulation between growth rates of 0.27 and 054 h™',
and above the latter threshold, glucose was accumulated
and cells were washed oul [37]. In the present study, the
phase of acetate accumulation was much shorter and
both accumulation as well as wash out were observed at
higher dilution rates.

Considering that cell wash out started to occur in
ACS_LA4IP at a dilution rate similar to the mean specific
growth rate observed during batch cultures {068 h™!
vs 0.,72 h! for ACS_L641P and VT, respectively), these
findings are somewhal surprising. During glucose metab-
olism, the Pta-AckA-Acs cyvele is thought to be respon-
sible for balancing of the intracellular acetyl-CoA and
acetyl-P pools [31]. Natural imbalance of the cycle al the
expense of Acs results in accumulation of acetate during
glucose excess cultures [45]. 1t was speculated that higher
expression levels of pos Lol in ACS_LedR creating
an imbalance in favor of Acs in comparison to the other
genes of the Pra-AckA-Acs oycle would possibly enable
ACS_Le21P to more efficiently cycle acetate, thus leading
to delaved accumulation of acetate compared to the YC,
This hypothesis is supported by previous reports where
the coordinated activation of Acs by inactivation of Mat
and the TCA cycle by deletion of arcd led to a delaved
anset of overflow metabolism and an overall significantly
decreased accumulation of acetate in accelerostat cul-
tures using glucose [44].

As the findings were contrary to this hypothesis, accu-
mulation of acetate at lower dilution rates in ACS_Le41l
could potentially be a consequence of the lack of addi-
tional TCA evele activity an ared knock-out strain would
displav., Furthermore, earlier onset of acetate accumu-
lation could be due to increased energy dissipation as
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a result of higher Pta-AckA-Acs cycle activity owing to
averexpression of aes_LA4LP in ACS_La41DE

The latter could also explain what was observed for the
A-stat cultivations co-utilizing glucose and acetate. Simi-
lar to the glucose chemostats, acetate accumulation in
A-stats ocourred at lower dilution rates for ACS_LG641P
compared to VC. Moreover, Yy g and Y5 did not differ
significantly for both strains, which is in contrast to the
results obtained from the batch cultures on glicose and
acetate.

However, it was reported that compared o glucose
surplus batch cultivations during glucose limited chemo-
stat cultivations transcription of acs is up-regulated [43,
45]. As a consequence, a more similar bebavior for ACS_
Ledll and VO compared to batch cultures on glucose
and acetate appears reasonable at low specific acetate
uptake rates, while it was assumed that additional Acs
activity by overexpression in ACS_LA41P would allow for
more efficient acetate uptake (higher g.-¢) at high dilu-
Lion rales,

Despite this assumption, earlier acetate accumulation
and cell wash out for ACS_L&41T compared to VO in glu-
cose-acetate A-stat cultivations could have been cansed
by a severe imbalance of the Pta-AckA-Acs cycle due to
acs_LBHIP overexpression. In cultures co-utilizing glu-
cose and acetate, both the Pta-AckA node as well as Acs
could ke responsible for acetate uptake, where 1 or 2 mol
ATP per mol of acetate would be required for uptake,
respectively,

Based on the results of the gene expression analysis,
the ratio between aes and pla-ackA in ACS_L64ID is
much higher compared to VC, Hence, acetate flux via
Agcs rather than the Pta-AckA node could occur already
al lawer dilution rates for ACS_La4 P compared 1o VT,
resulting in higher AT consumption for acetate uptake,

Another interesting finding of the gene expression anal-
yais was that yicH and actl were significantly down-regu-
lated at higher dilution rates, This effect was more severe
for ACS_L641P than for VC, and could potentially be the
reasan for earlier acetate accumulation in ACS_Lad1 T il
acetate transport at high dilution rates is less effective or
limiting. To sheed lght on this, flux analysis using labeled
acetate could be used to determine the source of acetate
accumulation {feed medinom v, excretion of intracellular
acetate). Additionally, overexpression of actP could help
to uncover transport limitations,

Finally, cell wash out and acetate accumulation in
ACS_Le41P could be cavsed by energy demand for gene
expression and protein production compared to VC,
which would be expected to be more severe at high dilu-
i rates.

However, it must be emphasized that in this study
E. coli W was shown to be naturally very efficient in
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co-utilization of glucose and acetate, and that the strat-
egy pursued heve could have led to different results in
notorious acetate excreting £, coli strains,

Conclusion

[n this study it was shown that £ coli W is a promising
candidate for processes relying on efficient acetate uptake
ot low acetate excretion. In detail, the overexpression of
an acetvlation-insensitive acelyl-CoA svnthetase, for the
first time significantly increased (2.7-fold) the specific
acetate uptake vate ina mixed batch system using glucose
together with high concentrations of acetate, Addition-
ally, shorter batch durations during cultures using high
concentrations of acetate were observed for the over-
expression strain, likely due to acs related alleviation of
acetate toxicity. Further characterization in chemostat
and A-stat cultures showed that E oeoli W ois naturally
capable of efficiently co-utilizing glucose and acetate in
Celimited A-stat cultivations as no significant differences
wiere found between the overexpression strain and a con-
trol strain with respect to acetate uptake. To that end,
further work is required to gain a deeper understanding
ol metabolism in continuous cultures co-utilizing glucose
and acetate. Metabolic flux analysis could shed light on
the intracellular fluxes for glucose and acetate and help
identify targets lor further engineering. Among oth-
ers, acetate transport could be manipulated by overex-
pression of act® for enhanced acetate uptake or genome
engineering to deregulate the TCA cyvele (via deletion of
arcA) and glyoxylate cycle (via deletion of ic/R) could fur-
ther improve co-utilization of glucose and acetate in .
cali W,

Methods

Bacterial strains and media

Escherichia coli W [D5M 1116 =ATCC 9637 =NCIME
8666) was obtained from DSMZ (Braunschweig, Goer-
many) and used for all cultivations in this study. Escherd-
chia coli BL21 {DE3) was obtained from New England
Biolabs (MA, USA) and used as host for plasmid assem-
bly and propagation,

Lysogeny broth (LB} containing per litre liquid
medium: soy peptone, 10 g veast exteact, 5 g, sodium
chlaride, 10 g, and LB agar additionally containing per
litre: agar agar, 15 g, was used for all cloning and plasmid
propagation steps. 2 = LB medium was used for all pre-
cultures (soy peptone and yeast extract concentration
doubled).

For all bioreactor cultivations defined medium con-
taining per litre: KH,POy, 133 g (NH,),HPO,, 4.00 g,
citvic acid, 1.70 g, MgS0,*7H,0, 1.2 g, Fe(lll)citrate,
L1000 g, EDTA, 00084 g, Zn(CHCO0), "2 H,O, 00013 g,
CoCly"6 HyO, 0.0025 g, MnClL "4 Hy O, 0,015 g, CuCl, "2
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H,O, 00012 g, H;BO, 00030 g, Na,MoO,*2 H,O,
00025 g as described previously was used. As carbon
source either 1% {(w/v) glucose+ 1% (wiv) acetate, 1%
{wiv) glucose or 1% {w/v) acetate was used. The medium
for the continuous process was equivalent to the batch
medium and contained either 2% (wiv) glucose or 1%
{wiv) glucose+0.5% (wiv) acetate. For the continu-
ous culture with glucose and acetate as carbon sources,
324 ¢ 17! NH,Cl were added to the feed medium,

Liguid and solid media were supplemented with
50 pg ml™! kanamyein or 100 pg ml™ ampicillin as
TECEsSary,

Plasmid and strain construction
The wes gene coding for acetyl-CoA synthetase was PCR
amplified from genomic DNA of £ celi W using Q5
High-Fidelity DNA Polymerase (New England Biolabs,
Ma, UsA) and primers F52_acs_fw and F53_acs_rev
{Table 4). All primers in this study were purchased from
Integrated DNA Technologies (IA, USA). To introduce
the L&A1l mutation into acs and to add the fusion sites
{FS) required for GoldenMOCS cloning, two PCR reac-
tions amplified acs until position 641 using primers acs_
fw and ACS_L&41P_rev. In a second "CR reaction, F5
sites and the rest of the coding sequence was added using
primers FS2_acs_fw and F53_acs_LaH1P_rev.

For all cloning steps in this study GoldenMOCS,
a Golden Gate based cloning system, was used [53,
54|, The two PCR fragments were used [or assembly
into backbone 1 (BEL) of the GoldendMOCS as described
previously and clones were verified for correct assembly
and PMCIR amplification via restriction digests and Sanger
sequencing (Microsynth AG, Switzerland) using primers
seq_Tw ane seq_rev, respectively {Table 4).

BE2 assembly was used to arrange acs/acs_Ledil
in a single expression cassette under control of the

Table 4 List of used primers in this work

Mame Sequaence (5%-3')

acs_fw atqAGCCAARTTCACAAAC AL

acs_La4P _rew CTTCAAGCGEITTCTE

Fa2_acs_fw GATCGGTCTCAC augAGCCAMAT TCACAAATAL
Fa3_acs_ney GATCGLTC T AANGT Al GATGLIATCGIG

F53_acs_LG6HIP_rev GATCGGTC T AAAG aCGATGGCATCGOGAT
AGCCTGUTTCTCTTCAAGCGRCTTCTC

seq_fw GCAGTCCAGTTACGITG

SE_PeEy COTEGACCGATCATACG

GEAGTATTCOGCTGAAG

acs_seq_In_fw

BCG_Se_in_rev

Inserted mutations are underlined
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Table 5 Generated plasmids and used strains in this work
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Name
Plasmids
BET_plDTSemartiKan”)_F51_114p_F52
BE|_piDTSmastikan™_F52_amilCP_F53
BE1_plDTSmart{Kan")_F53_BBa_B1001_F5
BB _piDTSmartiKan"l_F52_acs_F53
BBl _piDTSmartiKan")_F52_acs_L&41P_F53
BEZ_plICiamp™_LinkerA_F51_F54_LinkarE
BEZ_plC(amp"_LinkerA_114p_acs_Linkerd
Ijlj?_p'.III:I."".||1||"°_'I_I_ir|I=:-|Fx_'| 14p_acs LeATP_Limkesl
BE3_plUC(Kan"_LinkeraD
BEI_phIC(Kan™_LinkerA_114p_scs_BRa_BE1001_LinkerB
BE3_pUC(¥an™_Linkers_114p_acs_L641F_BRa_B1001_LinkerB
Slraing
Excherlchia coll BL21 (DE3)
Excherichiacall W DEM 1116

Source

Garkari e al [54]
Sarkari at al. [54]
Sarkarl et al [54]
This work
Thits work
Sarkari at al, [54]
Thits work
Thirs wark
Sarkarl et al. [54]
This wark
Thas work

Wew England Biclabs
DEMZ

88 backbone: 1140 BBa_J23114, constitutive promater from Andersan promater kbrary; £5 fusian site; 88a_ 81007 artificlal terminatar

constitutive promoters BBa_l23114 (114p) of the Ander-
son promoter library and BBa_BLO01 as terminator
{Table 5).

BE3 assemblies were carried out to change the antibi-
otic resistance cassette to kanamycin (Table 5). All BB2
and BBE3 plasmids were checked for correct assembly by
restriction digests,

BE3 plasmids carrying either a functional acsiacs_
L4l cassetle or an emply BBE3 were transformed inlo
chemically competent £, coli W using the heat shock
method.

Preculture preparation

Glveerol stocks (stored at — 80 °C in 10% (w/v) glycerol)
were streaked onto LB agar plates containing 30 pg ml™!
kanamycin and incubated overnight at 37 °C. Subse-
quently, 250 ml LB medium was inoculated with a single
colony and incubated in 11 shake flasks for 14 h at 37 "C
and 200 rpm. The cells were grown until they reached an
OD g of -4, pelleted and washed twice with 80 ml ster-
ile, 0% (wiv) NaCl solution (4500 rpm, 30 min, room
temperature) and resuspended in 20 ml 0.9% (w/v) NaCl
solution. The 0Dy, of the resuspended culture was
determined and a volume appropriate to inoculate the
bioreactor with an QD of 1 {corresponding to a CDW
of approx. .59 ¢ 171 was transferced to the bioreactor.

Bloreactor cultivations

Batch cultivations were performed in four parallel DAS-
GII Benchtop Bioreactors for Microbiology (Eppen-
dorf AG, Hamburg, Germany) with an initial 0D, of
1 and an initial batch volume of 1 1. The lemperature for

all cultivations was 37 “C. To maintain aerobic cultiva-
tion conditions all reactors were stirred with 1400 rpm
and gassed continuously with pressurized air at 2 vwm
{=1200 1 h™'), The dissolved oxygen concentration was
monitored using a VisiFerm DO 225 (Hamilton, Reno,
N, USA) and remained above 30% throughout all culti-
vations, A pH electrade (Mettler-Toledo GmbH, Giessen,
Germany) was used for monitoring the pH value and a
constanl pH of 7 was maintained by adedition of NH,OH
{12,5% w/v) and 5 M HCl C0Oy and O, concentrations
woere measured using the off-gas analysis module GA4
Eppendort AG, Hamburg, Germany}, Samples were taken
immediately after inoculation, then at least every 2 h dur-
ing batch phases as well as directly after the observed
phase and batch end,

For the continuous culture 200 ml medium was inocu-
lated with an ODy,, of 1 in four parallel DASBOX Mind
Bioreactors (Eppendorf AG, Hamburg, Germany). The
reactors were stirred with 1400 rpm; the pH was set to
6.8 (o avold media precipitation) and measured by a pH
electrode {Mettler-Toledo GmbH, Giessen, Germany).
MHOH (12.5% viv) and 5 M HCl were added to cor-
rect the pH. To assure agrobic cultivation conditions, air
was added at 2 vvm (=24 1 h™") and the dissolved oxy-
gen concentration, which was monitored by a VisiFerm
20 225 probe (Hamilton, Reno, NV, USA), was kept
above 30% by the addition of pure oxygen. Offgas analysis
{0y, and O concentrations) was carried out using the
off-gas analysis module GA4 (Eppendor! AG, Hamburg,
Germanyl.

For chemostat cultures, feed medium with 2% (wiv)
glucose was used and dilution rates of (0,10, 0.20, 0.4,
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0.50, 0.60 and 0.75 h™" were tested. After three volume
changes, at least three samples were taken with a mini-

mum interval of 2 h between samples. The average of

these triplicates was used for all further calculations,

In the accelerostat (A-stat), feed medium with 1%
{wiv) glucose and 0L,5% (w/v) acetate was used. After
the initial batch, the dilution rate was set to 0.20 h™'
{F=d0 ml h™"). After more than three volume changes
{=15 h), a steady state was assumed and a sample was
taken. Subsequently, the dilution rate was increased lin-
early with 001 h=? (2 ml h™") and samples were taken
every five hours until the dilution rate reached 0.70 h™'.

Biomass determination

Samples from bioreactor cultivations taken at regular
intervals were used for gravimetric determination of the
cell dry weight (CDW) (in triplicate for batch, duplicales
for chemostat and A-stat cultures). Briefly, 4 ml culture
brath was centrifuged (4500 rpm, 10 min, 4 *C) and
washed with deionized water in pre-weighed test plasses,
The pellet was dried for at least 72 h at 105 *C. Oy, was
measured in a spectrophotometer (Genesys™ 20, Thermo
Scientific, Waltham, Massachusetts, USA) against a blank
of water.

HPLC analysis

The substrate and metabolite concentrations of the cul-
ture broth were measured by HPLC with an Agilent sys-
tem (1100 series, Agilent Technologies, Santa Clara/CA,
LUSA) using an Aminex HPX-87H column (300 = 7.8 mm,
Bin-Rad, Hercules/CA, USA) with a relractive index
detector {Agilent 1100 series G13624A, Agilent Technolo-
gies, Santa Clara/CA, USA) and an UV detector [Agilent
LIO0 series G1315A, Agilent Technologies, Santa Clara/
CA, USA) The column was operated at 60 °C with a flow
of 0.6 ml min~" for 30 min and with 4 mM H,50, as a
mhile phase. The HPLC run was controlled and maoni-
tored using ChemStation for LC 3D systems [Agilent
Technologies, Santa Clara/CA, USA). For sample prepa-
ration, 450 pl cell-free supernatant was mixed with 50 p
40 mivl Hy50, and 10 pl sample was injected for analysis.,
S-point calibration curves treated in the same way as the
samples were used to determine substrate and metabolite
concentrations in the samples,

Biomass composition

To determine biomass compaosition £ celi W was grown
for 7 boat 37 °C and 200 rpm in defined medivm sup-
plemented with 1% (w/v) glucose, Cells were pelleted
{4500 rpm, 30 min, 4 °C) and washed three times with
sterile fltered, deionized water, transferred to 50 ml
tubes and lvophilized at —55 °C and 0,02 mbar (Martin
Christ, alpha 1-4 LI plus, Osterode am Harz, Germany)
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for 24 h. The pellet was subsequently milled and biomass
composition with respect to carbon, hydrogen, nitrogen,
oxvgen, phosphorons and sulphur was determined in
triplicate {University of Vienna, Vienna, Austria). From
the results the clementary composition of the biomass
was determined to be C) oMy a00Onaa0™Na 22 PoansSis:
ie. the carbon content of £ cali W dry biomass is 46.1%
{wiw).

Gene expression analysis

Immediately after samples (at 0.2 and 065 h™! for ACS_
L&t#1P and VC) were taken from A-stat cultivations,
100 pl samples were aliquoted and centrifuged in a desk
centrifuge for 30 5, 16,00 at 4 °C. The supernalanl was
discarded and the cell pellet was snap frozen in liguid
nitrogen. The samples were stored at — 80 °C until fur-
ther use.

ENA from frozen sample was isolated wsing the
PureLink BNA Mini Kit {Ambion by life technologies,
ThermoFisher Scientific, USA) according to the manufac-
turer’s recommendation. RNA was eluted in RNase free
MO} water, Subsequently, genomic DNA was digested
using RMAse free DN Ase (ThermoFisher Scientific, USA)
together with RiboLock RNase inhibitor {ThermoFisher
Secientific, USA) ina 20 pl reaction, using 2 pl of purified
RM A, The DNA-free purified RMNA was quantified using a
Manodrop 1000 (ThermolFisher Scientific, LISA).

The ENA was reverse transcribed using the RevertAdd
H Minus First Strand cDMNA kit {ThermoFisher Scientific,
LUsA) according to the manufacturer’s protocol using
random hexamer primers (20 pl reaction volume).

Gene expression levels were determined by gene-spe-
cific quantitative real-time PCR using Luma Universal
qPCR Master Mix (New England Biolabs, USA). The
primers for the gPCR were designed using the Primer-
Cuest tool (Integrated DNA Technologies, USA) and
are listed in Additional file 2: Table 53, The genes for a
165 ribosomal TRNA gene, rrsG, and a DNA replication
terminus site-binding protein, tus, were used as house-
keeping genes [or normalization, The qPCR reaction was
performed on a qTower 2.2 (Analvtik Jena AG, Germany)
system using the program specified in Additional file 3.
Determination of primer efficiency was performed by
establishing a standard curve from a dilution series of
cDNA {dilution steps 5, 10, 20, 50 and 100} for the house-
keeping genes G oand fus. For the individual genes,
each qPCR reaction was performed in triplicates for each
conelition.

Data evaluation was performed as described previ-
ously [55]. In brief, the mean C, values were determined
by calculating the average of the triplicate measurements
for each gene and condition, The AC, values were calcu-
lated by subtracting the average mean C, value of the twa
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housekeeping genes from the mean C, value of the gene
of interest. AAC, is constituted by the difference between
the C, value of the sample of interest (ACS_L&41DP al
0.2 and 0.65 h™', respectively, and VC at 0.65 h™') and
the reference sample (VC at 0.2 h™'). The celative fold
changes shown were calculated by averaging the [old
changes of the two biological replicates using Relative
quantity =2 — AAC, The deviation given in Additional
file 2: Table 51 is the standard error of the two biological
and three technical replicates.

Data evaluation
Data were analyzed according to Additional file 3.

Additional files

Additional file 1: Figure 51, Sequence abgnment of Acs of E. coft W and
S enievica LT 2, Aesicue Lys-609 highlighted by green box represents site
of acetylation by Pat, residue Lys-641 highlighted by red bo indicates
recognition site of Pat for acenylation,

Additional file 2: Table 51. Mean fold change vahees inchxding standand
arars lor the four comparisons A, B, C, D narmed in the same way as

in Figure 1of the manuscriptl. Values bighlighted o green reprasent
significamly differant espression bevels (p-wabue 0005). Table 52. aPCR
program used for gere expression analysis, Lid temperatune was sek to 95
*C, Table 52. List of primers for gene expeession analysis.

Additional file 3, Satistical'data evaluation,
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3. Strain and process development for production of fuel
chemicals from acetate and renewable resources in E. coli W

cO.
isobutanaol
2. 3-butanediol
[ ]
[ sp |
- waste
| o ]
\‘\\-""‘-\"—“h‘—._,—'—o—'—"'#
Escharichia coilf

Figure 5 — Overview part 3. In this part, the production of two fuel chemicals from renewable
resources is investigated.

3.1. Process and strain development for isobutanol production on glucose
defined medium and cheese whey
Problem statement
So far, most studies investigating microbial isobutanol production have used high amounts
of complex media additives, which renders these processes economically infeasible.
Development of efficient isobutanol production is, however, hampered by the toxicity of

isobutanol.

State-of-the-Art

Isobutanol is not natively produced in any organism and a synthetic pathway was recently
introduced in E. coli (Atsumi et al., 2008). Utilization of glucose as carbon source resulted
in the production of high isobutanol concentrations by relying on the addition of a complex
media additives (Baez et al., 2011). The combination with a strong induction system that
requires expensive inducers renders these processes largely uneconomical. The use of
lignocellulosic hydrolysates was proposed as a cheap alternative, but this resulted in low
isobutanol productivities (Akita et al., 2015). Cost competitiveness can be achieved by using

defined medium or a waste source.

Scientific questions
How can cost-effective isobutanol production be established as a basis for further utilization

of alternative raw materials?

Can isobutanol be produced from an alternative raw material such as cheese whey?
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Hypotheses

For the cost-effective production of isobutanol the following requirements need to be met:
(i) use of a constitutive promotor system, (ii) the use of a robust E. coli strain with an
optimized strain background, (iii) the selection of appropriate process conditions, (iv) the
use of defined media and (v) the use of a cheap alternative feedstock. Due to the availability
of different nutrients, utilization of lactose and proteins in cheese whey enables the

production of isobutanol at high titers and productivities.

Approach

To achieve cost-effective isobutanol production, a construct library expressing each gene
individually using constitutive promotors was screened on defined media for the best
producing strain. Considering the strain background and testing different aeration strategies
should improve the product yield. Further process intensification aimed for increased titers
and productivities. Process development for isobutanol production on defined medium was

transferred to production from cheese whey and allowed for efficient production.

Content and contribution

In this paper, an isobutanol production process on defined medium and cheese whey was
developed. The publication first describes strain and construct screening on chemically
defined medium. To this end, each gene of the pathway was individually expressed under
a constitutive promotor and different strain backgrounds were investigated. Upon selection
of the most promising strain and construct combination, different aeration strategies were
examined. Further process development enabled high rate isobutanol production on
defined medium. Finally, the cost-competitiveness of the process could be increased by

establishing efficient isobutanol production on the alternative raw material cheese whey.

KN carried out the bioreactor cultivations. KN and SP conceived the study, analyzed the

data, and wrote the manuscript.
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Abstract

The aim of this study was o establish isobutanol producton on chemically defined medium in Esclierichio coli, By indi-
vidually expressing cach gene of the pathway, we comstructed a plasmid library for isobutanol production. Strain screening
on chemically defined mediom showed soccessful production in the robust £, coli Wostrain, and expression vector TB 4 was
selected as the most promising construct due 1o its high isobutanol yvields and efMicient substrate uptake. The investigation
of different agration strategies in combination with strain improvement and the implementation of a pulsed fed-bach were
kew for the developmem of an efficient production process, B, coli W ALA Aadfil Apea AfidA enabled aerobic isobutanol
production at 38% of the theoretical maximuom, Use of cheese whey as raw material resulted in longer process stability, which
allowed production of 20 g 17" isobuanol. Demonstrating isobutanol production on both chemically defined medivm and a
residual waste stream, this study provides valuable information for further development ol industeially relevant isobuanol
production processes.

Keywords Chemically defined medium - Promotor fine-tuning - Constitutive promotor - Pulsed fed-batch - Isobutanol
adapuation

Introduction biode gradability and low emissions of greenhouse pases [1].

The production of higher molecular weight alcohols such as
Second-generation biofuels, which are produced from ligno- n-butanol and isobutanol poses advantages over ethanol pro-
cellulosic biomass or waste streams, are considered as strate-  duction. Both alcohols have a higher energy content closer
gically important sustainable fuels due to their renewability,  to pasoline, can be transported using existing infrastroe-
ture and their lower vapor pressures improves mixing with
aasoline [2, 3], Isobutanol has a higher octane number than
Electronic supplementary material The onling versiom of this n-hutanol, is less wxic o cells and reguires less energy Tor
article (hteps:dolorgd 10 O0T/ 129502002 219-v) contains downstream ]}'I"JCL:.‘&-‘QiIIg [2]. Biulu::hrmhu_:iw.i]}', the isohu-
supplementary material, which is available to authorized users tanol pathway is less complex and not acetyl-CoA depend-
ent, which resulis in lower side-product formation compared

[ Stefan Plugl

sqefan. pfiues] @ twwien_ac.at o n-hutanal production [4].

Kaharina Nevak Isohutanol is a metabolite not naturally synthesized by
katharina.novak & twden.se.o any organism. However, its synthesis is possible through
Juliane Baos a combination of the valine hiosynthesis and the Ehrlich

julizne. baar @ g at pathway [3]. The production of isobutanol has been dem-
Philipp Freitag onstrated in several organisms, including Escherichio coli
philipp. Freitag @ freitag-edv.at 15, 6], Saccharomyvees cerevisiae |7, 8], Corviebacterivm

slramienm 9], Clostridium dermocellwm [10] and even
fiipindering. Rsengots Arsa Disohemial Baginserinis autotrophic orzanisms like Ralsronia }'aeIrT_ﬂpFra .| 1 l_] and Syee-
Tochnischic Universitst Wicn, Gumpendarfer Strallc 1, eeococens elongaris [ 12]. Advances in microbial isobutanol
1060 Vienna, Austria production have recently been reviewed [4].
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Synthesis of isohutanol from pyrovate relies on a five-
enzyme pathway (Fig. 1), Acetolactate synthase (AlsS or
BudB) converts two molecules of pyruvate to 2-acetolac-
tate, which is further processed to 2 3-dihvdroxyvalerate
by ketol-acid reductoisomerase (HvC). Dihvdroxy-acid
dehydratase (HvD) catalyzes the reaction w 2-ketoisovaler-
ate and - ketoisovalerate decarboxylase (KdeA) converts it
to isobutvraldehyde, Finally, isobutanol is produced by an
alcohol dehvdrozenase (AdhA). Two of these enzymes, v
and dvid, ane native w £ eoli [3]. Acetolactate svathase
from Bocillus subrilis (AlsS) was used for efficient isobu-
tanol production [13]. Acetolactate synthetase is also the
first eneyvme in the 2, 3-butanediol production pathway of
natural producers, For example, brd codes for acetolactate
synthase from Enterobacter clogeae subsp, dissodvens [14,
13]. £ codi cannn naturally produce isobumanol becanse i

lactose

2, 3-butanediol

lactose laed glucose-g6-P
|—-galac:lucse F"

2 acetate ' ppe
- poxB 2 phoshoenolpyruvate T———bc oxaloacetate
] MADH
HAF
pta 2C0y oy muh NAD"
adhE e £ pRE r TaifrA
2 athanol 2 acetyl-CoA, 2 pyruvate 2 lactate malate
. 2C 2MADH 2 MAD"
4 MAD" 4 MADH & alss fbudB b fumABC
Coy
p Hareaus docarbaryinban r
duamtyfm 2- acetolactate fumarate
FO0y o — NAD(PIH NALIH
unsp. G /i
=0 WG £ ivG it :“"-I-Nn‘i.mp]' frela, NAD"
aceloin 2, 3-dihydroxyisovalerate succinate
NADH
yghDy, adhd / adhd_mut ivD
HAD*

adhA / adhA_mut

lacks an ce-ketoisovalerate decarboxylase [16]. COverexpres-
siom of e-ketisovalerate decarhosylase (kdeA ) from Lacto-
cocens factis was shown o result in high isobutanol yields
[13]). E. conli has a native alcohol dehydrogenase vghD, but
overexpression of adleA from Lo lecris is advantageous due
o utilization of NADH rather than NADPH as a cofactor
[17]. A mutant of adied was shown to have higher affin-
ity towards isobutyraldehyde. In a mutated form of ifvdC,
the cofactor was exchanged from NADPH to NADH. These
mutations cnabled anaerobic isobutanol production ac 100%
of the theoretical vield [15].

Since isobutanol is wxic o microorganisms [3], pro-
cedures for product removal from the colure broth are
important o obtain high ters (190, Uneil now, the high-
est isobutanol titer of 30 ¢ 17" was achieved in a fed-hach
fermentation of Excherichia coli applving in sitn produc

glucose

culture broth

cytoplasm

r 2 NAD"
f.-._-
k“"‘*? MNADH

giycolysis

r
2-ketoisovalerate

kdcA

> co;
isochutyraldehyde

| — NAD(PIH
;*-*NAD{P:'
isobutanol

Fig. 1 Metabalic network of Excherichio oodi for isobutaeol production, subsirate uptake and by-product formation. Bold green genes were over-
expressed, Bed crosses indicate deleted genes in E, coli W AhA Aol Apsa AfedA, Unsgr indicates unspecific reactions (color figune online)
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removal by gas stripping [6]. The elimination of competing
pathways (Fig. 1) for acetate, lactate, succinate and ethanol
formation was shown to increase isobutanol vields and thus
enabled production at higher titers [3, 6]. However, produc-
tion was only achieved by the addition of complex media
components such as yeast extract (Table 1). When defined
medium is used. all cellular components must be synthesized
de nove, whereas different precursors can be metabolized
when complex media components such as yeast exiract ane
added, The drawback and limitations of the vse of complex
media components have recently been intensively investi-
sated and described [20], Tn short, uilization of yeast extract
miodulates growth parameters like the specific growth rate p
due o the depletion of components throughou the cultiva-
tion [200, 21, It leads 1o a lack in reproducibility due w vari-
able composition |22] and wo differences in cellular metabo-
lism, ez, in acerate excretion and protein expression [23],

Low material costs are pivotal for indusirial production
of cheap compounds such as fuel alcohols. The production
cost of hiohutanol has been repored 1o be greatly affected by
the feedstock price, which accounts for 60-65% of the wotal
production cost [24]. The cost of the production medium
can be decreased by the omittance of expensive induction
and complex media compounds as well as by the utilization
of an alternative raw material. An overview over substrates
that have been used for isobuanol production is depicted in
Table 1. The vse of lignocellulosic hyvdrolvsates as cheap
raw material has only led wo the production of low amaounts
of isobutanol in £, cofi and Shienvetlia blaree [25, 26]. Lig-
nocellulose is & promising raw material, but its pre-treatment
poses some disadvantagzes such as high eneray input and the
accumulation of inhibitory side products [27] In contrast,
the use of cheese whey has been shown o increase growth
rate, biomass yield and specific product titers during recom-
hinant protein expression in £, coli [28], In Clessrialiim aee-
tebitvlicam, the milization of cheese whey enabled the pro-
duction of 5.6 2 17" butanol [29]. Annually, 180-190 million
tons of cheese whey are produced worldwide during cheese
or curd production [30]. High volumes and high organic con-
tent, mainly attributed 1o lactose, pose environmental burden
on whey disposal [31]. To this end, microbial production
of fuel chemicals from cheese whey could be a promising
alternative for the reduction of media costs.

The aim of this study was to construct a recombinant £
coli strain for isobutanol production and establish an effi-
cient, cheap, and easily feasible production process. The
requirements to achieve this goal were defined as the fol-
lowing: (i) the vse of constitutive promoters for fine-uning
of gene expression and o avoid the vse of expensive induc-
ers, (i) the use of a robust E. coli strain with an optimized
strain background, (it the improvement of tier, vield and
production rate by the selection of appropriale process con-
ditions, (iv) the use of defined medivm o avoid expensive

media components and (v) the wilization of cheese whey as
an alternative raw material. Using this approach, a produc-
tion system was established that produced isobutanol from
alucose, lactose and cheese whey.,

Materials and methods
Bacterial strains and media

For all general cloning steps and plasmid propagation,
Excherichio coli BL2IDE3) (New England Biolabs, MA,
LISAY and £ coli Top 1O (kind gift of Prof, Michae] Saver,
BOKLU, Vienna, Austria) were used, E coli W (DSM
I E=ATCC 9637 =NCIMB 8666 from DSMZ (Braun-
schweig, Germany ), £ colf W AldhA Aadfi S Apra AfrdA
(kind gift of Prof, Michael Saver, BOKU, Vienna, Ausira)
andl £ coli KI2-BW23113 (Yale CGSC, New Haven, US)
were used for cultivations.

Lyvsogeny broth (LB} comtaining 101 g 1! SOV pEplone,
50 17" yeast extract and 10 g 1! sadium chloride was used
for all cloning and plasmid propagation steps. Soy pep-
tome and yeast extract concentrations were doubled (giving
2x-LB) for bioreactor precultures. For cultivation on plates,
152 17" apar was added o LB medium.

50C medium containing 10 2 17" NaCl, 2.5 mM KCI,
[0 mM MeCly, 10 mb MgS0,, 20 mM glucose, 20 g !
tryprone and 5 ¢ 171 veast extract at pH 7.0 was used for
rans fOrmant recovery,

All experiments in shake fasks and serum bottles as well
as all bioreactor cultivations were carried out in chemically
detined medivm adaped from Riesenberg et al. [32], con-
taiming 13,3 217" KH,PO,, 4.0 2 17 (NHL,HPO, 1.7 217!
citric acid Gautoclaved), 1.2 217" MgS0, # 7 H,O0, 0000 g 17
Fe(Hciteate, 00084 ¢ 17" EDTA, 0.013 ¢ 17! ZniCH,CO0),
*2 H,0,0.0025 217" CaCl * 6 H,0,0.015 g 1-' MaCl, * 4
H.0, 0.0012 2 17" CuCl, * 2 H.0, 0.0030 2 17" H,BO, and
0.0025 ¢ 17" Na.Motd, * 2 H,0 (sterile filtered ). The carbon
source wias added from a 10 x concentrated stock. Glucose
was used at 8 g 17! in isobutanol adaptation experiments, at
Mg I=! in the strain scregning experiments and ar 50 g =
in hatches and fed-batches. An initial lactose concentration
of 50 g 17" was used in pulsed fed-harches.

The feed medium contained 800 g 17! glucose and
MgS0, * TH,0 (5.0 217"), Fe(lllcitrate (0,42 g 17", EDTA
(35 mg 17, Zn(CH,CO0), * 2 Ha0 (54.0 mg 17'), CaCl,
* 6 HyO (L mg 171, MnCl, * 4 HyO (63 mg 17", CuCl,
* 2 H,0 (5.0 mg 171, HiBO, (13 mg 17, Na, Mo, # 2
HO (1L g =1y or 250 2 17" lactose and MgS0, # 7 H,O
(16 g 7Y, Fe(lllcirate (0,13 = 17", EDTA (11 mg 17",
Zn(CH,CO), * 2 HO (17.0 mg e CoCl, * 6 H.O
(3.3 mg 17", MaCl, # 4 H.0 (20 mg 1), CuCl, * 2 H,0
(16 me 17", HyBO, (3.9 mg 177 and Na,MoO, # 2 H.O
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(3.3 mg 17"). Feed medium was pulsed to the cultures upon
substrate depletion to restore a concentration of 50 17",

Liguid and solid media were supplemented with
50 pg ml™! kanamyein or 100 pg mi~! ampicillin as
NECessary.

Gilycerol stocks for the storage at — 80 °C of all strains
were prepared by mixing 700 pl of liguid overnight calture
with 300 pl sterile glveerol (75% ).

Preparation of medium containing sour whey

Spray-dried sour whey powder was kindly provided by
NOM AG (Niederbsterreichische Molkerei AG, Baden,
Austria), For the barch medium, 67.5 2 sour whey powder
was dissolved in 1 1 disilled water and heated 1o 70 °C for
20 min. After cooling down, 133 2 17" KH,PO, 4.0 g 17!
(NH,LHPO, and 1,7 g 17! citric acid were added, and the
pH was adjusted 10 6.8, The medinm was centrifuged m
14 006 rpm and 21 °C for 10 man, sterile Glered and sup-
plemented with trace elements at the same concentration as
the defined medium.

The whey feed was prepared by dissolving 337.5 g sour
whey per 1 1 dissolved water, followed by heating, centrif-
ugation and sterile filtration, MgSO, * 7 H.O (1.6 g 1=,
Fe(lllcitrate (0.13 g 171, EDTA (11 mg =", Zni CH,CO0),
*2HO0007.0mg =5 CoCl, *6 H,O (33 mg =1, MnCl,
*4 H,0 (20 mg 17", CuCly * 2 H,0 (1.6 mg I7'), HyBO,
(3.0 me 7" and Na, Mo, * 2H,0(3.3 mg 171y were added
as for the defined feed media [14].

Construction of plasmids and strains

For all cloning steps in this study GoldenMOCS, a Golden
Gate-hased cloning svstem, was vsed [33, 34] and all prim-
ers and gBlocks were purchased from Imegrated DNA
Technnologies (1A, USA).

The genes alsh from Sacillus sufediis and boed B from
Enterobacter cloacae sufsp dixsofvens DM 16,637 were
amplified as described elsewhere |14]. The genes kded,
el A and aelfeA s from Leetobacitlis lactis and ivD and
iheC_mt from . eolf Wowere purchased as aBlocks from
10T (A, USA). The genes were flanked with fusion site
2 0F52) and fusion =ite 3 (F53). A colony PCR with Q3
High-Fidelity DNA Polymerase (New England Biolabs, MA,
USA} was used o amplify ifvC from £ coli W and fusion
sites 2 and 3 were added with the primers.

The PCR fragments and gBlocks were vsed for individ-
udl BE1 (backbone 1) assemblies [34]. The correct plas-
il assembly was verified by restricion digest and Sanger
sequencing (Microsynth AG, Switzerland) using the prim-
ers sed_Pw and seq_rev and additional primers as indicated
(Supplementary Material, Table 510

Suhsequently, each gene was assemhled in BB2 with a
constitutive promotor from the Anderson constitutive pro-
mator library (1231009 or J231 140 [35] and a synthetic termi-
nator (B 1001}, These individual expression cassettes were
finally used for BB3 assembly resulting in plasmids contain-
ing the full pathway consisting of five genes on one plas-
mid. Different promotor and gene combinations were used
to construct a library of eight different vectors (Fig, 21, After
BBE2 and BB 3 assembly, restriction dizest was performed o
verify for correct integration.

Adaptation to higher isobutanol concentrations

To enable £, coli W oo grow in the presence of higher isobu-
tanol concemrations, the strain was adapred by culiivation
on increasing isobutanol concentrations. The imitial isobu-
tanol concentration was 5 ¢ 177 and was increased in steps
of 1o 17 upto 10 2 17", Then, isobutanol concentrations of
(2ol and from 15 217 w0 23 a 17 steps of 2 o 171 were
applied. As soon as growih was observed for a certain con-
dition, the cells were transferred 1o a higher concentration
and glycerol stocks were prepared. The cells were grown at
37 °C and 200 rpm in 100 ml Erlenmeyer flasks with 20 m|
defined medium containing % 2 17! glucose.

Preparation of precultures

All strains and constructs were stored at — 80 °C in 23%
elveersl. For cultiviations, they were streaked onto LB agar
plates conaining 50 pz ml™" kanamyein and incubated over-
might at 37 °C, A single colony was vsed Tor inoculation
of 500 ml shake Nasks comtaining 30 ml of LB mediom or
2xLBE medium for serum botles or bioreactor cultivation,
respectively, The preculture was incubated overnight a
3T and 230 rpm. The cells were centrifuged m 4500 rpm
for 10 min g room emperature and washed with 25 ml of
sterile (L.9% (wiv) NaCl. After resuspension in 5 ml (L49%
(wiv) NaCL the optical density at 600 nm (0D,,,) was meas-
wred and the appropriate volume of preculture to reach an
imitial QD g, of 1 was ransferred to the bioreactor. The same
procedure was used for shake fask and serum bottle experi-
ments, but the initial 0D, was (.5,

Strain and construct screening

For exact isobutanol quantification, the construct screening
wits carricd oot in 120 ml serum bottles sealed with butyl
rubber sepra o avoid loss by evaporation. The bottles were
filled weith 200 ml defined medivm with a glucose concentra-
tion of 20 g 17!, The bonles were incubated a 37 °C and
80 rpm, Samples were taken after 24 hoand 48 h for 0D,
angd HPLC measuraments.
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Cultivations in bloreactors

Bioreactor cultivations were performed in duplicate in a
DAShox™ Mini Bioreactor system { Eppendart AG, Ham-
burg, Germany ). The working volume was 200 ml and all
cultivations were carried out at 30 °C. The pH was main-
tained st 6.8 by addition of 12.5% (viv) NHOH with a
MPE Multippmpmodule (Eppendort AG, Hamburg, Ger-
many ) and monitored by a pH electrode EasyFerm Plus
K& 120 (Hamilton, Reno, NV, USA) The concentration
of dissolved oxyeen was monitored by a VisiFerm DO 120
probe (Hamilion, Reno, NV, USA), The agiator speed was
kept constantly at 500 or 800 rpm for microacrobic coltiva-
tions of £ cofi W ALdhA AadhE Apra AfrdA (Ad) TB and
E. coli W OW) TB4, respectively, and adapted from 500 1w
20MKF rpan in aerobic cultivations. The gassing rale was se1 10
0.2 vvm (2.4 s1h™") o avoid isobutanol steipping in baiches,
During aerobic cultivations, air was mixed with oxypen 1o
maintain a dissolved oxyzen concentration above 30%, For
isobutanol stripping in pulsed fed-batches, the gassing rate
was increased to 1 vvm (12 51 h™') afier the first baich. To
collect isobutanol from the reactor off-gas, the pas stream
was fushed through cooled wash bottles on ice containing
A00 ml distilled water and 5 g 17" citric acid. For calculation
of the absolute isobutanol concentrations, amounts in the
reactor were added w the amounts in the wash bottles, Off-
gas analysis for O and CO, was carried oot using the gas
analyzer module GA4 (Eppendorf AG, Hamburg, Germany .

Samples of 4 ml were tken regolarly and the optical den-
sity at 600 nm was measured w estimate biomass growth,
The samples were centrifuged at 14 000 rpm for 3 min and
the supernatant was used for HPLC analysis of subsirate and
product concentrations.

Determination of blomass

Cell dry weight (CDW) was determined gravimetrically in
duplicates from bioreactor samples s the end of the batch
phases. To this end, 4 ml of culture broth was centrifuged
at 4800 rpm and 4 *C for 1 min, washed with 4 ml deion-
ized water and centrifuged again. The pellet was dried in
pre-weighed glass tubes for at least 72 hoat 105 °C. The
optical density at 600 nm (0D b was measured in a spec-
trophotometer (Genesys ™ 20, Thermo Scientific, Waltham,
Massachusens, USA) against a water blank, The correlation
betwieen 0Dy, and cell dry weight was used to estimane the
cell concentration for all time points except end of batch
and feed phases,

HPLC analysis

Sugars, crganic acids, and alcohols were determined vsing
an Aminex HPX-8TH column (300 x 7.5 mm, Bio-Racd,
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Hercules/CA, USA) in an Ultimate 3000 system (Thermo
Scientific, Walthamy/MA, USA) 4 mM H,50, was vused as
a mobile phase at 60 °C and a flow of 0.6 ml min~" for
40 min and the injection volume was 10 pl. Metabolites
were detected using a refractive index {Refractomax 520,
Thermo Scientific, Waltham/MA, USA) and a DAD detec-
tor (Ultimate 3000, Thermo Scientific, Waltham/MA, USA).
Chromeleon 7.2.6 Chromatoegraphy Data System ( Thermo
Scientific, Waltham/MA, USA) was used for control, moni-
toring and evaluation of the analysis.

For sample preparation, 450 pl of cell-free culture super-
natant was mised with 30 plof 40 mM H,50, and centri-
fuged for 5 min at 14 000 rpm an 4 °C. The supernatant was
wsed for analysis and standands were reated the same way,
A S-point calibration was used for substrate and metabolite
concentrations in the samples,

Results
Strain construction and screening

The aoal of this study was to establish an E. colf system
for isobutanol production in chemically defined medium
and alternative raw materials such as cheese whey, To that
end, we created a construct library expressing cach gene
individually under a constitntive promotor. Additionally, dif-
ferent strain backgrownds were tested o find the hest con-
struct=strain combination for efficient isobutanol production.

For the assembly of the isobutanol production pathway
(Fig. 1, acewlactate-synthase, kewol-acid reductoisomerase,
dihydroov-aeid debydratase, a-ketoisovalerate decarboxy-
lase and alcohol debydrogenase were constitutively over-
expressed vsing promotors of differem strength from the
Anderson constitative promotor library [35], This enabled
the expression fine-tuning of each gene in an independem
expression cassette, Two different types of constitutive pro-
motors were used, the medium strength BBa_J23114(1 14p)
and the weaker promotor BBa_J23109 ( 109p). Plasmid
assemblies were found to be challenging, as some promao-
tor—gene combinations did not vield positive clones indicai-
ing the burden posed w the cell by expression of this path-
way. A library containing eight different genetic constructs
wats created.

Investigating the influence of the strain backeround on
isobutanol production, construct IB2 was tested in two dif-
ferent strains: £ codi Woand K12-BW 23113, To avoid cvapo-
ration and for the exact determination of product concentra-
tions, serwm bottles were vsed,

E. coli W showed growth and isobutanol production on
chemically defined medium containing 20 g 17" olucose
(Fig. 21 In contrast, no isobwanol was produced in £ colf
KI12-BW251 13, This strain showed growth, but glucose
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Fig. 2 Results of stain and construct sereening for isobutanel pro-
duction i Euhertofin coli BW2S113, £ ool W (W), E ooll W
Al MaefhE Apea AfrdA (84D amd L celi W oadapted o high ssob-
wtanol concentrations (A on minimal mediom with 20 g I glu-
cose, Results are given as means and standand deviations of Bologi-
cul taplicates. The indication of overespressed genes are as folkws:
&8 (5 from Bacillis sulvilis or B (B) from Enerobacter cloa-
cae subsp disselvens are acetolactate synthases, v from E el
Woserves as ketol-acid reductoisomerase, #vC i (mut) indicates a

utilization was low and high amounts of acids were secreted
[Supplementary Material, Table S2).

Subsequently, the influence of isobutanol pathway gene
expression was stadied. For an improved straim background,
all eight constructs were screened in three £ coli Wederived
strains: the parental £, coli W, E. coli W AldliA Aadhl Apra
AfrdA Ay and £ coli Woadapted w high isobutanol con-
centrations (AD), The deletion of by-product formation
pathways in Ad should increase the driving foree toward s
product formation and isobuanol eytotoxicity should be
overcome using the adapred sirain, Aler 30 sequential
tramsfers o mcreased sobmanol concentrations, the adapred
strain was able 1o grow in the presence of 21 o 17! isobutanal

mtted form usaing NADH rather than NADPH as a coluctor, ivD
i ehibyelrosy=acid debydratise Trom E, coli W, kded from Lacioeoc.
ciw ferctix 15 a-ketonsovalente decarboxylase and adbAd from L lecis
is the aleohol delydrogenase wath the mutated farm eefeA e (i)
that displays higher catalyie activity. Constitutive pronmators of the
Ancersoan constitmtive pronsotor library are indicated by 109 (123104,
weakier promotos) and 14 (231 14, stronger promotory. AD 1BG was
not positively transformed and thus not wested

(Supplementary Material, Table 83). E. coli W AD showed
improved growth at higher isobutanol concentrations than
the parental strain and this effect was more propagated at
Tower temperatures of 30 °C (data not shown), The sereening
showed that isobutanol was produced regardless of the con-
struct compasition, indicating the suitability of the consti-
ttive expression system. Becaose senes were expressed as
individual cassettes, we conld study the influence of differem
promotors and genes on isobutanol production (Fig, 20, For
mstance, the expression of alsS rather than bud® as acetol-
actate synthase (1IR3 va, TER) led 1o higher product concen-
trations and yields. A stronger promotor for bed @ increased
the isobutanol yvield (1B3 versus IBT and 1B6 versus IBS) 0
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the level reached with weaker expression of aifsd ([B6 versus
1B3). Apart from the acetolactate synthase, constructs using
either the wild-type or mutated versions of ivC and adfiAd
showed similar isobutanol vields (1B5 versus 1B6 and [B7
versus [BH L Additionally, an increased promotor strength of
keleA led to similar or increased isobutanol vields compared
to a weaker promotor in £, colil W Ad and E. coli W, respec-
tively (1B 1 versus [B3).

The knockout of the mixed acid fermentation pathways
(A1 resulted in decreased by-product formation, which in
turn led o an inerease of the isobutanal production and yield
for all constructs (Supplementary Material, Table 523, For
miost constructs, thene was no difference in the product vield
between the £, coli W ostrain which was adapted o high
isobutanol concentrations (AD) and the W strain. However,
in the construct IB3, the obained isobutanol vield was even
365 lower in the AT strain compared o the W osirain,

For the selection of a suitable production strain, tolal
isohutanol production and yield were evaluated (Fig. 2.
The highest yvield in combination with the highest tiier and
highest glucose uptake was achieved in £, cofi W A4 B4
expressing all genes from the medium strong 114p promator
and carrving bedf as acetolactate synthase. Additionally,
both ifvC and aaliA were present in the mutated forms and
utilized NADH as a cofactor.

Isobutanol production in aerobic and microaerobic
batch cultivations

Microorganisms typically produce alcohols in the absence
of axyeen under anacrobic or microacrobic conditions, In
the straim screening experiments, microacrobic conditions in
sealed serum bottles were successTully vsed for isobutanol
production. Anaerobic conditions led o a growth defect in
E eoli W A4 and accumulation of high amounts of acids in
E coli W. To investigate the effect of oxyeen availability on
isnbutanol production under controlled conditions, £, colf
W 1B4 and A4 [B4 were tested in bawch experiments. Based
on the initial construct sereening, microacrobic conditions
(dissolved oxygen concentration of 0% in exponential phase)
were compared 1 agrobic conditions. For all bioreactor cul-
tivations, isobutanol stripping was monitored by a retention
systen.

Figure 3 shows the comparison of isobutanol produc-
tion under serobic and microaerobic conditions in E. cali
Woand A4, Under aerobic conditions, £, cofi W mainly
produced biomass and COy and only minor amounts of
isohutanol (0.9+0,1 2 171, but under microaerobic con-
ditions isobutanol production increased w 4,94+ 04 o171,
In contrast, the aerobic and microasrobic culures of E.
colit WAL achieved significantly higher isobutanol tiers
of 77202217 and 6.6 £ 0.4 ¢ 171, respectively, Moreo-
ver, deletion of mixed acid fermentation pathways resulied

@ Spriltg\er

in & decreased hiomass yield in £ colff W A4 (Fig. da).
as shown before [14]. Nevertheless, the specific glucose
uptake and isobutanol production rate of E. coli W A4 was
significantly higher compared to E. coli W (Table 2). Addi-
tionally, E. coli W A4 produced significantly less by-prod-
ucts under all conditions compared to £, coli W and the
isobutanol vield increased by 807 to 0.25 Cmol Cmol™".
However, all by-products combined still accounted for
1 2% of the total carbon in acrobic cultures of £, coli W 44
(Fig. 4b). Despite deletion of phosphate acety] transferase
(e ), acetate was stll a major byv-product during aerobic
cultivation of this strain, Additionally, isobutyraldehyde,
digcetyl, 2, 3-butanediol and acetoin associated with the
wsobutanol production pathway were detected as unspecific
by-products, Interestingly, also pyruvale accumulated in
significant amounts (5.0=0.4 ¢ 17" during aerobic culti-
vation of £, coli W A4, while the wild-type strain did nm
secrele pyruvale,

Isobutanol production in pulsed fed-batch
cultivations

Upon successtul production of isobutanol in batch experi-
ments, we aimed o further increase product tilers using fed-
batch cultivations. Initially, we sought 1o establish a fed-
batch cultivation with a linear feeding profile. However, a
stable process could not be achieved and high variations in
isobutanol and biomass concentration were observed (data
not shown), Therefore, we performed pulsed fed-batches
for process imtensification, which have been successfully
wsed for microbial production of platform chemicals such
as 2 3-butanediol [14], Aerobic conditions were selecied
for the pulsed led-baches as initial batch cultivations had
yielded the highest isobutanol tners and yields for £, colf
WoA4, All subsequent pulsed fed-batches were carried om
with this strain under aerobic conditions. In the first hatch
phiase, low passing rates were applied. To prevem cell death
caused by isobutanol toxicity in the subsequent phases, the
volatile compound was stripped by the increase of gassing
rates (Supplementary Material, Tables 55, 56 and 57).

Glucose pulses resulted in the production of
156058 17! isobutanol (Fig. 5a). In the later phases
(batch 2 and 3), the carbon Aux shifted from biomass 1o
isobutanol production and formation of CO, (Supplementary
Material, Table 55). Bawch 2 showed the highest isobutanol
production rate (0,25 g 17" h™"), whereas batch 3 showed the
highest isobutanol vield (527 of the theoretical maximum).
In hatch 3, glucose uptake and isobumanol production raes
decreased, (Supplementary Material, Table 55).

With the final production of 156 ¢ 17! isobutanal, the
process mode of a pulsed fed-hatch was found o be suitahle
for cheap, reproducible, and easily feasible production,
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Fig. 3 Subswate mnd metabolite concentrations in batch experiments
o defised medium with 30 g -t glucose of a E. coli W IB4 winder
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acrobic conditions. ¢ £ coli W IB4 under microacrobic comnditions

Production of isobutanol from lactose and cheese
whey

The production cost for fuel aleohols could further be
decreased vsing alternative raw materials. Therefore, we
investigated whether spray-dried sour whey is a suitable
substrate for isobutanol production.

For comparison of the process performance, a reference
process was carried out on defined medivm with lactose as
carbon source (Fig, 3b), Using pure lactose instead of glo-
cose as carbon source decreased the final isobutanol titer
by 10% (Table 3. In contrast, the fed-batch using cheese
whey showed a higher isobutanol titer of 1962 1.8 2 17" rep-
reseniing an increase of 26 and 40% compared 10 defingd
medivm with glucose and laciose, respectively (Table 3).
In contrast o synthetic media, constant substrate uptake
and isobutanol production are ensured over a longer time

and o F.oeoli W ARRA AadBE Spa Ardd TBS under microaerobic
coataditions. Means of biological duplicates are shown axld error bars
represent standard deviations

period, resulting in an overall higher isobuanol productivity
{Tahle 3). The isohutanol vield reached (.26 Cmal Cmol™!,
which is 39% of the theoretical maximum. In contrast o
the defined medium, lactose utilization was accelerated in
the cheese whey process. In the second batch of the whey
process, lactose uptake peaked at 1.97 ¢ 17 h™', a twofold
increase compared 1o the defined lactose medium (Supple-
mentary Material, Tables 56 and 570, Moreover, lactose and
lactate co-utilization was observed in whey based medium
(Fiz. 5c). Lactate co-utilization can increase NADH avail-
ahility, which is beneficial for isobutanol production. The
availability of additional substrates in cheese whey resulied
i a slightly increased biomass vield compared o synthetic
medium (Supplementary Material, Tables 55, 56 and 58),
Pyruvate accumulated in the first hatch and was subse-
guently consumed in the subsequent process phases, Cul-
tures using lactose as carbon source complerely consumed
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Fig. 4 Product vields [Cmol product Cmol™' glucose] in hotch
experiments of £ coli W IB4 (left) and E. cofi W AMTA Aodhl Apra
AfretA T84 (right) under sembic and micronerobic conditions in mini-
mal medium with 30 ¢ 17! glucose, [n w, sobutymldehyde, 2.5-butan-
ediol, acetoin and discety] are summarized as isobutmol-associoted

Table 2 Maximum volumetric (n,b and specific (g,,) isobutinol
production. and maximuom volumetric (gl and specitic {gg) glucose
uptake rotes of £ coli W IB4 (W) and E coli W Aldhd dadbE dpra

proshucts and peetate. formate, succinae and ethane] are summarized
ws acids 4+ ethanol, Detailed by-product vields are shown in b, Ace-
tol (hydroxyacetone) wmd 1.2-propanediol were alse analysed but not
detected, Means of biological duplicmtes are shown and ermor bars
represent standurd devistions

AfrdA 184 {44) in baich experiments on chemically defined medium
with 50 217! alucose

Steain Condition A 810 gtz W rig Y geiz g hY OUR (mmod FUY ggn tmmel gt Y

W Aembic LA+ 00d (L2 = 000 15,7 +0.3 1.20 40,001 20 40 1I7.1 210
Microaerobic [LTE£0001 11 £001 LR 1501 40,22 404431 05=1.2

A4 Aerubac (62 =004 (19 =0.001 AT+000 1.70 40,08 N3z04 RT£25
Micronerobic (L2704 h15x001 Llsi4 1A L0004 DExILE 39x1.3

For aerobic conditions. dissolved oxyeen was maintained above 300

Microaerbic conditions were maintoined ot constunt stirrer speed of

B0 rpm (W) and 500 rpm (A4 and dissolved oxygen dropped to 0% in the exponentiol phose. Mean values and standord deviations were caleu-

latee From biological duplicates

pyruvate, whereas a portion of pyruvate remained in the
culture broth when glucose was the substrate, Since pyru-
vate accumulation 15 generally associated with metabolic

£) Springer
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stress [36], it is possible that higher specific substrate
uptake rates for glocose increased metabolic burden
compared o lactose cultures (Supplementary Malerial,
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Tables 55 and 57), Comparable 10 baich experiments, Discussion

the by-products acetate, succinate, diaceryl, acetoin and

isnburyraldehyde were detected in different amounts in the The comparison of two different strain backgrounds revealed
culture broth (Supplementary Marterial, Table 54). the suitability of £ cofi W strains for isobutanol production
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Table 3 Mean totol volometric () and specific (gy,,) isobutanol
production, volumetric (rg) ond specific {gq} glucose vptake rabes.
isobutano] | ¥, <) biomass ( Fygd and OO0 [ Yeqs) yvield and 1ol car-
bom recoveries of B coli W ALRA Aadil Apta AfrdA 1B in glucese,
lactose and cheese whey pulsed fed-batch experiments

Glucose Lactose  Cheese whey
Esobutaol i Iy |5.6+03 14.0h |96+ 1.4
R Nld=00r 02 0,17 £ 0102
Gl h™l 0040000 g 0.0 £ 0,01
s e 17 092£0.03 070 1324002
geiza'hh 027000 024 0,31 0001

Fiuws (Tl Crvol ™'y 025002 0.30 0.26 4004

024 £ L0
¥y (Cmal Cmol™") D045+ 0002 0073 00,063 + 0,000

0,057 £10K0E=
¥egs (Cmol Cmol ™" 11,56+ 005 0,53 053 £ 0,05

00,48 + L4
C recovery (%) 102£6 162 Wit 1.5

Mezn values and stamdund deviations were caleulated Trom dupli-
cile experiments. As one lectose cultivition filed after batch 2. the
parameters ane calculated from one replicate, For the cheese whey
process, yiehds were calculated considering lictose o the sum of Jug-
Tose and lactate (%) oy substrate

using chemically defined medium. The superior performance
of this strain can probably be attributed o a high stress l-
crance and fast growth [39]. £ coli K12-BW25113 has
been reported as an efficiem isobutanol producer on com-
plex media [3, 6, 371, b isobutanol production on defined
mecivum failed in this study, This discrepancy in the perfoe-
mance of # strain on defined and complex medium suggesis
that the right screening platform (i.e., chemically defined
mgdivm) should be chosen Tor further steain and process
developmen [14].

Especially on minimal medium, a balance hetween
enzyvme expression and cell fitness has o be established for
microbial production of platform chemicals [14]. Pathway
construction as individual cassenes without inducible pro-
motors was suitable for isobutanol prodoction and revealed
the influence of single gene expression levels. For the first
enzyme in the pathway, acetolactate synthase, the tenfold
higher activity of AlsS compared to BudB [40] probably
accounted for increased isobutanol vields, We aimed o
further increase accetolactate expression by using alsy with
a stronger promotor, but this assembly was technically not
feasible due to metabolic burden by enhanced enzvme
expression. Stronger expression of alsy might not neces-
sarily lead o improved isobutanol production, since a con-
struct expressing budf rather than alss from the same pro-
motor was found 1w yield higher 2,3-butanediol production
[14]. These results indicate that keeping a balance between
strain fitness and product formation is especially important
on defined medium. The expression of Lded and adfid s a
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potential bottleneck, since the intermediate product isobu-
tyraldehyde is both very toxic and volatile [41]. That the
stronger expression of &deA improved isobutanol production
suggests that the high affinity towards isobutyraldehyde in
the subsequent enzyme AdhA_mut [13] allowed for efficient
conversion of the toxic intermediate in the best producing
strain. Considering product yield and isobutanol titer, [B4
with medium strong expression levels for all genes was
found to be the most suitable construct,

In accordance with other studies, adaptation of £, coli
W oo isobutanal did incnease the wlerance concentration up
o which growth was possible significamily, However, the
production chamcterisies were not improved in the adapmed
strain [3, 42, 43], In contrast, the wosacity of isobutanol led
o the inhibition of biemass formation in the non-adapred
strain, which was one key factor (o enable efficient isobu-
tanol production, Similarly, increasing the driving force of
pyvuvate availability by deletion of competing pathways led
10 higher alcohol production [3, 44—46]. Therefore, the com-
bination of inhibited growth by toxic isobmanol production
and the availability of pyruvate were crucial for efficient
isohutanol production, while adaptation of £, coli did not
improve product formation.

The driving force can also be improved by increased
MADH availability. Since this availability is directly related
o oxyeen supply inoa cell, different acration stratezics can
arcatly influence prodoct formation [44, 471, In £, cali W,
isobutanol production could be improved by microacrobic
cultivation, whereas the reduction of oxygen supply led o
decreased substrate utilization and production rates in £,
coli W Ad, Considering microbial production of sther alco-

for 2, 3-butanedial and n-butanol production [14, 15, 441,
whereas isobutanol and isopropanol could be produced
under aerobic conditions [6, 45].

That the deletion of mixed acid fermentation pathways
in £ocali W A4 increased agrobic isobutanol production
is somewhat surprising, as these pathways are usually
repressed under agrobic conditions. In this scenario, pyro-
viite accumulates, which indicates metabolic stress [36] and
is associgted with isobutanol production. Bsobutanol wxicity
is, among other factors, based on guinone inhibition, which
activates the agrobic respiration control protein ArcA [36].
By repressing aerobic enzymes such as pyruvate dehyidro-
genase, ArcA activation leads to pyruvate accumulation
[49] and increased NADHMNADT ratios [36]. Additionally,
deletions of 4 and pra have been shown w increase pyru-
vate formation [50, 517, In other words, the combination of
mcreased NADH availability, reduced by-product formation
and higher pyruvate availability led 1o increased isobutanol
titers and yields under aerobic conditions in £, coli W A4
[3, 36]. Since the described toxicity mechanism is unigue
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for higher aleohols, the effect of aerobic production is nog
directly transferable to other alcohols.

In accordance with our findings, reduced acetate accu-
mulation by deletion of pra was previously shown and an
additional knockout of pyruvate oxidase pocB was not
reported to increase product formation [6]. The formation
of other by-products is probably a result of lacking specific-
ity of the individual isobutanol pathway enzymes or utili-
zation of pathway intermediates as substrates by native £
coli enzymes [532, 53] (Fig. 1), In dewil, diacety] is pro-
duced by spomaneous decarboxyvlation of acetolactate and
is converted o acetoin and 2, 3-butanediol [54] by native
or overexpressed engymes with indistinct substrate paterns
(Fig. 1. Reguiring NADH as a cofactor, the formation of
2 3-butanediol from acetom is aong observation that reflects
the redox status of the cell. Similarly, NADH availability
influences the conversion of soburyraldehyde 1o isobuanal,
A low activity of AdbA might have cavsed isohuryraldehyde
accumulation, but AdhA_mu was reported 1o have a high
affinity toward its substrate [ 18], In accordance, the 1oxic
intermediate was mainly found in the wash bonles, which
suggests that its high volatility caused stripping from the
culture.

Acrobic cultivation of E. coli W A4 vielded the high-
est isobutanol of 38% of the theoretical maximum which
is comparable to approximately 36% previously reported
for detined medium [5]. Svstems relying on complex media
COMPONents using yeast extract concentrations of up w
25 ¢ 17! showed higher vields [5, 6, 18], Moreover, the addi-
tion of yeast extract has been shown o enhance isobutanol
productivity (2.8-fold increase, Table 1) [6], For comparable
defined production systems, data are only available Tor non-
toxic diol production, Using the same strain background (£,
coff W A for 2, 3-butanediol production, a fivefold higher
production rate was reported [14], That 76% of the theo-
rerical vield was reached suggests limited production due 1o
isobutanol toxicity in this study.

The availability of additional nutrients in cheese whey
resulted in an increased final product titer, which is ben-
eficial tor further cost-effective downstream processing
[55). The production of 19.6 g 17! isobutanol is the highest
titer obtained on alternative raw materials. Isobutanol vield
reached 39% of the theoretical maximum, which isa 1.5- o
2.8-fold increase compared to lignocellulosic hydrolysates
[25, 26]. These promising results were obtained by keeping
cells at high performance for an extended time period and
therehy increasing overall productivity, We speculated that
a strategy combining different factors is key for successtul
isohutanol production, One factor might be the optimum
concentration of isohutanol in the fermentation broth wo Gvor
product over biomass formation due 1o isobmanol osciy,
By applying pulses rather than a constant feeding profile,
the process is operated at the maximal possible uprake and
production rate, which might also improve product forma-
tion, Similarly, high glucese concentrations at the heginning
of every pulse could also slightly inhibit cell growth and
favor isohutanol production. A comparison of state-of-the-
arl processes for isobutanol production is shown in Table 1.

In this work, investigation of isobutanol production on
defined medium and cheese whey as an alternative carbon
source provided valuable information for further investi-
gation on the way to potential industrial applications. In
Table 4, we calewlated commercial indicators for different
production scenarios from this study and [ierature reports
[a]. Additionally, we estimated the production cost il veast
extract is replaced by an alternative nutrient source. To this
end, the amounts of utilized carbon source and media addi-
tives were calculated based on reported yvields and produect
titers, These amounts were used (o estimate the media cost
[56] and the minimum price at which isobutanol has o he
sold w cover these costs. Since cheese whey and corn steep
liquor are waste products, these media were assumed not 1o
generale costs. On the contrary, the costs Tor safe disposal
of whey are difficult o estimate [ (), 5385], bt can range from

Table 4 Comparison of estimated media cost and minimal selling price for microbial isobutansl production

Medium C-Bource Complex media additive [sobutamnol  Isobutanel  Media Minimum isobutanol  References
titer 2 -y wield (g o) cost (% selling price (3%ka)
m’

e fined 103 g 1! glucse = | 135 d85.h il This stusky
Cheese whey 25y 1! spIray- M LA [LIH1 x| This stusdy

dried cheese

whey
Complex 176 ¢ 17" slucose 25 217! yeast extract il (] 1644 32 [6]
Alternative complex 176 g 17" glucose 2502 17! corn steep liquor 51 U] 823 1.7 Theoretical

Prices for glucose and yeast extract were obtained from Rodrigues en al. (2007 ) and converted o USS at the current exchange mate of 118 USS
per £ [56]. Corn steep liquor and cheese whey were assumed o cost 0080 8§ since they are waste products, The abernative complex medium is
based on vields reported by Boez et al. [6]. but yeast extract was assomed 1o be replaced by corn steep liquor as suceessfully shown by Saha
{20000 | 37]. The caleulation of the minimum selling price is greatly simplified, sioce only the main media components were used for caleulation.
Additional costs such as for encrgy. downstream processing or cther media additives were not considened
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0.6 1o 4.4 {US) cent per pound of cheese processed [39].
Costs for media components, bioreactor operation and down-
stream processing have not been considered, as they do not
depend on the substrate utilized for isobutanol production
and would theretfore add similar but hard 1o estimate costs
to all scendrios.

Table 4 shows that the addition of veast extract greatly
influences the total media cost. Its replacement by other
raw materials such as corn steep liquor (CSL) might be a
promising alternative, However, Saha (20060 reported tha
C5L had 1o be used 3t a concentration of 50 217" 10 achieve
a similar effeet as with 5 2 17" yeast extract [57], The high
concentrations that need o be applied could Hmin the wse of
this media additive. Alternatively, veast extract could also
be purchased at lower prices from breweries, where yeast is
a main by-product [60, 61]. However, yeast hiomass is from
fermentation processes is frequently used as an animal feed-
stock. Tt seems likely that the availability of yveast biomass
for a fermentation process vielding a low-price product such
as isnbutanol is therefore limited in comparison 1o the higher
price that can be obtained when sold as an animal feedsiock.
Additionally, variations in veast extract quality could aftect
process performance and different brewing processes were
shown to influence the nutrient composition [60]. Duc to
additional costs related 1o the use of a complex media addi-
tive, it is more cost-cffective to omit additional media com-
ponents, We sugaest using a cheap raw material (e.g., cheese
whey ) as a carbon source, thereby avoiding costs for glucose
or other sugars that increase the total production cost.

The selling price for isobutanol was reported to be around
1750050 in 2015 [62]. Comparing this price o the calculaned
theoretical selling prices shows that only the use of cheese
whey production could resull in a cost-competitive process,

Further reduction of fermentation cost can be achieved
b the ominance of expensive inducers, This reduction can
either he achieved by induction systems that rely on cheaper
inducers [26] or by the use of constitutive expression as
reporied in this siudy.

Typically, plasmid-hased expression requires the use of a
cost-intensive selection marker such as kanamycin. Genome
integration could therefore be a promising goal for future
research.

Conclusion

In this study, isobutanol was efficiently produced in a chemi-
cally defined medivm due w the choice of a suitable strain
background and expression system, Individual expression
of each gene under a constitutive promotor allowed for the
selection of a suitable construct. The use of the robusy £,
coli Woin combination with strain improvement and the
imvestigation of different agration strategies were key for
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the development of an efficient production process. Using
cheese whey as an alternative raw material in pulsed fed-
batches enabled longer process stability and higher isobu-
tanol titers. In future, investigation of other cheap raw mate-
rials and waste streams can contribute to the development of
cost-effective processes. In this study, isobutanol production
on both chemically defined medium and a residual waste
stream was demonstrated, which provides valuable informa-
tion for further development of industrislly relevant isobu-
tanol production processes,

Acknowledgements The authors would like w thank Johannes Ziich-
Linge (NOM AGH for Kincdly denating spray-dred whey powder. Michael
Samer and his group are grtefully acknowledged for providing the
CiorlelenMOCS system and strain £, coll W AldibA dadhE Ao AfedA.
The authors are geateful o Theresa Haugeneder for excellent tech-
nical assistance. The Austrian Research Promotion Agency (FFG) is
acknowledged for funding. The authors ackrowledge TU Wien Biblio-
thek fior finescial suppon through its Open Access Funding Program.

Author contributions JB constructed the sieains, JB and PF carried
out the screening experiments. KM carried ow bioreactor cultivations,
KM and 5P conceived the swdy, and KN and 5P analysed the dota
wmd wrote the manuscript. All authors read and approved the final
mimscTipl,

Funding Orpen secess funding provided by TU Wien {TUW ), 5P amd
KM received funding from the Auvstrion Besearch Promotion Agency
(G (RESRTOL),

Data avallabllity The datasets used andfor analysed during the current
sty iF not shown in the test o additional files, are available from the
correspomding author on ressonable request.

Compliance with ethical standards

Conflict of interests The authors declare that they have no competing
TleresEs,

Ethical approval Notapplicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.4 International License, which permits use, shoring. adapto-
tivn. distribution and reproduction in any mediom or formaot, as long
s wou give appropriabe credit (o the original author(s) and the sounce,
provide a link to the Creative Commaons licence, and indicate if chunges
were mivde. The images or other third party material in this article ore
included in the article’s Creative Commons licence, unless indicoted
atherwise i s cresdil lie o the material, IF natenal is not included in
the article’s Creative Commens licence and vour intended use is not
permilted by stotutory regulation or exceeds the permitted use, you will
need o obain permizsaon directly from the copyright lolder. To view a
copy of this licence, visit hupfereativecommons.org/licensesihy/4 00,



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

Results

Journal of Industrial Microbiology & Biotechnology

References

[

:.JI

L6

Singh A, Olsen 51, Nigam P5 (2001} A viable technology 1o
generate third-generation bictuel. J Chem Technel Biotechnol
Bz 13491353, hitps:fdoa.org! 10,1002 cth, 2066

Taes L. Tan ECD, MeCormick B et al (20041 Techno-economic
amaly=is anad life-cyele assessment of cellulosic i=obutanol and
comparison with cellulosic ethanol and n-butanal, Biofuels Buo-
prexd Biorefin 8: 3048, hotps=tdonorg/ 1L 02600, 143

Arsuni 5, W T=Y, Machade INMIP et al {20000 Evalution, genome:
analysis, and reconstruction of Bobwtanol wlerance iy Escherfelue
cedi. Mol Syst Biol tedd9. hinpsadolongd [0, 1038 msh. 201098

. Chen C-T, Liao IC {20161 Fronters in micrabial | -butanal

and isobutanol production. FEMS Microbiol Letr. hips:fdoi.
orgd L1093 femsle w20

Atswimi S, Hanai T, Liao JC (2008} Non-fermentative pathways for
synthesis of branched-chain higher aleohols as biofuels. Mature
A5 1 :B6-E0. hirpsotfdoiongd FOC D38 mature 064500

Baez A, Cho K-M, Liso JC (200 1) High-flux isobutanol produc-
tion using engineered Excherickia colit a bioreactor swdy with
in situ product removal. Appl Microbiol Biotechnal 9tk [65]1-
PRSI, hitps:ffdoiorg’ 10, 10T/ S253-001-3173-y

Kendo T, Tezuka H. Ishii J et al (2012) Genetic engineering 1o
enhance the Ehrlich pathway and alter corbon flux for inereased
iserhutanol preduction rom glucose by Saocharmnyees cer-
evisioe, | Biotechnol 159:32-37, hups:fdetorg/ 1001016, jbiol
e 201201022

Mlatsuda F, Dshai 1, Konddo T et al (200 35 Increased isobutznol
presluction in Saecharomyees corevisioe by eliminating compei-
ing pathwiys and resolving cofactor imbalance. Micmb Cell Fact
12:119 psfidod.org/ 10U ] 1B I475-2859-12-1 19

Blombach B, Riester T, Wieschalka 8 et al (200 1) Corynebacte-
el glutimicum tatlored for efficient sobutanc] production =,
Appl Envigon Microbiol 77:3300-33 10 hups:ded.org!/ 1001 128/
AEM.O2972-10

Lin PP, M L, Morioka AH e al {2005 Consolidated Bioprocess-
ing of cellulose 1w isobutanol using Closteidivm thermoce!-
fame. Metab Eng 31:43-52. hitps fidoiorg/ LU0 6S . ymben
HILS0T7.000

Li H. Opgenorth PH. Wernick DG et al (2002) Integrated elec-
tromicrobial conversion of CO2 1o higher aleohols. Science
FA5: 15901596, htyps:Vdoiorg! 101 1 260science, | 217643
Atsumi 5. Higoshide W, Lino JO (20059 Direct photosynthetic
recyeling of carbon dioxide to isobutyraldehyde. Mot Bistechnol
27:1177=1 180, hps:fidod.orgd 10, 1038mbl, 1 586

Atsumi 5, Li 2 Liso JC (2008 Acetolactate synthase from bacil-
Tus subilis serves os o 2-ketoisovalerme decarboxylase for isobu-
il biosynthesis in Excherickia coli, Appl Environ Microbiol
TR:0306-0311. e ffidoaorgf 10,1 128 AENLAO T 160-08

Erian AM, Gibisch M, Pltigl 3 (2018} Engineered £ coli W ena-
bles efficient 2 3-butinediol production from glucose and sugar
heet molusses using defived minimal medinm as economic basis,
Microb Cell Factories 17190 hips:fdonorgf 10,1 18651 293
d-0 18- 1038-0

Erian AM. Freatag P, Gibisch M, Pfliigl 5 (2020) High rate
2 3-butznediol production with Viboo nairkegens, Bioresour Tech-
nol Rep [0: TO0M0E. hrpe:Sdoi.org 10106 biteb. 2020, 1008
D la Plaza M. Fernandezdepalencia I, Pelaez C. Reguena T
(2004 Biochemical and molecular charneterization of alpha-
ketoisovalerate decarboxylase, an enzyme involved in the forma-
tion of aldehydes from aminoe acids by, FEMS Microbiol Len
238:367-374 hups:ifidoiong/ 1001016/ Femsle 200407057
Arsumi 8. Wu T-Y, Eckl E-M et al (20105 Engineering the isobu-
tanol biosynthetic pathway in Excherichia coli by comparison

20.

2,

A

E1N

Fa.

of three aldehyde reductase/aleohol dehyvdrogenase genes, Appl
Microbiol Biotechnol 35:65 657, hips:ddoiong 10, 100750025
319 HIB5-6

Bastian 5, Lin X, Meyerowiz JT etal (201 1) Engineered ketol-
sl redwctiisomerise and alonhol debydropensse enable anuem.
bie Z-mety Ipropan- L-ol production ot iheoretical yield in Escler-
dehba coli. Metab Eng | 3:345-332. hmips:fdoiorg /10,1064,
ymben 200 102004

. Mariano AP, Qureshi M. Filbho RM, Ezeji TC (201 1) Bioprodue-

tiom of butanol in bioreactors: new insights from simultaneows
in situ butanol recovery 1o eliminate product wxicity. Biotechnol
Biceng LO8:1757-1765. hiepsziidoi.ora 10 1002hic. 23123
Maser A, Peebo K. Vilu R, Nahku R (20200 Amino acids are key
substrates o Eselerichio coli BW25113 for achieving high spe-
cific growth rate. Res Microbiol. https:@fdoiorgfTIL T .resmi
. 202002001

Guchuedler A, Bowdrant J (1994} Amino acid wtilization dur-
ing batch and continuous cultures of Escherichia coli on a
semi-synthetic medivm, J Biotechnol 37:235-251. hups:ifdoi.
|:>|'J:r,-'|II.|':ZII_I'1|'II]M}-'|ﬁ._‘ii.'s-l'-.I-I:l‘{!ll]j]-'.‘I

Seponov G, Joseleau-Petit I CAr B (2007 Excherichia coli
physiology in luris-bertuni broth, J Bacteriol 189:8746-8744,
heepszfidor.arg/ 10,11 280801 36807

Baer A, Kaemar A, Sharma AK et al (20099 Efect of sonnes acnls
on tramseription and translation of key genes in B coli K and
B grown at a steady state i mimimal medinm, New Bictechnol
4% 1 20-128, hpesFcdod.orgd 1OUTO T nbe 2018, 100004

Manzur MO, O Donnell MK, Relunanng M3, Zoluab M (20000
ABE fermentation of sugar in Brazil. Senior Design Reports
(CRE), Department of Chemical & Biomolecular Engineering,
Lrniversity of Pennsylvania

Felpeto-Santers . Rojas AL Tortajada M et al (20051 Engincering
altermative isobutanol production plarforms. AMEB Express. hips
Widniorg 1001 18651 3568-015-0119-2

Akita H, Nakashima N, Hoshine T (2001 5) Bacterial production of
isobutanc] without expensive reagems. Appl Microbiol Biotechnol
b | -89k, hitpsfod ong 1O, 00T 02 53-014-61 T5-x
Shirkavand E, Baroutian 5, Gupes D0, Young BE (20061 Com-
bination of fungal and physicochemical processes for lignocel-
lulesic biomass pretrestment—a review, Renew Sustuin Energy
Rev 54:217-234. hetps:idonong/ 10 1 6. rser, 200 5, 10,003
Hawsjell J, Miloer M, Herzig C et al (2009} Valorisation of cheess
whey s substrate and inducer for necombinant protein production
in £ eoli HMS174(DES ), Bioresour Technel Rep 5: 100330, hips
fdoiorgf TOCHT 6 hiteh, 20015, TIHIH)

Qureshi M, Maddos 15 (2003 ) Reduction in butancl inhibition by
perstrtion: ulilzation of concentmted lactoselwhey permente by
clostridium seetobutylicwm o enhanee butaol fermentation eco-
neamics, Food Biopeod Process 83:43-52, hinpsoidoiorg/ 1001 205/
Mp 63

Yaahow 155, Yan 5, Pilli 5 et al (2015) Cheese whey: a potential
resoaree o transform into bioprotein. functionalfouritional pro-
teins and hioactive peprides. Biotechnol Adv 33:756-774. htps
doborg/ 1001016 biotechady. 1507002

Guimardes PME. Teixneira JA. Domingues L (2000} Fermentation
of lactose 10 bio-cthanol by yeasts as part of integrated solutions
for the valorisation of cheese whey, Biotechnol Adv 28:375-384,
hatpszifdoi.orgf TR IO 6. biotechadyv 201002002

Riesenberg D Schulz V. Knorre WA et al (19915 High cell den-
sity cultivation of Escherichio coli at controlled specific growth
rate. J Bitechnol 20:17-27. hitps:ddei.org? L 106 ] 6HS-
16560 ] DNGE2-0)

Engler C, Kandzaa B, Marillonnet 5 (2008) A one pot, one slep,
precision cloning method with high throughput capability. PLoS
ONE Le36d7, https2idoi.org! L1 3T journal pone AKHI3647

£ Springer

103



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

Manuscript: Metabolic engineering of Escherichia coli W for isobutanol production on chemically
defined medium and cheese whey as alternative raw material

104

Jaurnal of Industrial Microbiclogy & Biotechnology

35,

L1

.

40,

41,

45,

47,

48,

49,

Sarkari P, Marx H. Blumhoff ML et al (2007) An efficient tool
for metabolic pathway construction and gene integration for
Aspergillus niger. Biores Technel 245:1327-1333, hitps:/dai.
orgd 101016 biortech, 200 7.05,004

Promoters/Catalog! Anderson—parts. igem.org, hitpsparts.igem.
orgPromatersCatalogd Anderson., Accessed 16 Jul 2020
Brynildsen MP, Liao JC (2009 An imegrated network approsich
identifies the isobutanol response network of Excherichino coli,
Mol Svst Biod 5277, hitpscfidonorg/ 1001038 msb, 2009, 34

Desai SH, Rabanoviteh-Deere CA, Tashiro Y, Atsun 5 (2004)
Isobutanol production from cellobiose in Escheriohio coli, Appl
Microbiol Biotechnol 98:3727-3736. hirps:Vdoiorg /10, 1000/
sO0253-00 3-3504-7

Li S, Wen I, Dia X (200 1) Engineering Boeithes subtilis for isobu-
tanol production by heterologous Ehrlich pathway construction
amd the biosynthetic 2-ketoisovalerate precursor pathway over-
expression. Appl Microbio]l Biotechnol 91:577-589. httpsotfdoi.
orgd [T 00253-01 1-3280-9

Archer CT. Kim JF, Jeong H et al (200 1) The genome sequence
of E.cali W IATOD 9637 comparative genome analysis and an
improved genome-scale reconstruction of E. cali. BMC Genom-
ics. hitps:idoiorgd 1O TRG4T -2 164-1 2-9

Xu Y, Chu H. Gao C et al (20040 Systemutic metabolic engi-
neering of Excherichia coli for high-yield production of fuel
bio-chemical 2,3-butanediol. Metab Eng 23:22-33. hipeifdoi.
41r:|__l.l'Il].]fll(xl'j.}'mhcn.!l'll-l 12004

Rodrigues GM, Atsemi 5 (20120 lsobutyraldehvde production
from Escherichio coli by remaoving aldehyde reductase activity,
Microb Cell Fact 1190, hinps=tcdoiorgf 1001 BRA/| 47528301 ]-90
Smath KM, Lane JC 0200 1) An evolutionary sirtegy for obuanol
production strain development in Escherichio coli. Meab Eng
13:674=-681. hieps=fdosorg 10T 6. yrben, 200 |08 004
Minty 10, Lesnefaky AN, Lin F et al (200 1) Evelution combined
witly genomic study elucidates genetic bases of isobatanol -
crance in Excherichia coli. Microb Cell Fact 10:18. huipsafidog.
orgf 10,1 186/ 1475-2859- [0- | B

Shen CR. Lan EI Dekishima Y et al (2001 Driving forces ena-
ble high-titer anaerobic 1-butanol synthesis in Exchericlia eoli.
Appl Envieon Microbiol T7:2905-2915. hips:fdoiorgs 1001 1280
AENLD3034- 10

Kim Y. Ingram LO. Shanmuogam KT (2007 Construction of an
Escherichio ooll K-12 mutant for homoethanologenic fermenta-
tion of glucose or xylose without foreign genes. Appl Environ
Microbiol T3 1 T66-1TT1, hnps:iidoiorg/TILE T 28AENLOZ456-06
Yomano LP. York SW. Zhou 5 et al (2008) Re-engineering
Escherichia coli for ehanol production, Biotechnol Legg 30; 2087
2103, hipssffdoi.org! 1O, 1007/ 05294005952 ]-2

Lewnardoe ME., Dailly ¥, Clark DF (1960 Bole of NALD in regulu-
ing the adhE gene of Excheriohia cali, | Bacteriol 178601 36015,
hnpsificoi oo 11, | 12508, 1 T8, 20600 360018, 199

Ineskuma K, Lise JC, Okamota M, Hanai T (20100 Improvement
of isoproparal production by metabolically engineersd Excher-
ohiir cei wsing gas sirnipping. J Biosci Bioeng 1 IEG96=TO1, hips
.'.n'.l'i}ni.uq'l:n' 111, Il]If‘ln'_;._ihin:w;‘.:IIIIHIT.!]IIP

Tomar A, Eiteman MA. Altman E (206135 The effect of ace-
tate pathway mutations on the production of pyruvate i

€] Springer

Sl

33.

35,

5.

il

Excherichia coli, Appl Microbiol Bictechnol 62:76-82. hips:
(Inri_|1rgi|U.'I(:]'.r.n'-dHl:ﬁj-‘“lj-lz‘j-‘-ﬁ

Zelic B, Gerharz T, Bote M et al (2003) Fed-batch process for
pyruvate production by recombinant Escherichia coli YYC202
strasim, Eng Life Se1 3:299-303. hitps:fdo,org 10,1002 else. 20030
1756

- Chang D-E, Shin 5, Rhee 1-5, Pan 1-G ( 1999) Acetale metab-

olism i a pra mutant of Exelerichio colf W30 importance
of maintaining acctyl coenzyme a flux for growth amd sur-
vival. 1 Bacteriol 181:6636-6663. hopsSdoiorg 1001 1287
JB.IBL. 2] .6656-6663. 1999

Db 55, Reshamwala SMS, Lali AM (2009 Activation of alterna-
tive metabolic puhways diverts carbon Aux away from isebutanol
formation in an engineercd Esclierichia coli strain. Biotechnol
Lett 41:823-836. hips:fdoi.org/ 10, TO0TS10529-0019-02683-5
Milne M. Wahl 5A, van Maris AJA et al (2016) Excessive by-
product formation: a key contributor to low isobutanol yields of
engineered Saccharomyces cerevisioe strains, Metub Eng Com-
mun 33951, htps: i orgd T, TOTG5mebeno, 200 6,00 D02
Mielsen DR, Yoon 5-H. Yuan CJ, Prother KL (20000 Metabolic
engineering of seetoin and meso-2, d-butanediol biosynthe-
sis in £, colf, Biotechnol J 5:274-284, hiipsaffeong 10,1002
o HHER2 TO

Stephanopoulos G207 Challenges i enginesring microbes
for binfuels production. Science 315:R00-804. hips:didoi,
orgd L0, L 260 science. 113961 2

Rodrigues LR, Teizeira JA, Oliveira B 2006 Low-cost fer-
mentative medivm for Mosurfactant production by probiotic
bacteria. Biochem Eng J 32:035- 142, https=tdod org! 1010164,
bej. 2006.09.012

Sale BC (20065 A low-cast medivm for mannitol production by
Lactobacillus intermedius KRREL B-3693. Appl Microbiol Bio-
technol T2:6T6-680. hoopsaidoiong! IO DO0T S0 3-006-0064-7

. Chambers IV, Ferretti A (1979 Industrial application of whey!

lactose, J Dairy Sci 62:112-116

. Marwaha 5. Kennedy JF (2007 ) Whey-pollution problem amd

potential utilization. Int J Food Sci Technol 23:323-3360. hitps:
doiorg/ 100 1L 1365-262 1, 19EEAWESEA.x

Jucoh FF. Striegel L. Bychlik M et al (200%) Spent yeast from
brewing processes: o biodiverse staring material for yeast exiract
procfuction. Fermentition 5:51. hitps:fdodong/ 1L 3390 ermentati
on SOZINES |

Ferrewra IMPLVO, Pinho O, Vieira E, Tavirela 1G {20000 Brew-
er's Succharomyces veast biomass: churcteristics aml potential
applications. Trends Food Sci Techmwal 21:77-84, hips:/fdoi.
o 11, |!]lf1fj.lifa.2|l{l‘}. 100, (008

Pafford 1. US spor jsobutanol prices fall on inereased sup-
ply. In: ICIS Explore. hups:iwwwicis.comdesplorefresources!
newes 200 50300 E6063 2 us-spot-isobutano]-prices- fll-on-incre
ased-supply. Accessed 23 July 2020

Publisher’s Note Springer Nawre remains neutral with regard to
Jurisdictional cluims in published mops and institstional affilisions.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m YOu

Results

3.2. Isobutanol production from acetate (monographic chapter)
Problem statement
Several factors can hamper the efficiency of isobutanol production from acetate and these
include the toxicity and low energy density of acetate as well as the inhibiting effect of

isobutanol on microorganisms.

State-of-the-Art

Studies on product formation from acetate have mainly focused on the use of complex
media and most of them also investigated the production of chemicals derived from acetyl-
CoA (Xu et al., 2017; Yang et al., 2020, 2019) or TCA cycle intermediates (Li et al., 2016;
Noh et al., 2018). Isobutanol production from acetate was shown to be successful, but only
very low titers of 120 mg I'" were achieved in medium containing high amounts of yeast
extract (Song et al., 2018).

Scientific question

Which environmental factors mainly influence isobutanol production from acetate?

Hypothesis

Isobutanol production from acetate depends on strain background and media composition.

Approach
The production of isobutanol was evaluated in screening experiments on defined and
complex medium. Different strain backgrounds were compared regarding their production

characteristics.

Content

In this chapter, isobutanol production from acetate was investigated. The comparison of
three different strain backgrounds revealed that deletion of the mixed acid fermentation
pathways in E. coli W AldhA AadhE Apta AfrdA enabled growth and diol production on
complex, but not on defined medium. However, pulsed fed-batches indicated that isobutanol
was not produced from acetate, but only from yeast extract. This hypothesis was further
supported in experiments comparing isobutanol production in complex medium with and
without acetate. However, a reliable statement about isobutanol production from acetate
could not be made since quantification was complicated due to its volatility and low product
titers. Therefore, further media development and research will focus on 2,3-butanediol
production from acetate. This should lead to the establishment of a platform process that

can be transferred to isobutanol production from acetate in future.
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Abstract

The abundantly available carbon source acetate carries potential for upgrading into value-
added chemicals such as isobutanol. This chapter aims on establishing isobutanol
production from acetate in Escherichia coli W. To this end, three different strain
backgrounds were evaluated with respect to their isobutanol production capabilities. It was
shown that deletion of the mixed acid fermentation pathways in E. coliW AldhA AadhE Apta
AfrdA enabled growth and isobutanol production on complex, but not on defined medium.
Pulsed fed-batches using acetate complex medium showed great variations in isobutanol
titers along the fermentation process. Apart from showing that quantification of minimal
amounts of isobutanol was especially complicated in continuously sparged bioreactors, this
observation resulted in the hypothesis that isobutanol is only produced from the complex
media additive yeast extract and not from acetate. Although this hypothesis was further
supported by comparing complex medium with and without acetate, an exact statement was
not possible due to unreliable quantification of the volatile product. Since 2,3-butanediol is
also derived from pyruvate and was developed using the same expression system, but is
neither volatile nor toxic, a platform process for 2,3-butanediol production from acetate will

be developed.
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Background

Global concerns about climate change have recently increased interest in sustainable
solutions for a transition towards a biobased industry, which is why focus has been laid on
microbial chemical production (Conijn et al., 2014). Isobutanol is one example for a
promising chemical since its use as a fuel has advantages over ethanol. It has, for example,
a higher energy density which is closer to gasoline and can therefore be mixed with gasoline

and transported with the existing infrastructure (Atsumi et al., 2010; Tao et al., 2014).

Isobutanol cannot be produced naturally by any organism, but its synthesis is possible via
the combination of valine biosynthesis and the Ehrlich pathway via a five-enzyme pathway
(Atsumi et al., 2008). Isobutanol production was first developed in E. coli (Atsumi et al.,
2008), but has been demonstrated in other organisms as well (Atsumi et al., 2009;
Blombach et al., 2011; Lee et al., 2012; Lin et al., 2015). Advances in microbial isobutanol
production have recently been reviewed (Chen and Liao, 2016). Product removal by gas
stripping was shown to be important for the production of high titers, since isobutanol is
toxic to microorganisms (Atsumi et al., 2010; Mariano et al., 2011). Due to its volatility, a
suitable method for detection of product stripped from the fermentation medium must be

applied to achieve reliable quantification.

Isobutanol production has until now been successfully shown from different sugar sources
such as glucose, sucrose and cellobiose (Baez et al., 2011; Desai et al., 2014; Felpeto-
Santero et al., 2015). In this thesis, isobutanol production was additionally shown on cheese
whey as an alternative raw material (Results 3.1, (Novak et al., 2020a)). Acetate is another
alternative carbon source, since it is present in a variety of cost-effective resources such as
food waste and lignocellulosic hydrolysates and it is a product of gas fermentations (Novak
and Pflugl, 2018). Isobutanol production from acetate was previously shown in E. coli and
maximum titers of 120 mg I"! isobutanol were achieved. While isobutanol is derived from
pyruvate, other studies mainly investigated acetate utilization for acetyl-CoA (Xu et al,,
2017; Yang et al., 2020, 2019) or TCA cycle derived products (Li et al., 2016; Noh et al.,
2018). In addition to variations in physiology, the main difference between chemicals
produced from acetyl-CoA and pyruvate is the decreased theoretical yield for pyruvate

derived C4 chemicals.

Most studies for microbial chemical production using acetate as a carbon source relied on
the addition of complex media additives for growth and production. However, there are
some major drawbacks and limitations related to the use of complex media additives and

these have recently been investigated and described (Maser et al., 2020).

The goal of this chapter is to investigate the influence of media composition and strain

background on isobutanol production from acetate. Therefore, isobutanol production of
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different strain backgrounds was evaluated in complex and defined medium. Key factors

that influence productivity were determined as a basis for further investigation.
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Methods

Bacterial strains and media

E. coliw (DSM 1116 = ATCC 9637 = NCIMB 8666) from DSMZ (Braunschweig, Germany),
E. coli W AldhA AadhE Apta AfrdA and E. coli W AldhA AadhE Apta AfrdA ApykA (kind

gifts of Prof. Michael Sauer, BOKU, Vienna, Austria) were used for cultivations.

Lysogeny broth (LB) containing 10 g I'" soy peptone, 5 g I yeast extract and 10 g I'' sodium
was used for all precultures in the shake flask experiments. Yeast extract and soy peptone
concentrations were doubled for bioreactor precultures (giving 2x LB). 15 g I'' agar were
added to LB medium for cultivation on plates.

The basic medium for all experiments is chemically defined medium as described in Results
parts 2 and 3.1 (Novak et al., 2018, 2020a). In experiments on complex medium, 5 or 10 g
I'" yeast extract were added as indicated. The feed medium contained 200 g I"" acetate and
was pulsed to the reactor to restore an acetate concentration of 10 g I"'. Liquid and solid

media were supplemented with 50 ug ml™* kanamycin.

Plasmid construction

Plasmids for isobutanol production are described in Results part 3.1. To be specific, the
construct 1B4 expressing budB, ilvC_mut, ilvD, kdcA and adhA_mut from constitutive

medium-strong promotor 114p was used (Novak et al., 2020a).

Precultures and shake-flask experiments

All strains and constructs were stored at -80°C in 20 % (w/v) glycerol and cultivated at 37°C
on LB agar plates containing 50 ug ml"' kanamycin overnight. Preculture cultivation and
inoculation was performed as described in Results part 3.3 (Novak et al., 2020b). Shake-
flasks of 500 ml containing 20 ml medium were inoculated at an optical density at 600 nm
(ODeé0o) of 0.5. The main cultures were incubated at 30°C and 230 rpm and samples were

taken regularly for ODgoo and HPLC analysis.

Bioreactor cultivations

Bioreactor cultivations were carried out as described in Results part 3.3 with the difference
that the pH was set to 7.0 at all times and that washed cells previously grown on 2xLB were
used for inoculation at an initial ODeoo Of 1.0. Processing of samples and biomass as well
as HPLC analysis for sugars and acids was performed as described in Results part 3.3
(Novak et al., 2020b).

Substrate and product quantification

Isobutanol and acetate concentrations were determined using an HPLC method previously
described (Novak et al., 2020a). In bioreactor cultivations, total isobutanol was quantified

by adding stripped (gaseous) and liquid isobutanol. To this end, isobutanol stripped from
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the fermentation broth was collected in cooled wash-bottles as described in Part 3.1 (Novak

et al., 2020a). In shake flasks, stripped isobutanol was not quantified.
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Results and Discussion

As a first step, isobutanol production was screened in different strain backgrounds. Previous
construct screenings on glucose revealed that construct IB4 expressing all genes (budB,
ilvC_mut, ilvD, kdcA and adhA_mut) from the medium strong promotor 114p resulted in the
highest isobutanol yield (Novak et al., 2020a). To this end, construct IB4 was used for strain
screening on acetate and isobutanol production was compared in E. coli W (W), E. coli W
AldhA AadhE Apta AfrdA (A4) and E. coli W AldhA AadhE Apta AfrdA ApykA (A5).

Figure 6 shows the production of 0.15 g I isobutanol in E. coli W A4 on complex medium,
while almost no isobutanol was produced in E. coli W and E. coliW A5. Growth of E. coli W
A4 and E. coliW A5 was not promoted on defined medium, while E. coli W was able to grow

but did not produce any isobutanol.

Conclusively, isobutanol was only produced in E. coli W A4 on complex medium at a yield
of 0.031 £ 0.002 g isobutanol per g acetate. It had not been shown before that the deletion
of mixed-acid fermentation pathways enabled product formation from acetate. Strategies
successfully applied to enhance microbial chemical production from acetate include
blocking of the TCA cycle (Yang et al., 2019) and activation of the glyoxylate shunt (Lee et
al., 2018). Similarly, research has focused on engineering acetate uptake pathways for the
production of isopropanol, acetone or phloroglucinol from acetate (Xu et al., 2017; Yang et
al., 2020, 2019).

The main difference between C3 products and isobutanol as a C4 compound is their
metabolic precursor. While acetone, isopropanol, phloroglucinol and 3-hydroxypropionic
acid are directly derived from acetyl-CoA, isobutanol is derived from pyruvate. In contrast
to acetyl-CoA derived products, where production mainly requires the activity of acetate
assimilation genes, a combined activity of the TCA and the glyoxylate cycle as well as
gluconeogenesis is crucial to achieve isobutanol production from acetate. Furthermore, the
maximum theoretical yields for acetyl-CoA derived products is 2-fold higher compared to

pyruvate-derived products.

To further investigate isobutanol production from acetate and to achieve higher titers, E.
coli W A4 was grown in bioreactor cultivations. After substrate depletion in a batch
experiment, acetate was pulsed to the culture. In accordance with our other experiments
where acetate was used as a sole carbon source, acetate consumption rates differed in
biological duplicates (Figure 7). However, cells were able to consume a total of ~34 g I
acetate in both approaches. Biomass growth was achieved mainly in the first batch and
carbon flux shifted towards CO. production during the subsequent pulses. The time-
dependent course of isobutanol production shows that only very low concentrations of

isobutanol were produced. Additionally, the quantification of isobutanol was unreliable since
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the amounts detected varied significantly (two individual duplicates in Figure 7). The

established system for the capture and quantification of stripped isobutanol was very

suitable when high titers were achieved in glucose grown cultures (Novak et al., 2020a) but

seems to be unsuitable for low product concentrations. Additionally, et seems that

isobutanol is only produced in the first batch, but not in the following periods.

0.20 ~

isobutanol [g I'"]

W

A

A5

W

A4

| A5

complex

defined

Figure 6 — Growth and isobutanol production of different strains on complex and defined
medium. E. coli W (W), E. coli W AldhA AadhE Apta AfrdA (A4) and E. coli W AldhA AadhE Apta
AfrdA ApykA (A5) with construct IB 4 were cultivated in shake-flasks on defined medium with 5 g I*

acetate and on medium additionally containing 10 g I'! yeast extract. Mean values and standard
deviation were calculated from biological triplicates.
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Figure 7 — Pulsed fed-batches for isobutanol production from acetate in complex medium.
E. coli W AldhA AadhE Apta AfrdA (A4) IB4 was grown on complex medium containing 10 g I*
yeast extract and pulsed with a concentrated acetate stock to restore a concentration of 10 g I-'.
Individual duplicates are shown due to the variance in acetate uptake.

The fact that isobutanol was not produced during the feeding period, but only in the batch
led to the assumption that isobutanol is not produced from acetate, but from the complex
media additive. Therefore, we evaluated “background production” from yeast extract and
product formation from acetate by comparing experiments with and without the addition of

acetate (Figure 8).
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Figure 8 — Growth and isobutanol production on complex and defined medium. E. coli W
AldhA AadhE Apta AfrdA (A4) with construct IB 4 were cultivated in shake-flasks on medium with 5
g I'" acetate (5 Ace) or without acetate and 5 or 10 g I'' yeast extract (5 YE = light bars, 10 YE =
dark bars). Mean values and standard deviation were calculated from biological triplicates.

Comparison of isobutanol production in medium with 10 g I yeast extract with and without
acetate revealed that the same amount of isobutanol was produced in both experiments.
Similarly, growth on medium containing 5 g I' yeast extract with and without acetate
resulted in the same isobutanol production, which leads to the conclusion that isobutanol
was not produced from acetate, but only from the complex media additive yeast extract.
Isobutanol production from yeast extract also explains why isobutanol was only produced
in the batch phase during pulsed fed-batch experiments (Figure 7). The addition of yeast

extract was therefore not suitable to achieve the goal of isobutanol production from acetate.
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This conclusion stands in contrast to previous studies, where 50 % of the 80 mg I

isobutanol produced could be attributed to acetate alone (Song et al., 2018).

Since complex media was not suitable to achieve isobutanol production from acetate, a
defined medium should be developed by adding media components that support growth
and product formation from acetate. To develop this medium, it was clear that various
screening experiments had to be carried out in shake flasks. However, the volatility of
isobutanol makes product quantification during shake flask cultivation difficult. During the
screening experiments on glucose (3.2), this problem was circumvented using sealed
serum bottles (Novak et al., 2020a). Since this form of cultivation does not allow for air
exchange during the cultivation, aerobic conditions could not be ensured. However, acetate
uptake is only possible under aerobic conditions, which is why growth on acetate was not
possible in serum bottles. Product quantification is further hampered by low titers probably
caused by the toxicity of isobutanol. In other words, media development for isobutanol
production from acetate will be difficult due to toxicity and volatility of the product formed

and was not followed further in this work.

As an alternative, 2,3-Butanediol is another promising platform chemical and its production
in E. coliW has previously been developed in the research group using the same expression
system as for isobutanol production (Erian et al., 2018). 2,3-Butanediol like isobutanol is
derived from pyruvate but is neither toxic nor volatile, which would allow to reach higher
product titers. Although 2,3-butanediol and isobutanol differ in their chemical and physical
properties, both can be used as fuel additives (Atsumi et al., 2008; Tran and Chambers,
1987). Therefore, 2,3-butanediol production from acetate can serve as a platform to acquire
process knowledge on the production of pyruvate-derived C4 fuel chemicals from acetate.
Media and process development for 2,3-butanediol production from acetate is described in

Chapter 3.3 and in the future, results could be applied to isobutanol production from acetate.
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Conclusion

In this chapter, it has been shown that the knock-out of mixed acid fermentation pathways
in E. coli W AldhA AadhE Apta AfrdA (A4) allows for isobutanol production on acetate
complex medium. On complex medium however, isobutanol is not produced from acetate
but from the media additive yeast extract. Therefore, further investigation and the
development of a defined medium is needed to achieve product formation from isobutanol.
Since process development and extensive screenings are hampered by the volatility and
the toxicity of isobutanol, a platform process will be designed for the pyruvate derived

chemical 2,3-butanediol.
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3.3. Creating platform knowledge for microbial upgrading of acetate: 2,3-
butanediol as a case study

Problem statement

Neither the use of the original defined medium nor the use of complex medium was
successful to establish isobutanol production from acetate. 2,3-butanediol, which is derived
from the same metabolic intermediate, will therefore serve as a case study for microbial

upgrading of acetate.

State-of-the-Art

A broad spectrum of chemicals has so far been produced from the promising alternative
raw material acetate and among these are also alcohols like ethanol, isopropanol and
isobutanol (Lee et al., 2016; Song et al., 2018; Yang et al., 2020). Most studies focused on
the production of chemicals derived from acetyl-CoA in combination with the use of complex
media additives. However, the impact of these additives has not been quantified, and the
amount of product derived from acetate remains unclear. Chemical production from acetate

has not been established on defined medium so far.

Scientific questions

Which environmental factors mainly influence 2,3-butanediol production from acetate?
How can the production of 2,3-butanediol from acetate be established?

Hypotheses

Since 2,3-butanediol is derived from the same metabolic intermediate as isobutanol
(pyruvate), influencing factors are similar. Therefore, 2,3-butanediol production from
acetate also depends on the strain background and the media composition. Since complex
media do not promote 2,3-butanediol production from acetate, a defined medium had to be
designed. Additionally, top-down media screening in combination with process

intensification should improve production.

Approach

As for isobutanol, 2,3-butanediol production was compared in different strains on complex
and defined medium. The “background production” from the complex media additive alone
was monitored by comparing media with and without acetate. A defined medium for 2,3-
butanediol production from acetate was designed and screened for the influence of
individual components on growth and production. Different process modes with various

feeding strategies were compared regarding their efficiency for 2,3-butanediol production.

Content and contribution
In this publication, the importance of applying material balances to attribute product

formation to acetate or the complex media additive is emphasized. Following this strategy,
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we found that 2,3-butanediol was not produced from acetate was on complex medium. To
this end, a newly defined medium was developed, and the reduction of media components
finally revealed that aspartate / asparagine was responsible for enabling production of diols
(2,3-butanediol and acetoin) from acetate. Co-utilization of aspartate and acetate was not
required. Finally, an efficient production process was developed where aspartate was only

used as a kick-start and feeding was performed on acetate as the sole carbon source.

KN carried out the experiments together with RK and KN analyzed the data. KN and SP

conceived the study and wrote the manuscript.
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Abstract

chemicals.

Background: Acetate is an abundant carbon source and its use as an alternative feedstock has great potential for
the production of fuel and platform chemicals, Acetoin and 2,3-butanediol represent two of these potential platform

Results: The airm of this study was to produce 2.3-butanadiol and acetoin from acetate in Eschernchia coll W, The key
strateqies to achieve this goal were: strain engineering, in detail the deletion of mixed-acid fermentation pathways

E colt W Aldhd dadhf dpro Afrdd 445_Ediss and the development of a new defined medium containing five aminc
acids and seven vitamins. Stepwise reduction of the media additives further revealed that diol production from ace-
tate is mediated by the availability of aspartate. Other amino acids or TCA cycle intermediates did not enable growth
on acetate, Cultivation under controlled conditions in batch and pulsed fed-batch experiments showed that aspartate
was consurned before acetate, indicating that co-utilization is not a prerequisite for diol production, The addition of
aspartate gave cultures a start-kick and was not required for feeding. Pulsed fed-batches resulted in the production of
143 g 17" from aspartate and acetate and 1,16 g 17" diols (2,3-butanedicl and acetain) from acetate alone, The yield
reached 0.09 g diols per g acetate, which accounts for 26% of the theoratical maximum.

Conclusion: This study for the first time showed acetain and 2, 3-butanediol production from acetate as well as the
use of chemically defined medium for product formation from acetate in £ coll, Hereby, we provide a solid base for
process intensification and the investigation of other potential products.

Keywords: Acetate utilization, Chemically defined medium, Aspartate, Acetate toxicity, £ coll W, Alternative raw
materials, MADH availability, Amino acid and vitamin supplementation, Yeast extract

Background

Global rising energy demand, uncertainty about crude
oil availability and concerns about climate change have
recently increased the interest in renewable energy
sources and microbial fuel and chemical production
[1]. One promising platform chemical is 2,3-butanediol
which can be used as food additive, anti-freezing agent
[2] or as a precursor for butanone formation (3], Simi-
larly, acetoin is used as a flavor enhancer [4] or chemical

“Comespondence: stefan pfluegkatusien.acat

Research Asea Binchemical Enginesring, Ervimnmental and Bioscience
Enginesring, Institule fre Chernical, Technische Universitit Wien,
Gumpendorfer Strale 1a, 1060 Vienna, Austria

building block [53]. Although 2.3-butanedial can be pro-
duced naturally by, eg., Klebsiella oxyteca or Entero-
bacter cloacae, some hosts are pathogenic and require
complex and expensive media additives [6]. Therefore,
23-butanediol production has recently been developed
in Escherichin coli [6-8]. Since E. coli is not a natural pro-
ducer, a heterologous pathway consisting of three genes
has to be overexpressed: acetolactate svnthase, acetolac-
tate decarboxylase and butanediol dehydrogenase (Fig. 1)
[9]. So far, 2,3-butanediol has been produced from glo-
case [7, 8, 10] and alternative sugar sources such as sugar
beet molasses [@].

Acetate is a promising alternative raw material, since it
can be derived from a varietv of cost-effective resources
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Flg. 1 Metabolic netwaork of Escherichia cofi for 2,3-butanediol produwction from acetate The Rgure includes the production patheeay, acetate
uptake, the TCA cycle, ghuconeogenesis and the WAL de nove biosynithesis

such as food waste and lignocellulosic hydrolysates [11],
Maoveover, acetate can also be produced in gas fermenta-
tions relving on Cl compounds which enables produc-
tion in a cascaded process with two steps [12]. A broad
spectrum of chemicals has already been produced from
acetate such as polvhydroxyvalkanoates [13], 3-hvdroxy-
propionic acid [14] and succinate [15], and also alcohols
like ethanal [16], isopropanel [17] and isobutanel [18].
S0 far, the vast majority of products that have been pro-
duced from acetate are derived from acetvl-CoA. The
metabolic intermediate from where a product pathway
branches plavs an important role in microbial chemi-
cal production, as it influences the maximal theoretical
yield that can be achieved. Three carbon compounds
such as isopropanel, acetone and 3-hydroxypropionic
acid, which are derived from acetyl-CoA or C3 products
[rom the TCA cycle, like succinate, display a theoretical
yield of 0.5 mol mol ™. In contrast, the theoretical yield
of C4 aleohols produced from pyruvate like isobutanol
and 2,3-butanediol is reduced to 0.25 mol mal™" at the
expense of higher CO, emissions,

Acetate uptake in £ coli is possible via two routes: the
high-affinity, irreversible acetvl-CoA  synthetase (acs)
ot the low-aftinity, reversible acetate kinase-phosphate
acelyl transferase (ackd—pla) system [19], Owverex-
pression of either of these pathways has been shown to
increase acetate uptake and product formation [14, 17,

120

20, 21]. Other strategies that resulted in increased prod-
uct formation were the deletion of jedd, which led to
blocking of the TCA cvele and increased acetone synthe-
sis [21] or deletion of iclf, which activated the glyvoxylate
shunt and improved 3-hydroxypropionic acid production
in combination with acs overexpression [14]. Generally,
the glyoxylate shunt is highly active when acetate is used
as sole carbon source, whereas the TCA cycle is down-
regulated [19],

The main route for gluconeogenesis during growth on
acelate is the formation of phosphoenolpyruvate (PEPR)
from oxaloacetate via phosphoenolpyruvate carboxvki-
nase (pokA) or alternatively from malate via the malic
enzvmes  and  phosphoenolpyruvate  synthase  (ppsd)
(Fig. 17 [19, 22]. A combined overexpression of pckA, the
malic enzymes and aes showed improved isobutanol pro-
duction from acetate | 18].

Product formation from acetate has so far only been
achicved by the addition of complex media components
such as yeast extract, However, there are some major
drawbacks and limitations related to the use of complex
media additives [23]. It was recently shown that the avail-
ability of casamino acids led to differences in cellular
metabolism, especially acetate metabolism in glucose-
grown cultures [24]. Complex media additives are usually
also cost-intensive and media cost was shown to be one
of the core expenses in bioreactor cultivations [25, 26].
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Media cost was mainly influenced by the feedstock price
for peptones [25], which suggests that the omittance of
complex media additives is beneficial for industrial appli-
cations, Additionally, Yang et al. [17] reported that these
components can disguise the troe product yield, since
isopropanel production reached 112% of the maximal
theoretical vield. Concluding, to maintain reproduc-
ibility, discover true physiological effects and rveduce
media costs, research should focus on the use of chemi-
cally defined medium for the investigation of acetate
utilization.

Peptides and amino acids represent a major part of
available substrates in yeast extract. Regarding acetate,
different amine acids are known to protect cells against
acid stress in the form of low pH, While the first acid
resistance (AR) system is repressed in the presence of
glucose, the activity of the other three systems is depend-
ent on the availability of arginine (AR2), glutamate (AR3)
or lysine (AR4) [27, 28], Acetate has also been shown to
inhibit the biosynthesis of methionine [29], Aparl from
the toxicity of acetate, the low availability of NADH dur-
ing acetate assimilation is not only a challenge in terms of
energy conservation, but also for efficient production of
reduced metabolites such as alcohols [30]. Aspartate is a
precursor of the de nove NADH biosynthesis {Fig. 1) and
its addition increased product formation in Clostridinn
acetobutylicem [31]. Carrying an amino group, amino
acids can also have a stabilizing effect on the intracellular
pH [32, 33]. Conclusively, amino acids play a major role
during the assimilation of acetate.

The goal of this study was the production of 2,3-butan-
ediol from acetate. To reach this goal, we investigated the
influence of the strain background on product formation
and developed a chemically defined medium containing
aming acids and vitamins which enabled diol produc-
tion from acetate. The stepwise reduction of media addi-
tives revealed that the addition of aspartate as sole aming
acid is sufticient to trigger diol production from acetate,
Maoveover, using pulsed fed-batches we could prove that
aspartate addition was only necessary in the batch phase,
while acetate could be used as a sole carbon source for
diol production during the feeding period.

Results

Mo production from acetate on complex medium
containing yeast extract

In a previous study, 2,3-butandediol production from gla-
cose was successfully established on chemically defined
medium [6]. The two most promising strains, Eschericliia
coli W 445_Ediss (W) and £, coli W AldhA AadhE Apta
Afrdd 445 _Ediss (A4) were therefore chosen to inves-
tgate product formation from acetate. While E. cofi W
was able to utilize acetate in the original defined medium,

Page % of 14

E. coli W A4 was unable to grow. Both strains, however,
grew well on the same medivm when veast extract was
added. While Exclrerichia colfi W only produced low
amounts of 2,3-butanediol, product formation was 3.4-
fold higher in E coli W A4 (Additional file 1: Table S1).
Given that aerobic conditions were used for this experi-
ment, we did not expect that deleting mixed-acid
fermentation pathways significantly influences 2,3-butan-
ediol and acetoin formation from acetate. Conclusively,
2,3-butanediol and acetoin can be produced in £ coli W
Ad an complex medium containing yeast extract.

To determine the amount of diols produced from
acetate, we omitted acetate in one approach and
increased the yeast extract concentration in another
approach (Fig. 2}, This comparison clearly revealed that

ERER

==

[
1l

[veast extract] 101" | Sgi” - |
[.ﬁ.m'nn oS | - | - [ 1x ] 0.5 x |
Flg. 2 Comparison diol production (a) and growth (b) on complex
and defined medasm. £ ol W Adhd Aaghf Apra Afidd 445_Ediss

i compaed in shake llasks with 104 17" yeast extract ar in definsd
rnediurm (1- of 0.5-fold amine acld concentration and onefiold vitamin
cancentrations). Light bars repressnt growth and production wathour
the addition of acetate and dark bars with acetate. Mean values and
standard deviations were caloulated from blclogical riplicares

=2
3

diols [g I"1]

121



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

b

now

3
i
r ki

M You

Manuscript: Microbial upgrading of acetate into 2,3-butanediol and acetoin by E. coli W

Movak at al Blotechnol Slafuels (2020 13:0 77

2,3-butanediol and acetoin are almost exclusively formed
from yeast extract, and not from acetate.

Based on these results, we investigated whether prod-
uet formation from acetate is possible by designing a
chemically defined medium.

Development of defined medium enables diol production
from acetate

Since the original chemically defined medium did not
allow for growth and 2.3-butanediol production on
acetate, the medium was expanded by specific compo-
nents, These media components were based on literature
reports on mechanisms behind 2,3-butanediol produc-
tion as well as acetate toxicity. To this end, we selected
several compounds as media additives: (i) glutamate, as
intracellular glutamate pools are decreased in the pres-
ence of acetate [34] and glutamate is responsible for the
acid resistance 2 (AR2) system [28]; (i) arginine, which
mediates the AR system; (iii) lysine, which mediates the
less efficient AR system [27]; (iv) methionine doe to the
inhibition of the methionine biosynthesis in the presence
of acetate [29]; (v) aspartate and nicotinic acid, since they
are precursors of the NADH biosvnthesis and NADH
availability is low during acetate assimilation [31], and
{vi} thiamine, which is a cofactor of acetolactate synthase,
the fiest enzyme in the 2,.3-butanediol production path-
wav, Other vitamins were added as reported to be ben-
eficial for the growth of E coli [35]. Finally, a chemically
defined medium containing 5 different amino acids and 7
vitamins was designed.

In contrast to the original defined medium, the newly
designed medium enabled growth and diol production
from acetate. Diol formation was compared in experi-
ments with and without the addition of acetate, which
enabled us to quantify the amount of product formed
from acetate. Figure 2 shows the production of 0.25 g 17!
diols from 5 g 17" acetate. In other words, only the use of
the newly designed defined medium allowed for acetoin
and 2,3-butanediol production from acetate.

In addition to the design of a defined medium, the dele-
tion of by-product formation pathways in E. coli W Ad
was key to enable diol production from acetate. One of
these deletions, the knock-oul of pia also concerns ace-
tate utilization and might therefore influence product
formation from acetate. Genevally, E. colf takes up acetate
via two rontes: the high-affinity, irreversible acetvl-CoA
synthetase (acs) or the low-affinity, reversible acetate
kinase-phosphate acetyl transferase {ackd-pta) system
[19], Therefore, we investigated whether the absence of
ane of the uptake systems, pta, can influence growth and
product formation during acetate uptake. To this end,
ciol formation of E. coli W A4 was compared to £ coli W
AedhA AadhE (A2} in Table 1.

122
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Table 1 Comparison of diol production (2,3-butanediol
and acetoin] in strains with and without deletion of pta

Strain E coliW 04 E. coli'w A2
Compared experiments 1 AAES Ace 1AAES Ace
Total diols [g 1] 0624003 0E5£00
Dicls frewn rmedium [g 17" 037 k00 A1 001
Dits from acetate g '] 0252004 023002
¥ g dials g acetate) 0053 4 0009 0045 = 0005

E. cali W &lcthA SachE Apdo A4 445 _Edizg (84) i compared te £ o'W didhA
AodhE 445 Ediss (42) in shakes flasks with defired medium and the onefold
amina acid concentration and the anefald vitamin concentrations. Means and
standarnd deviations were calculated from biological triplicates

Product formation in E. coli W A4 is comparalsle to £,
eoli W A2, which indicates that the deletion of pra does
not influence the production of 2.3-butanediol. There-
fore, all further experiments were carricd out with £ coli
WA,

Can the media additives be reduced?

To better understand the mechanisms behind acetate
uptake for diol production, our goal was to investigate
which of the components in the designed medium are
responsible for the observed effect and thereby essential.
Therefore, we reduced or omitted the additives in a step-
wise manner (Fig, 3). The reduction of the aminoe acid mix
by 50% did not show an effect on growth and diol pro-
duction, but reduction to 25% of the original composition
resulted in decelerated growth and loss of diol produc-
tion. Growth was not possible on medium without the
addition of amino acids (Fig. 3a). In contrast, the reduc-
tion of the vitamin concentration only shightly decreased
the final product titers and completely omitting vitamins
still enabled the production at 83% of the diel concentra-
tion with the onefold vitamin concentration,

Asparagine and aspartate trigger diol production

from acetate

To further investigate the influence of single components
of the designed medium on diol formation from ace-
tate, we systematically removed several media additives
from the chemically defined medium, Therefore, the five
amino acids were grouped: asparagine and glutamate as
the main aming acids present in yeast extract were com-
pared to the mixture of arginine, lysine, and methionine
{Fig. 4). While the overall concentration of amino acids
was similar in both approaches, only the asparagine-glu-
tamine group resulted in product formation comparable
to the defined medium containing all amino acids. By
adding asparagine or glutamate at the onefold concentra-
tion as sole amino acids, we could show that the presence
of asparagine and glutamate as sole amino acid resulted
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Flg. 3 Effect of amine acid (a, €) and vitamin reducticn (b, d) on dicl production (a, bl and growth (e, d). £ ool W Aldhd Aaahf Asta Afrad 445_Ediss
| was usad for culthvations in shake Rasks. Mean values and standard deviations were calculated from blological triplicates
.

in diol concenteations of 044 ¢ 171 and 0.17 g 177, respec-
tively, Supplementing arginine, lysine, and methionine
individually at higher concentrations {corresponding
to the mass of asparagine), enabled growth on acetate
but did not trigger diol production (Additional file 1:
Table 52).

Diel formation from acetate was quantified similarly
to previous experiments by comparing media with and
without acetate. Additionally, we tested whether diol for-
mation from acetate can also be achieved by the addition
of aspartate instead of asparagine. To quantitatively ver-
ify the amount of diol produced from acetate, different
amounts of amino acids were used in experiments with a
constant acetate concentration ( Table 2).

When asparagine or aspartate are used instead of the
amino acid mixture, product formation from acetate
was equal, whereas the overall product formation from
the medium is decreased. Equal vields in all approaches
indicate that all other amine acids except asparagine
simply increased the media background, but did not sig-
nificantly improve product formation from acelale, The
use of aspartate instead of asparagine led to comparable
diol vields and is therefore equally suitable as a media

additive. Reduction of the aspartate concentration led
to decelerated acetate uptake and growth. A decrease
to 530% of the initial concentration drastically reduced
growth and 2,3-butanediol production (Table 3),

Elucidating the mechanism behind the aspartate/
asparagine effect

To further investigate how the addition of asparagine or
aspartate enables product formation from acetate, we
hypothesized about possible physiological mechanisms
behind this effect. Since the addition of other amino
acids did not result in product formation from acetate,
asparagine or aspartate might act as a precursor for other
important metabolic processes. It is possible that aspar-
tate boosts gluconeogenesis by conversion to oxaloac-
etate and phosphoenolpyruvate (Fig. 1), Alternatively,
asparagine or aspartate could support the flux through
the citrate or glyoxylate cycle. According to these hypoth-
eses, other TCA cycle intermediates should also promote
growth and diol production from acetate. Therefore,
aspartate in the medium was replaced by oxaloacetate,
succinate, and malate (Table 4).
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Mone of these alternative media supplements sup-
ported growth and diol production from acetate. It is
likely that the mechanism behind aspartate trigger-
ing diol production is different. Theretore, we specu-
lated that aspartate mediates a form of acid resistance.
This hvpothesis is supported by the observation that a
decrease of the initial acetate concentration from 5g 17"
to 2 g 17! enabled growth and production without the
addition of amino acids or vitamins. However, cultiva-
tions at low substrate concentrations are hardly feasible
due 1o the low product titer which additionally compli-
cates quantification.

08

dials [g 1]

Co-utilization or start-kick?

After narrowing down the possible mechanisms medi-
atedd by aspartabe, it was important to find out how aspar-
tate uptake influences acetate uptake and diol production
in a time-resolved manner. To this end, the kinetics of
aspartate and acetate uptake as well as product forma-
tion were studied in bioreactor cultivations, which also

oo

o = = = reduced distortions due to pH increase caused by acetate

ou T |, P uptake from the mediom in shake fasks.

L= e e Generally, acetate-grown cultures displayed a high

Ay 1 11 degree of variation between individual cultivations. These

b s a variations could be reduced but not completely pre-
Flg. 4 Effect of addstion of single amino acids and groups of aming vented by: (i) the adaptation of cells to defined medium

ackds on dicl production (a) and growth (b E coll W Aldhd AadhE ; i ;
in the preculture and (i) the tansfer of the preculture
Apira AfrdA 445 _Edliss was used for cultivations on defined meadium P {ii) P

additionally containeng the onefald vitarmin concentration in shake to the reactor in the expunenl.!'a! phase. These measures

flacks, Maan values and standard deviations weare calculated from resulted in reproducible results in terms of product con-
biological wriplcares centrations and yields.

” : The batch cultivations as well as all further cultiva-

tions were carried out on defined medium contain-

ing 5 g 17" acetate, 0.88 g 17" (8 mol%) aspartate and the

Table 2 Comparison of dlol production (2, 3-butanediol and acetoln) in E. coll W A4 on different defined media

Experiments 1AALS Ace 0.5 AAE5 Ace 2 AsmE5 Ace 1AsnES Ace 1 Asp x5 Ace
Total dials [g 17" 0s24003 048 +0.02 042002 0352001 03541001
ke from meadium [g 1='] 037001 020001 019001 008 £0:01 0.i0£001
Diicks From acetate [g17"] 0252004 0284002 024002 027 £00 02641002
¥ladials g~ acetate] (0634 0004 (062 0005 Q04940005 0052 £0.002 0052 4 0,004

E. coli W AldhA AcdRE Apta AfrdA 445 _Ediss was used for cultivation. Media containing the five amine acid mixturs (A&} is compared to medum contsining 088 g1
(onefaldl or 1.7 g -1 (twafald] asparagine (Asn) ar aspartate (Asp) and the arefold vitamin concentration. The dicl concentration from acetate is calculated by the
subtraction of the concentration attributed to the amino acidis). Mean values ard standard deviatians were calculated from blalogical tiplicates

Table 2 Diol production in medium containing different amounts of aspartate in E. coli W A4

Aspartate reduction 1005 [& mol) 50% [4 mol%) 25% (2 mol%) 10% (0.8 mal%)
oo -] 2922008 082003 0662002 02 2001
Tetal dials (1" 0352000 02400 006 2001 005 200

£ coff W AlTha AodhE Apra Afrdd 445 _Ediss was used for cultivation. Media contained 5 g 1" acetate and the Indicated percentage of .88 g I-' aspartate. The atio af
aspartate ba acetate s glvan in % of moles. Culbums wene ineoulated ab O, = 0.5, Mean values and standand deviations were caltulated from bialegical triplicates
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Table 4 Comparison of diol production (2,3-butanediol and acetoin) in E. coli W A4 from different TCA intermediates

Compared experiments 1 Mal+5 Ace
Qo [-] 085 2004
Tetal dials [ 1=") 0124001
Diials from madium fg =] 05001
[eals fram acetate [g | N 06 00t

1 5uck 5 Aca

08020056
0,14 2001
007 =001
007 2002

TOAAES Ace

053003
002 £001
0032001
001 001

1 Asnk 5 Ace

36001
D35£0M
Q0EE£0.01
D2TE 00

E. colf W Alafa AodhE Apra AfraA 245 Ediss was used for cultivation. Media containing 0.88 g 1" malate (Mall, succinate (Suc), coaloacetates (OWA) and asparagine
(sl with the anefold vitamin concentration wiene compared, The diol congentration fram acetate is caloulated by the differerce of experiments with and withaut
acetate of by the sublraction of the gondentration attributed 1o the aming acidish Mean values and standard deviations were caloulated fram bislogecal triplicates

onelold concentration ol vitamins, Although  experi-
ments in shake flasks did not require vitamin addition
for 2,3-butanediol and acetoin formation, we observed
that omitting vitamins in bioreactor cultivations led to a
S0% decreased product vield and only acetoin rather than
2,3-butanediol production {data not shown). Therefore,
vitamins were added at the onefold concentration in all
[urther experiments,

Figure 5 shows that growth and diel production from
acelale and aspartate is possible in batch experiments.
Growth occurred in two phases: in the first one, acetate
was partially, and aspartate completely consumed while
in the second phase the remaining acetate was utilized.
This diauxic growth pattern indicates that aspartate is
anly needed to give a start-kick for growth and that co-
utilization is not required for product formation from
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acetate, Although we maintained reproducibility by
adapting the preculture, cultuees still varied in substrate
uptake as well as production rates,

Product vields were higher than in shake-flask experi-
ments and reached 26% of the theoretical maximum in
the acetate phase (Table 5),

Table 5 Process performance parameters of E. coli W A4
in batches with aspartate and acetate

Parameter Aspartate phase Acetate phase Total
¥aoisnc 018+ 009 013003 0044001
[Cmol Crmol™"]

Vaasnie 907 ] QU4+ 007 0.0a+002 O1n£000
¥ty [Cmol Cmad ™' 001 £ 0105 013003 122000
¥y ICmod Cral ™) 036+ 009 0.24+005 031000
Vooae [Crol Cmot™"] Q71018 oE4E001 0784001
Carbon balance [%] 105+9 H2£10 171

E. coli W Lldha Aedhf Apra Afrad 245 Ediss was used for cultivation. Yields

are aither calculated per acetate corsumed (Y., oF per acetate and
aspartate consumed (Y o Vos Yo §=biomass, Ace =acetate, 5 =substrate
[acetate + aspartatel). The medium contained the onefold aspartate (0.0E g | "
and witamin concentration. Mean values and standard deviations were
calculated from bickgical duplicates. The thecretical yiekd is 0.5 Cmol diols per
Crnol acetate
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Efficient dial production in pulsed fed-batches

Finally, we aimed to gain deeper insight into the mecha-
nisms of the two-substrate system and to increase prod-
uct titers and production rates. Therefore, we tested
whether the addition of aspartate was necessary only dur-
ing the batch or also in the feeding period of a pulsed fed-
batch. To this end, pulses with a mixture of aspartate and
acetate were compared to pulses where acetate was used
as sole carbon source, To obtain comparability, all experi-
ments were pulsed until thev had consumed the same
amount of acetate. [t scems that aspartate was depleted
before acetate during every pulse (Fig. 6). In all cultiva-
tions, a mixture of 2,3-butanediol and acetoin was pro-
duced, and the product spectrum shifted towards acetoin
in later cultivation phases, Production of acetoin rather
than 2,3-butanediol is probably caused by insufficient
NADH supply during acetate utilization.

Pulsing aspartate in addition to acetate led to a 20%
increase in the final titer { Table &), Overall product vields
(¥ jioges) were identical in approaches with and without
aspartate, Since the absolute amount of acetate pulsed is
equal in both experiments and they just differ in aspar-
tale, which was added in one approach, it seems like the
increased product titers are mainly caused by the addi-
tional carbon source in the form of aspartate. Figure &
shows that aspartate is only needed for a start-kick in
the first batch and that pulses with acetate as the sole
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Table & Process performance parameters of E. coll W A4
in pulsed fed-batches with aspartate and acetate or solely
acetate

Acetate + aspartate  Acetate pulses

pulsas
Titer, yields and carbon balance
Dicls [y 7] 1434024 1.16:£0:02
¥getsine [907] Q075 £005 0067 £ 0,02
!f':l__“..\:___ (Sl Crm "| 0105 £ 0009 0091 40003
¥petwrs [Tl Cmol =] 0.087 £0.004 0087 £0.003
va [Crnal Conal =) 0242001 D24 =00
¥ravs [Crmvol Cmct '] 064 £003 069 £ 0.01
Carbon balance [%] o1 1NFx1
Volumetric and specific rates
facelg 1™ BT 021 4003 020 2 003
faas @17 h] 0015 0000 0012 & 000
Guelag™ h7'] 025 001 024 004
P T | 0018 £0003 001620002

Ecolf W Akt BendfeE Apra Afrad 445_Ediss was used for cultivation, The sum

al 2.3-butanedicl and aceton is indicated as dials, Vields are sither caleulated
per acelate consumed ¥y, ) or per acelate and sspartate consumed (¥
¥ Yrogm &= biomass, Ace = acetate, 5 = substrate {acetate 4 aspartateflL
Rates [volumetric rate r and specific rate g {per biomass)l cakoulated for the time
course of the whale process. The media cortained the arefold aspartate and
witamin concentration. Mean values and standard deviations were caloulated
fram bealogical duplicates, The thearetical yield is 0.5 Creal diols per Crnol
acetate

carbon source are successfully vsed for diol production,
Moreover, acetate uptake and diol production rates do
not differ between experiments with only acetate or the
two-substrate system, which indicates that the addition
of aspartate does not improve acetate uptake and diol
production. Similarly, the addition of aspartate does nat
increase biomass vields or specific uptake and produc-
tion rates.

Conclusively, aspartate addition is only necessary lor
a start-kick in the first batch phase and acetate can be
used as the sole carbon source to produce 2,3-butanedial
and acetoin during the feeding period without negatively
affecting productivity or product yields,

Low diol production in continuous culture
Continuous bioprocessing is a very promising tool to
investigate physiological mechanisms and we sought to
investigate diol production from acetate in substrate-
limited cultures at steady-state conditions. Continuouns
cultivation is also an opportunity to increase productiv-
ity. To this end, the influence of co-feeding acetate and
aspartate on product formation was evaluated in chemo-
stat experiments.

Although  both  carbon  sources  were  com-
pletely  consumed, diol prodoction  decreased  to
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0003 +0.002 ¢ 171 h™', Co-utilization of acetate and
aspartate resulted in the production of 0.009£0.007 g
diols per g substrate. This corresponds to only 15%
and 11%, respectively, of what was reached in the
pulsed fed-batches.

Consequently, continuous cultures under the condi-
tions chosen are not suitable for production of 2,3-butan-
ediol from acetate.

Discussion

In this study, we showed that a knock-ont strain lack-
ing mixed-acid fermentation pathways can produce
acetoin and 2.3-butanediol from acetate. Since a com-
plex medium containing yeast extract did not allow for
production from acetate, we designed a new chemically
defined medinm which enabled acetoin and 2.3-butan-
ediol formation from acetate. By further reduction of
this medium, we could reduce the additives to aspartate,
which was only needed to give cultures a start-kick.

Microbial chemical production from acetate is an
emerging field and commonly relics on the use of com-
plex media additives [17, 18, 20, 21|, Therefore, il was
surprising that the addition of yeast extract did not allow
2,3-butanediol and acetoin formation from acetate, but
only from yeast extract, In another study investigat-
ing isobutanol production from acetate product forma-
tion in complex acetate medium was also compared to
a control without acetate, and it was found that veast
extract accounted for about 50% of the total product for-
mation with 40 mg 17" isobutanol being produced from
acetate alone [18]. Our results underline the importance
of examining product formation from the "background
medium” without the designated carbon source. Evaluat-
ing the "background production” is therefore especially
important when low titers are to be expected, which
would be the case lor substrates displaying toxicily or a
low-energy content such as acetate, Generally, the use
of complex media comes with drawbacks and limita-
tions, which have recently been intensively investigated
and described [23]. For instance, the addition of amino
acids resulted in differences of cellular metabolism, espe-
cially of acetate metabolism [24). Although no data are
available for acetate-grown cultures, changes in acetate
metabolism are a possible explanation for the deviations
between complex and defined medium observed in this
study.

The fact that the deletion of mixed-acid fermentation
pathways is relevant for product formation on acetate as
the sole carbon source has not been reported before, A
major focus in research on acelate ulilization was laid
on genetic engineering of the acetate assimilation sys-
tem. It was previously shown that the overexpression of
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acs could reduce the lag phase during cultivations using
acetate as sale carbon source and this indicates that ace-
tate uptake can be improved at the expense of enhanced
energy demand [36]. The great importance of acs for
microldal production from acetate is also suggested by
the comparison of two studies: while the overexpression
of pra-ackd only increased acetone and isopropanol
viells by 8 and 13%, respectively [17, 21], the produc-
tion of 3-hvdroxypropionic was improved by 75% by
overexpressing aes [14]. With acetate as the sole carbon
source, acelyl-Cod synthetase (aes) is the main roule for
acetate uptake, while pta-ackd is down-regulated [37].
This expression pattern probably accounts for enhanced
effects by acs rather than pfa-ackd overexpression.
Similarly, the low expression of pfa during acetate assim-
ilation might be the reason that we did not find any dif-
ferences in product formation between E. cofi W A4 with
pta knocked-out and E coli W A2, We hvpothesized that
low activity of the reversible pla—ackd pathway can posi-
tively influence growth and praduct formation, since it
prevents acetic acid cycling in the aes—pra-ackd node
anel avoids wasting of energy [38]. However, the activ-
ity af pta-ackA is important for providing acetyl-phos-
phate, which is essential for proper growth of E. coli [38].
In detail, acetyl-phosphate plays a role in degradation of
misfolded proteins [39], phosphate and nitrogen assimi-
lation [40, 41], survival during starvation [42] and gene
expression [43], I seems like acetyl-phosphate formalion
from acetate via ackA is sufficient to maintain all cellu-
lar functions, since growth and production did not dif-
fer between E. coli W A3 (pta deleted) and E. cofi W A2
The activity of fcs was also reported to depend on post-
translational acetvlation [44, 45] and its extent might vary
within different media and process conditions, While the
deletion of pfa did not affect diel production, it seems
that deletions of the by-product formation pathways
for lactate and ethanol ({64 and adhE) are important
for product formation, since £ cofi W A2 and A4 pro-
duced equally well, whereas E. coli W lailed to produce
dinls from acetate, Comparing this study to recent liter-
ature [14, 15, 17, 18] shows that the major difference is
the metabolic intermediate, from which the product is
derived. While the precursor for other products such as
acetone, isopropanol, 3-hydroxypropionic acid and phlo-
roglucingl is acelyl-CoA [14, 17, 20, 21], 2.3-butanediol is
derived from pyruvate. Therefore, to produce 2,3-butan-
ediol fram acetate, acetate must first be converted into
pyruvate. To provide pyruvate, acetate is converted into
acetvl-CoA, which is transformed to oxaloacetate or
malate via the TCA eyele and from there PEP or pyruvate
is formed. All factors that influence this conversion and
thereby increase the intracellular pyruvate pool might
be key for product formation. In this context, pyruvate
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availability iz not onlv important for anabolic reactions,
when cells are grown on acetate, but also for 2,.3-butan-
ediol formation,

The main routes for gluconeogenesis (pekA and malic
enzymes 4+ ppsd) branch from oxaloacetate or malate
and are highly active during growth on acetate |37)].
Because aspartate is a precursor for oxaloacetate, the
addition of aspartate could enable growth and prod-
uct formation by supporting gluconeogenesis via pokA.
This hypothesis is in accordance with the observation
that overexpression of pekd improved phloroglucinol
synthesis [20]. In C. glufamicion, aspartate addition
inhibited PEP carboxylase, which catalyzes the reverse
reaclion of pekA [46]. Combined overexpression ol acs,
pekA and the malic enzvmes increased isobutanaol pro-
duction from acetate [47]. However, since the addition
af oxaloacetate did not enable growth and product for-
mation from acetate in our study, an influence of aspar-
tate on gluconeogenesis via pekA is unlikely, Similarly,
an influence of aspartate on the citric acid or glvoxylate
cvele is questionable, since the addition of neither suc-
cinate nor malate triggered growth or product forma-
tion from acetate. An activation of the glvoxylate shunt
was previously shown to improve acetate assimilation
and biomass formation, bul not 3-hydroxypropionic
acid formation [14].

Alternatively, aspartate has been described to trig-
ger acid resistance in different microorganisms and
based on a variety of mechanisms, In Yersinig pseu-
dotubercnlosis  aspartate  increased  acid  resistance
through expression of aspartase, which released NH,™
for the stabilization of the intracellular pH [33]. Aspar-
tate also increased the NADH de novo biosynthesis
and has been shown to increase product formation in
Clostridium  acetobutylicwn [31]. Besides these two
mechanisms, aspartate increased acetate formation in
Acetobacter pastenrianns by reducing acid stress due
to (i) enhanced glutathione production, which protects
cells against low pH and stress; (i) increased nucleic
acid synthesis and DNA repair and (i) improved mem-
brane integrity due to increased fatty acid synthesis
[32]. Tt is possible that one or several of the described
mechanisms account for the effect that aspartate trig-
gered diol production from acetate in this study. The
fact thal aspartate is a precursor for NADH synthesis
is especially interesting in this context, becanse NADH
availability is important for the conversion of acetoin to
2.3-butanediol. However, increased NAD™ biosynthesis
mediated by aspartate availability does not necessar-
ily mean that it is present as NADH. All experiments
showed a mixture of 2,3-butanediol and acetoin in
acetate-grown cultures. When vitamins were omit-
ted, total diol production decreased, and the reaction
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shifted towards acetoin. The addition of vitamins to
batch cultures might be important for diol formation,
since thiamine is a cofactor for acetolactate synthase
or since nicotinic acid is a precursor for NADY biosyn-
thesis. Conclusively, these observations indicate insufli-
cient MADH supply and possibly a critical redox status
of the cell, which was at least partially circumvented by
the addition of aspartate.

Acid resistance svstems that are dependent on the
availability of an amino acid have been reported to rely
on glutamate, arginine and lysine, bul nol on aspartate
[27, 28]. Therefore, it is surprising that the addition of
these components did not enable growth on acetate, Sim-
ilarly, the addition of methionine did not support growth,
although its biosynthesis is known to be inhibited during
growth on acetate [29].

Aspartate being consumed before acetate might sug-
gest that aspartate simply gives cultures a start-kick by
boosting biomass formation to a certain level. However,
utilization of other substrates (succinate, glutamate, etc,)
also increased initial biomass formation without leading
toacetate utilization and/or product formation.

Fulsed fed-batches were successfully applied for effi-
cient diol production. The production of 1.43 g 17! diols
is the highest titer oblained Tor any pyruvate-derived
metabolite from acetate. Yang et al. [17] produced
15 g 17! isopropanol from acetate via acetyl-CoA at a
vield above the theoretical maximum (due Lo the addition
of complex media additives), When products are derived
from the TCA cycle, higher titers were achieved, Le.,
3.6 g 17! itaconic acid and 7.5 g 17! succinate were pro-
duced from acetate in £, cali [48, 49].

Low productivities in continuous cultures could sug-
gest that co-utilization of aspartate and acetate might
negatively aftect diol production or that substrate limita-
tion decreases product formation as reported before for
isobutanol production from glucose [50], However, how
2,3-butanediol production from acetate can be improved
in continuous cultures requires further investigations.

The importance of this study lies in the use of chemi-
cally defined medium for microbial chemical produc-
tion from acetate. Since the addition of aspartale is
only needed for a start-kick during the first batch, the
designed process is especially promising for further
research focusing on industrial applications.

To further optimize the svstem, acetate uptake and
production should be improved in combination with
an enhancement of the product vield, e.g.. by optimiz-
ing pyruvate availability. Better understanding of the
mechanisms behind the importance of aspartate addi-
tien can provide targets for genetic engineering and to
completely avoid media additives in the future, Those
mechanisms could, eg., be elucidated in transcriptome
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and metabolome studies, Overexpression of the NADH
biosynthesis pathway could potentially bypass the addi-
tion of aspartate and improve product formation on ace-
tate, Future research might also shed light on the effect of
the deletions in E. coli W A2 and Ad on product forma-
tion and acetate toxicity and provide information for the
development of a continuous production process.

Conclusion

In this study, we showed for the first time (i) 2,3-butan-
ediol and acetoin production from acetate: (i) product
formation from acetate in £, cali on chemically defined
medivm and (i) triggering of diol production by addi-
tion of aspartate. Yeast extract was demonstrated to be an
unsuitable media additive for 2,3-butanediol and acetoin
production from acetate. Thervefore, a chemically defined
medium was designed and reducing the media additives
for the first time showed that the addition of aspartate
alone enabled product formation from acetate. Further-
maore, aspartate is only needed to give the culture a start-
kick and acetate can subsequently be used as the sole
carlon source for product formation.

Concluding, we could create a picture of conditions
influencing production performance of a microbial sys-
tem utilizing acetate. For instance, we observed that
reproducibility could be improved by adapting precul-
tures in defined mediom and inoculating during the
exponential phase. Therelore, the combined outcome of
this study provides a sound basis for further optimization
and investigation of the production of 2,3-butanediol and
ather platform chemicals from acelate,

Methods

Bacterial strains and media

E coli W [DSM 1116=ATCC 9637=NCIMB B666)
from DSMEZ (Braunschwelg, Germany), £ coli W Aldfid
AadhE Apta AfrdA and E. coli W AldhA AadhE (Kind
gifts of Prof. Michael Sauer, BOKU, Vienna, Austria)
were used for cultivations.

Lysogeny broth (LB} containing 10 g 17" soy peptone,
5 g 17" yeast extract and 10 g 17" sodium chloride was
used for all precultures in the shake-llask experiments.
15 g 17" agar was added to LB medium for cultivation on
plates.

Al chemicals were purchased from Roth (Carl Roth
GmbH+ Co. KG, Karlsruhe, Germany) if not stated oth-
erwise, The basic medivm for all experiments is chemi-
cally defined medium adapted from Riesenberg et al. [51],
containing 13.3 g 1" KH,PO,, 40 g I"" (NH,},HPO,,
1.7 ¢ 17" citric acid (autoclaved) 1.2 g 17! MpS0, * 7 HLO,
0.00 g 17° Fe{llljcitrate, (.0084 g 171 EDTA, 0.013 g 17
ZniCH,COM), * 2 H,0, 00025 g 17 CoCl, * 6 H,O
{Merck KGad, Darmstadt, Germany), 0.005 g 1 7! MncCL,
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* 4 H,0, 00012 g 17" CuCl, * 2 H,O, 00030 g 17" H.BO,,
0.0025 g I7' Na,Mo0, * 2 H,O (sterile filtered). Acetate
was added as a carbon source at concentrations of 5 g 7%,
In experiments on complex medium, 5 or 10 g 17" veast
extract were added as indicated. For the defined medium
an amino acid mix and vitamins were added from ster-
ile filtered stocks, Amino acids were added from separate
stocks at a final concentration of 1 g 17" asparagine * H,0
(Merck KGaA, Darmstadt, Germany), 1 g 17" monoso-
dium glutamate * H,0, 0.3 g 1! arginine, 0.5 g 17! lysine
* H,0 (Merck KGaA, Darmstadt, Germany) and 05 g 17!
methionine (Merck KGaA, Darmstadt, Germany) in the
medium. Asparagine was later replaced by monosodium
aspartate * H,0 (Merck KGaA, Darmstadt, Germany) at
concentrations of 115 g 17" as indicated, For experiments
with TCA cycle intermediates, stocks of 0.88 g 1™ suc-
cinate, malate (Merck KGaA, Darmstadt, Germany) and
oxaloacetate were used,

The vitamin stock solution was adapted accord-
ing to Pleifer et al. [35] and the final concentration in
the medium was 4.5 mg 1" thiamine hydrochloride,
0.53 mp 1! riboflavin, 6.8 mg 17" calcium D-pantothen-
ate, 7.5 mg 17! nicotinic acid (Merck KGaA, Darmstadt,
Germany), 1.75 mg [! pyridoxine hvdrochloride {Appli-
Chem GmbH, Darmstadt, Germany), 0.075 mg 1™ biotin
(Merck KGaA, Darmstadt, Germany) and 005 mg |7
folic acid (Merck KGaA, Darmstadt, Germany). These
concentrations accounted for the 1 = concentration and
amounts were reduced in some experiments as indicated.

The feed medium contained 100 g 17! acetate. If indi-
cated, 288 g 17" monosodium aspartate * H,0 was added
to the feed. Feed medium was pulsed to the cultures to
restore an acetate concentration of 4 g 17", Low-pulse
volumes potentially accounted for inaccuracies in carbon
balances,

Liguid and solid media were supplemented with
50 pg ml™" kanamycin.

Construction of plasmids and strains

The genes budA, budB and budC from  Enterobic-
ter cloacae subsp, dissolvens were overexpressed for
2,3-butanediol production. Plasmid 445_Ediss previously
constructed and transformed into £ coli Wand E. coli
W AldhA AadhE Apta AfrdA was used in this study [6].
This plasmid was additionally transformed into E. coli W
ALdRA AadhE by electroporation.

Preparation of precultures
All strains and constructs were stored at — 80 "C in 20%
(wiv) glvcerol. For cultivations, they were streaked onto
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LB agar plates containing 30 pg ml™' kanamycin and
incubated overnight at 37 *C. A single colony was used
for inoculation of 500 ml shake flasks with 50 ml LB
medium, The preculture was incubated overnight at 37 °C
and 230 rpm. Cells were centrifuged at 4800 rpm (2396g)
for 10 min at room temperature and washed with 23 ml
of sterile 0.9% (w/v) NaCl. Alter resuspension in 5 ml
0,9% {w/v) NaCl, the optical density at 600 nm (O}
was measured and for experiments in shake flasks, the
appropriate volume to reach an initial 0D, of 0.5 was
transferved. For bioreactor experiments, the culture was
adapted to growth on acetate in defined medium. To this
end, the preculture was sequentially transferred twice
into 500 ml shake flasks with 20 ml defined medium con-
taining the 1 = concentration of aspartate and vitamins.
The optical density was measured in regular intervals and
bioreactors were inoculated with 10 ml of the culture in
the exponential growth phase,

Media and strain screening in shake flasks

Screening of different media compositions and strains
was carried out in 500-ml shake flasks containing 20 ml
medium as indicated. The flasks were incubated at 30 °C
and 230 rpm. Samples were taken every 24 h for 0D
and HPLC measurements.

Cultivations in bioreactors
Biorcactor cultivations were carried out in duplicates
in a DASbox™ Mini Bioreactor svstem (Eppendorf AG,
Hamburg, Germany) at a working volume of 200 ml and
a temperature of 30 °C. The pH was initially set to 7.2 and
after initial growth has started, it was changed to 7.0, To
avoid precipitations in the continuous cultures, the pH
was set to 6.8, The pH was monitored by a pH electrode
EasyFerm Plus K8 120 {Hamilton, Reno, NV, USA) and
controlled by the addition of 5 M phosphoric acid with
a MP2 multi-pump module (Eppendorf AG, Hamburg,
Germany). The concentration of dissolved oxygen was
monitored by a VisiFerm DO 120 probe (Hamilton, Reno,
NV, USA). The agitator speed was kept at 300 rpm and
the medium was sparged with 0.2 vwm (24 sl h™Y) air,
Gassing rates and stirrer speed were increased to main-
tain a dissolved oxygen concentration above 30%. Of-
gas analysis for O, and CO, was carried out using the
gas analyzer module GA4 (Eppendorf AG, Hamburg,
Germany).

Samples were taken regularly to measure the opti-
cal density at 600 nm and estimate biomass growth. The
samples were centrifuged at 14,000 rpm (21,93g) for
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5 min and the supernatant was used for HPLC analysis of
substrate and product concentrations.

For monitoring the acetate concentration during fed-
batch cultures, the supernatant was diluted 1:10. Acetate
was measured at-line using a Cedex Bio HT Analyzer
{Roche, Switzerland),

Biomass determination

Cell dry weight was determined gravimetrically in
duplicates from bioreactor samples at the end of each
bioreactor experiment. In short, 4 ml of culture broth
was centrifuged in a glass tube at 4800 rpm (239ag)
and 4 °C far 10 min, washed with 4 ml 0.9% (wiv) NaCl
and centrifuged again. The biomass was dried in pre-
weighed glass tubes for at least 72 h at 105 “C, The
aptical density at 600 nm (ODg,) was measured in a
spectrophotometer (Genesvs” 20, Thermo Scientific,
Waltham, Massachusetts, USA) against a water blank.
The correlation between biomass and 0D, was used
to estimate the cell dry weight calculation of all other
samples.

HPLC analysis

Organic  acids, alcohols and  amino  acids  were
determined  using an Aminex HPX-87H  column
{300 = 7.8 mm, Bio-Rad, Hercules/CA, USA) in an Ulti-
mate 3000 system (Thermo Scientific, Waltham/MA,
LISA). The mobile phase was 4 mM H.50, and the col-
umn was operated at 60 "C and a flow of 0.6 ml min™'
for 30 min. The injection volume was 10 pl. Detec-
tion was performed using a refractive index (Refracto-
max 320, Thermo Scientific, Waltham/MA, USA) and
a DAD detector (Ultimate 3000, Thermo Scientific,
Waltham/MaA, USA) Chromeleon 7.2.6 Chromatog-
raphy Data System (Thermo Scientific, Waltham/MA,
LUSA) was used for control, monitoring and evalvation
of the analysis,

For the measurement of organic acids and alcohals,
450 pl of culture supernatant were mixed with 30 pl of
40 mM H, 50, and centrifuged for 5 min at 14,000 rpm
{21,913g) at 4 °C. The remaining supernatant was used
for further analysis.

For the measurement of amino acids and particularly
aspartic acid, 250 pl of culture supernatant was mixed
with 50 pl of 1 M sodium nitvite and 10 pl of 12 M HCL
The solution was heated to 45 "C for 90 min and the
reaction was stopped by adding 50 pl 2 M NaOH [52].
The derivatized amino acid solution was directly trans-
ferred to an HPLC tube and measured at the conditions
described above.

Standards were treated like samples and a 5-point
calibration was used for quantification.
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lll. CONCLUSIONS

Apart from showing the feasibility of CO. fixation and production of a fuel chemical in a
novel two-step process, the main achievements in this thesis were: (i) to highlight the
potential of acetate as a promising feedstock for microbial conversion in a current opinion
article, (ii) to show net CO: fixation and production of acetate from an industrial blast furnace
gas stream blended with Hy, (iii) the establishment of E. coli W as a promising host for
acetate (co-) utilization and improving this capability by overexpression of an acetylation
insensitive acetyl-CoA synthetase, (iv) the development of a system for isobutanol
production on both defined medium and a waste stream and (v) the promotion of 2,3-
butanediol production from acetate by quantitative media development and strategic

process design.

Those achievements were possible due to a holistic scientific approach combining different
advanced bioprocessing methods. These included the time-resolved characterization of
physiological parameters and rational process design, which allowed to generate
knowledge on acetate production from an industrial flue gas stream and utilization of acetate
for microbial chemical production. Similarly, strain selection and engineering were key
success factors to improving acetate assimilation and conversion into a fuel chemical. This
thesis focused especially on the application of advanced cultivation methods such as
chemostats and changestats, applying dynamic shifts. Those cultivation approaches
allowed to study cellular metabolism under defined steady state conditions and were the

basis for in-depth understanding of parameters limiting the microbial cell factories.

1. CO: fixation and acetate production from industrial flue gas
using A. woodii

What are the process requirements for a continuous cultivation for CO- fixation using
industrial blast furnace gas?

The development of a CO; fixation process using industrial blast furnace gas is mainly
challenged by the presence of inhibitors and toxic CO in the gas stream. It has been shown
that two criteria have to be met to achieve CO: fixation in blast furnace gas containing CO:
(i) the gas stream has to be blended with Hz and (ii) the CO concentration in the liquid
medium has to be limiting. Additionally, the establishment of a H.-limited culture was crucial
to obtain comparable and reproducible results. Other limitations such as product inhibition
by acetate, media, and physiological limitation could be excluded by determination critical

levels for these limitations.
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How does the presence of CO and other inhibitors influence growth, acetate
formation and gas uptake?

The presence of CO delayed initial growth and led to a prolonged adaptation phase. In
accordance to previous observations, omitting this phase was possible by adding formate
is (Bertsch and Mdller, 2015b). After the depletion of formate and when CO fell below a
certain threshold, CO, CO, and H. were co-utilized. However, this co-utilization required
blending of the blast furnace gas with Hz. Without the addition of Hz, growth on the flue gas
was not possible. Blending with H, was not only required as an energy source during CO;
fixation, but also because A. woodii cannot utilize CO as the sole carbon and energy source
(Bertsch and Miiller, 2015b). CO limitation is especially important for process design and
crucial for the transition from batch to continuous cultures. The presence of CO did not
affect the maximum specific growth rate of A. woodii, but CO utilization shifted the carbon
flux towards biomass instead of acetate formation compared to CO. utilization alone. In CO
and H: limited cultures, the utilization of these two gases was directly related to their
respective partial pressures. Subsequently, CO, was either assimilated in both branches of
the Wood-Ljungdahl pathway (WLP) in the high H2 — low CO blend or only used in the
methyl branch in the low H, — high CO blend. Net CO; fixation was achieved in both gas
blends independently from the CO. and H: partial pressure. Since the different fluxes
through the branches of the WLP also changed the redox status and energy conservation
of the cell, blending of CO containing gases can be used as a strategy to control product

formation in gas fermentations.

Determination of process requirements was possible due to an approach combining the
characterization of physiological parameters in a time-resolved manner and the application
of continuous bioprocessing. To be specific, the quantification of data during reproducible
steady state conditions generated knowledge on how the gas composition (i.e. CO, Hz, CO2
concentrations) of industrial flue gas influenced CO; fixation, growth, and acetate
production. Furthermore, dynamic shifts during steady state conditions allowed to draw

conclusions about the limitation of the system.

We have shown that A. woodii is an acetogenic host very suitable for net CO: fixation in
gases containing CO due to its excellent Hz utilization characteristics even at high CO partial
pressures. This observation was surprising, since this strain had so far not been considered
for efficient fermentation of gases containing CO. Organisms in which growth on CO is
mainly established include C. autoethanogenum and C. ljungdahlii, but in these, CO
utilization is usually accompanied by CO; production rather than net fixation (Hermann et
al., 2020; Valgepea et al., 2018, 2017). Simultaneous uptake of CO and CO- could therefore
only be achieved at low CO partial pressures of 2 %, but not at concentrations comparable

to this thesis (Heffernan et al., 2020; Valgepea et al., 2018). In contrast to the latter two,
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efficient CO utilizing acetogens, which produce a mixture of acetate and ethanol, A. woodii
exclusively forms acetate on H> and CO.. Ethanol production is not possible since the
formation via acetaldehyde dehydrogenase is energetically not feasible and the organism
lacks a functional acetaldehyde:ferredoxin oxidoreductase (Bertsch and Mdller, 2015a;
Mock et al., 2015). Despite the lower energy density of acetate compared to ethanol and
the associated limitations in its application, the production of acetate as the sole product
can be superior to a mixed product spectrum, since complexity is reduced, while
controllability increases (Schwarz et al., 2020). Potential fluctuations in the feed gas
composition usually occurring in industrial plants should therefore not greatly influence the

performance of such a production system.

Outlook

The performance of gas fermentations in general and the examined cultivation in detail is
limited by gas-liquid mass transfer. Implementing a reactor system with increased transfer
rates could therefore improve gas utilization (Takors et al., 2018). These fermentation
systems include air-lift and bubble column reactors already in use or trickle-bed biofilm
reactors (Heijstra et al., 2017; Takors et al., 2018). However, increasing gas uptake rates
result in increased acetate productivity and potentially enhanced acetate concentrations in
the liquid medium. In this thesis, acetate concentrations above 20 g I were found to inhibit
CO2 and Hz uptake, which is higher compared to previous observations (Kantzow et al.,
2015). In case acetate in the liquid medium exceeds this critical amount, higher gas liquid
mass transfer rates might not necessarily lead to higher production rates, since the limitation
of the cultivation system is changed from H; limitation to product inhibition. Inhibition could
be avoided by constantly removing acetate, as achieved in continuous processes at high
dilution rates. Continuous production could therefore be intensified by the implementation

of a cell retention system.

2. Characterization and engineering of acetate (co-)utilization in
E. coliW

Is E. coli W a suitable host for acetate utilization?

The utilization of acetate is generally hampered by its toxicity as a weak acid as well as its
low energy density. Due to the latter characteristic, co-utilization with glucose or other
substrates is an interesting alternative to increase product formation. However, acetate
assimilation in the presence of glucose is obstructed by carbon catabolite repression (CCR),
which leads to diauxic growth (Valgepea et al., 2010). Therefore, the selection of a suitable
host is crucial. E. coli W was known to be a robust and stress-resistant strain (Arifin et al.,
2014; Nagata, 2001) and its suitability for acetate assimilation was confirmed in this thesis.

This strain especially stood out, since acetate assimilation and co-utilization of acetate and
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glucose in batches was possible at high concentrations compared to other organisms.

Additionally, acetate was utilized at high specific uptake rates in chemostat cultivations.

Can acetate (co-)utilization be improved by the overexpression of an acetyl-CoA
synthetase?

Co-utilization of glucose and acetate in batch experiments was still characterized by diauxic
growth. Since acetyl-CoA synthetase (acs), one of two pathways for acetate assimilation,
is known to be down-regulated during CCR, we have shown that overexpression of this
enzyme improved co-utilization. To be specific, the expression of acs insensitive to post-
translational modification showed two main effects in batch cultivations: (i) it decreased the
lag-phase of cultivations with acetate as the sole carbon source and (ii) it improved acetate
utilization during glucose assimilation and thus reduced diauxic growth. However, there
were only minor differences between the overexpression and a control strain in chemostat
cultures, probably since acs is anyways the main route for acetate uptake during glucose
limited conditions (Castafio-Cerezo et al., 2015; Renilla et al., 2012). Gene expression
analysis has shown that overexpressing acs potentially caused an imbalance in the acetate
assimilation node, which resulted in enhanced energy dissipation and wash-out at lower

dilution rates.

The scientific basis for the in-depth characterization of acetate assimilation in both the
wildtype and the overexpression strain of E. coli W was a combination of time-resolved and
steady state quantification of physiological parameters. In detail, the effect of
overexpression of acs on carbon catabolite repression under excess carbon conditions
could be shown by investigating uptake and production rates in batch experiments and the
described effects could be explained by studying the activity of acetate metabolism in

accelerostat cultivations.

Outlook

A deeper understanding of acetate metabolism is required for the establishment of microbial
cell factories efficiently utilizing acetate. Most research has so far been based on glucose-
grown cells and has been aiming on preventing acetate formation triggered by overflow
metabolism. Therefore, further research could focus on studying acetate metabolism in
acetate-grown cells and describing the effect mediated by acs overexpression in this

context.

2.1. The transition of acetate from the first to the second process step
As the intermediate product, acetate would have to be transferred from fermentation with
A. woodii in the first step to E. coli cultivation in the second step. Acetate concentrations in
the first process step remained below 20 g I and these low titers would be detrimental for

downstream processing (DSP). However, for further biological processing, high acetate
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titers are not required due to the inhibitory effect of this substrate. Since the costs for DSP
largely contribute to the total process costs (Takors et al., 2018), direct utilization in a
second process is preferred to an intermediate purification step. Due to the composition of
the harvest of the first step, purification would not be needed except for removing biomass

content.

2.2. Applying knowledge about acetate utilization and toxicity on fuel
chemical production in the second process step

Considering the effects of acs overexpression on acetate and glucose (co-)utilization, we
evaluated whether this engineering strategy could also be applied for fuel chemical
production from acetate in the second step of the two-step process. Acs overexpression
improved process performance in batch experiments by reducing the lag-phase on acetate
as sole carbon source and improving acetate and glucose co-utilization. However, no
positive effect was observed in substrate limited chemostats and overexpression of acs
seemed to cause an imbalance in the acetate assimilation node resulting in increased
energy dissipation. Two main factors therefore led to the decision against overexpression
of acs in the second step of fuel chemical production from acetate: (i) the availability of ATP
is especially important during recombinant enzyme expression and decreased ATP supply
would probably reduce production efficiency and (ii) natural up-regulation of acs occurs
during glucose starvation and when acetate is used as the sole carbon source (Castafio-
Cerezo et al., 2015; Oh et al., 2002; Renilla et al., 2012). These conditions should be
favored during process development in the second step. Therefore, the strategy of
overexpressing acs was not chosen when we aimed for isobutanol and 2,3-butanediol

production from acetate.

Another possible strategy for manipulation of acetate assimilation would be based on the
consideration of cellular mechanisms against acetate toxicity. Comparing acetate
concentrations in cultivations of A. woodii and E. coli reveals that growth of the former
organism remained largely unaffected by titers up to 20 g I, whereas acetate
concentrations of 10 g I'' already drastically increased the lag-phase of the latter one. The
toxicity of acetate as a weak acid can be attributed to several mechanisms which include
decreasing the intracellular pH and increasing the osmotic pressure (Menzel and
Gottschalk, 1985; Roe et al., 1998; Russell, 1992). The decrease of the intracellular pH has
to be compensated by pumping protons via a membrane ATPase at the expense of ATP
consumption (Verduyn et al., 1992). Since generation of ATP is coupled to a sodium rather
than a proton transmembrane gradient, A. woodii might be less prone to this specific
mechanism of acetate toxicity. Similarly, because acetate is the sole product of A. woodii,

this organism might have evolved other mechanisms to deal with high concentrations of
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weak acids. The investigation of acid resistance in A. woodii might therefore provide

valuable information as a basis for the improvement of acetate tolerance in E. coli.

3. Strain and process development for production of fuel
chemicals from acetate and renewable resources in E. coli W
For the conversion of renewable resources such as acetate and cheese whey, the selection
of a proper strain in combination with metabolic engineering were key scientific success
factors. Rational process and screening design enabled efficient production of (i) isobutanol
from the residual waste stream cheese whey and (ii) 2,3-butanediol from acetate on defined
medium. For both fuel chemicals, applying a pulsed fed-batch was successful to increase
productivity and final product titers. 2,3-butanediol production from acetate could further be

improved by quantitative media optimization and screening.

3.1.Process and strain development for isobutanol production on glucose
defined medium and cheese whey

How can cost-effective isobutanol production be established as a basis for further
utilization of alternative raw materials?

Isobutanol is not produced naturally in any organism and microbial production is challenged
by its toxicity and volatility. We hypothesized that for economic production, expensive
inducers as well as complex media additives had to be omitted. Individual expression of
each gene using constitutive promotors enabled expression fine tuning and initial screening
experiments showed great variations in isobutanol production in E. coli BW25113 and E.
coli W with different constructs. E. coli BW25113, which was an established host for
isobutanol production on complex media using inducible expression (Atsumi et al., 2008;
Baez et al., 2011; Desai et al., 2014), was found to be unsuitable for isobutanol production
on chemically defined medium. Yields could be increased by strain improvement via
deletion of mixed acid fermentation pathways (i.e. pathways for ethanol, acetate, succinate,
and lactate). It was surprising that the deletion of mixed acid-fermentation pathways
enabled efficient isobutanol production under aerobic conditions, since aerobic isobutanol
production — in accordance with our general expectations - was very low in the wild type
strain. Aerobic isobutanol production was likely possible due to pyruvate accumulation
mediated by a combination of isobutanol toxicity mechanisms (i.e. quinone inhibition) and
the deletion of mixed acid-fermentation pathways. In conclusion, while other studies
focused on the addition of complex media components and the use of expensive inducers,
a more economic isobutanol production was established due to (i) the use of chemically
defined medium and the omittance of complex media additives, (ii) the replacement of
expensive inducers by constitutive expression, (iii) selection of a suitable expression system
(construct and strain) in screening experiments and (iv) the improvement of process

performance by choosing appropriate process conditions. In the future, genome integration
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could be a goal to further reduce the cultivation costs associated with the use of antibiotics
for plasmid-based expression or alternatively, growth can be coupled to isobutanol

production.

Can isobutanol be produced from an alternative raw material such as cheese whey?
The cost-competitiveness of microbial isobutanol production could further be increased
using cheese whey as an alternative feedstock. Utilization of this waste stream not only
reduced raw material costs, but also increased process stability due to increased
productivity and titers. Other waste streams that have so far been used for isobutanol
production include biomass hydrolysates such as cedar and wheat straw (Akita et al., 2015;
Felpeto-Santero et al., 2015). Apart from heavy pretreatment, which is required to access
fermentable sugars of this feedstock, observed isobutanol titers and yields were low (Akita
et al., 2015; Felpeto-Santero et al., 2015). Cheese whey was therefore established as a

promising feedstock for microbial isobutanol production.

Outlook

While achieving low-cost isobutanol production from glucose and cheese whey, there is still
potential to increase production performance by improving the isobutanol yield. In a very
similar expression system aiming to produce 2,3-butanediol instead of isobutanol ~2-fold
higher product yields were achieved, which shows the theoretical potential of fuel chemical
production in E. coli W (Erian et al., 2018). This discrepancy raised the question why
isobutanol production was less efficient than 2,3-butanediol formation. Technical challenges
during construction of the expression vector suggested that metabolic burden for pathway
expression might play a role. Additionally, isobutanol and 2,3-butanediol are produced via
a five-enzyme and three-enzyme pathway, respectively implying that more cellular
resources are needed for gene expression. Finally, isobutanol is a toxic chemical, whereas
2,3-butanediol has not been reported to inhibit cellular growth and product formation. To
conclude, stronger expression might help to increase isobutanol yields, but a better
understanding of isobutanol toxicity and the underlying mechanisms is required to engineer
more robust and tolerant strains for efficient isobutanol production. Focusing on the use of
cheese whey, inducible expression might increase isobutanol yields and lactose might be

an alternative inducer to expensive IPTG (Isopropyl-B-D-thiogalactopyranoside).

3.2.Isobutanol production from acetate
Which environmental factors mainly influence isobutanol production from acetate?
It was observed that the influence of strain background and media composition on
isobutanol production was even more pronounced on acetate than on glucose. When
acetate was used as a carbon source, production was only achieved in a strain where

mixed-acid fermentation pathways were deleted, but not in the wild-type strain. However,
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this knock-out strain was not able to grow on defined medium and the addition of yeast
extract was required. However, quantitative development of a production process was
hampered by the volatility and toxicity of isobutanol in combination with acetate toxicity:
screening experiments had to be carried out under fully aerobic conditions resulting in
evaporation of isobutanol and problems in correct quantification. Additionally, acetate
toxicity made the use of low substrate concentrations necessary, resulting in low product
concentrations and inaccurate product quantification. Because of that, it was decided to
develop fuel chemical production from acetate using 2,3-butanediol as a product, which is
also derived from pyruvate as isobutanol but is neither toxic nor volatile. The acquired
platform knowledge could in the future be used to establish isobutanol production from
acetate and understand how a system inhibited by two components (i.e. acetate and

isobutanol) works.

3.3.Creating platform knowledge for microbial upgrading of acetate: 2,3-
butanediol as a case study

Which environmental factors mainly influence 2,3-butanediol production from
acetate?

Similar to isobutanol production, 2,3-butanediol formation from acetate was mainly
influenced by the strain background and media composition. Again, 2,3-butanediol was only
produced in E. coli W where mixed-acid fermentation pathways were deleted. This strain
did not grow on the original defined medium but required the addition of yeast extract. By
quantitively assessing the “background production” from this complex media additive we

have shown that 2,3-butanediol is not produced from acetate but only from yeast extract.

How can the production of 2,3-butanediol from acetate be established?

The key success factor for establishing 2,3-butanediol production from acetate was the
development of a new defined medium. Extensive media screening revealed that the
component promoting growth and production from acetate was aspartate / asparagine and
that this effect is possibly mediated by improved NAD* availability. By studying the kinetics
of acetate and aspartate uptake, we have shown that aspartate is only needed to “kick-start”
E. col” and co-utilization was not required for 2,3-butanediol production. This observation
finally enabled the development of a production process using acetate as the sole carbon

source for feeding.

In order to establish a two-step process, we initially investigated continuous 2,3-butanediol
production from acetate. Surprisingly, production was not successful in this process mode
since either no 2,3-butanediol was formed when acetate and aspartate were co-fed or
acetate accumulated when acetate was used as the sole carbon source. The reason for this
observation has remained unclear and it can only be speculated that direct co-utilization or

substrate limitation would not promote production. As a basis for further research, e.g.
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Conclusions

labelling experiments determining the intracellular flux distributions of both substrates
during co-utilization might therefore shed light on underlying mechanisms leading to the
described observation. Alternatively, the acquisition of transcriptome and especially

metabolome data could identify potential bottlenecks.

Outlook

While the feasibility of fuel chemical production from acetate was shown in this thesis and
achieved 2,3-butanediol titers were among the highest reported values for chemical
production from acetate, final product titers remained too low for efficient down-stream
processing. 2,3-butanediol production could potentially be increased in a cell retention
system but enhanced engineering will be needed to increase product yields. Metabolic
engineering could improve product formation at several sites of metabolism, and additional
knowledge will be required to evaluate these sites. For example, more detailed information
on the effect mediated by aspartate / asparagine might reveal engineering targets and could
eventually allow to omit this media additive. Alternatively, metabolic modelling could identify
limitations of the production system and an increase in pyruvate and NADH availability
during acetate assimilation might improve 2,3-butanediol production. Alternatively, the
regeneration of NADH could be coupled to the production of 2,3-butanediol (Bastian et al.,
2011; von Kamp and Klamt, 2017). Without prior knowledge, random mutagenesis or
adaptive laboratory evolution could be applied as alternatives to metabolic engineering
(Seong et al., 2020). Product titers might also increase by co-feeding e.g. glucose, although

this approach did not result in 2,3-butanediol production from acetate in this thesis.

Deletion of mixed-acid fermentation pathways to enable chemical production from acetate
under aerobic conditions was previously unknown. It would be interesting to elucidate the
underlying mechanism behind this effect and evaluate in which way it is similar to chemical
production from glucose in this thesis. Additional research, including acquisition of omics
data and evaluation of metabolic fluxes, might shed further light on how the activity of the
acetate assimilation node can influence acetate utilization, product formation and acetate

toxicity.

4. Considerations on the way towards the integration of the final
two-step process

This thesis has shown the feasibility CO: fixation and fuel chemical production via acetate
in a two-step process. In A. woodii, acetate was produced from CO,, CO and H. according

to the following equation:
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32mol CO, + 19 mol CO + 111 mol H, — 22 mol acetate + 5 Cmol biomass
or
156t C0O,+ 6.0t CO + 2.5t H, - 14.6 t acetate + 1.2 t biomass
In the second step, E. coli converted acetate into 2,3-butanediol according to:
22 mol acetate — 1 mol 2,3-butanediol + 11 Cmol biomass + 30 mol CO,
or
14.6 t acetate — 1t 2,3-butanediol + 3.1 t biomass + 14.8t CO,

The overall production in the two-step process can therefore be described by the following

equation:

32mol CO, + 19mol CO + 111 mol H,
— 1 mol 2,3-butanediol + 15 Cmol biomass + 30 mol CO,

or
15.6tC0O, +6.0tCO +25tH, —» 1 t2,3-butanediol + 4.3t biomass + 14.8t CO,

The mass balance of the overall process shows that the two acceptance criteria have been
met: net CO; fixation was achieved, and a fuel chemical (2,3-butanediol) was produced.
Elemental balancing of CO; fixation and 2,3-butanediol production allows to draw
conclusions about steps limiting the efficiency of the two-step process. The overall process
yielded production of 0.031 mol 2,3-butanediol per mol CO- (corresponding to 0.064 g 2,3-
butanediol per g CO,). These yields are still low but further strain engineering and process
development could help to increase conversion efficiency. In the second process, 70 % of
the carbon flux are diverted towards CO,, which reduces the overall efficiency of the two-
step process. CO, formation can never by completely prevented, since it is partially coupled
to product formation (formation of 4 mol CO- per mol 2,3-butanediol produced, corresponds
to 50 % of carbon loss). However, the second process step could still be improved by
diverting the acetate flux towards the product rather than CO; production. The integration
of genes for intracellular recycling of CO. might further improve the carbon flux towards the

product.

Due to the flexible process design, the knowledge gained in this thesis can serve as a
platform for net CO;, fixation and conversion into different products. In the first process step,
CO. could also be fixed in a different industrial flue gas stream or by another gas fermenting
organism. Similarly, the product of the second step could be exchanged and alternative

chemicals could be obtained either by genetic engineering or by native production.
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Conclusions

Bioprocessing strategies discussed in this thesis include time-resolved quantification of
physiological parameters and the acquisition of steady state data in chemostats and
changestats. These methods carry the potential to optimize processes for net CO- fixation

and can help to establish a circular economy on the way towards a CO2 neutral future.

Other processes for CO- fixation proposed in literature include both one-step as well as
two-step processes using a broad variety of microorganisms capable of fixing CO via
different mechanisms. While photosynthetic CO. fixation allows for the production of
complex, high-value chemicals, the efficiency of such processes are typically hampered by
low CO; utilization rates in combination with slow growth and low productivities (Gong et
al., 2018). The use of algae and cyanobacteria for CO; fixation in industrial blast furnace
gas would additionally be challenged by growth being inhibited at high CO2 concentrations
and limited tolerance towards impurities (Anand et al., 2020). So, while photoautotrophic
microorganisms are highly suitable for other applications, their use would be restricted
within the scope of this thesis. In contrast, acetogenic bacteria show higher energy
efficiencies and improved CO;, utilization characteristics, making them very suitable for CO,
fixation in industrial flue gases. Compared to traditional one-step cultivations, the suggested
process in this thesis is especially robust towards varying feed gas compositions.
Additionally, net CO- fixation is achieved even at high CO concentrations by using an
acetogenic microorganism, which efficiently utilizes CO» and H.. The production of acetate
as the sole product rather than a mixture of different compounds further increases the
overall robustness of the process. In contrast to literature reports on microbial upgrading of
acetate, this thesis focused on the determination of effects mediated by complex media
additives and aimed on achieving solid quantification of 2,3-butanediol production on
defined medium. In contrast to other two-step processes, a total mass balance for CO;
fixation and 2,3-butanediol production is presented in this thesis. Elemental balancing was
especially important to determine where the efficiency of the overall production process was
limited and to identify potential targets for future improvements. To sum up, the novel two-
step process shown in this thesis stands out by its robustness towards variations in flue gas

composition and the production of 2,3-butanediol from acetate.

The industrial applicability for CO- fixation with the process development in this thesis is still
restricted by different economic factors. Although it is a good sign that industrial flue gas
can be used directly without the need for prior purification procedures, the low prices for
CO. emission certificates limit the innovation drive towards biological CO: fixation
technology. The availability of H. will be another important factor for cost-competitiveness
of the process. The cost of H still contributes most to the total cost of the CO- fixation
process. H is mainly produced from natural gas and a massive expansion of this technology

might enable cheaper production. However, H, generation from natural gas is not a “green”
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technology and is accompanied by CO; release (Arregi et al., 2018; Yukesh Kannah et al.,
2021). Therefore, technologies for renewable H» production are increasingly gaining interest
and their development is supported by the EU (Energy Policy Review, 2020). With an
expansion of this technology, renewable H; production will become more cost competitive.
Recycling of CO2 produced in the second step or CO, not utilized in the first step might
additionally increase the efficiency of the proposed two-step production system. Although
not yet cost-competitive to chemical production from fossil fuels, a combination of political
decision-making, emerging research and process intensification might drastically increase

the potential of the two-step process developed in this thesis within the next decades.
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